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ABSTRACT 

Today's society depends upon many structures (such as aircraft, bridges, wind turbines, 
offshore platforms, buildings, and nuclear weapons) which are nearing the end of their 
design lifetime. Since these structures cannot be economically replaced, techniques for 
structural health monitoring must be developed and implemented. Modal and structural 
dynamics measurements hold promise for the global non-destructive inspection of a 
variety of structures since surface measurements of a vibrating structure can provide 
idormation about the health of the internal members without costly (or impossible) 
dismantling of the structure. In order to develop structural health monitoring for 
application to operational structures, developments in four areas have been undertaken 
within this project: operational evaluation, diagnostic measurements, information 
condensation, and damage identification. The developments in each of these four aspects 
of structural health monitoring have been exercised on a broad range of experimental data. 
This experimental data has been extracted fkom structures from several application areas 
which include aging aircraft, wind energy, aging bridges, offshore structures, structural 
supports, and mechanical parts. As a result of these advances, Sandia National 
Laboratories is in a position to perform firther advanced development, operational 
implementation, and technical consulting for a broad class of the nation's aging 
infiastructure problems. 
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DEVELOPMENT OF STRUCTURAL HEALTH 
MONITORING TECHNIQUES USING DYNAMICS 

TESTING 

EXECUTIVE SUMMARY 

Introduction 

Today’s society depends upon many structures (such as aircraft, bridges, wind turbines, 
offshore platforms, buildings, and nuclear weapons) which are nearing the end of their 
design lifetime, Since these structures cannot be economically replaced, techniques for 
structural health monitoring must be developed and implemented. Modal and structural 
dynamics measurements hold promise for the global non-destructive inspection of a 
variety of structures since surface measurements of a vibrating structure can provide 
information about the health of the internal members without costly (or impossible) 
dismantling of the structure. In order to develop structural health monitoring for 
application to operational structures, developments in four areas have been undertaken 
within this project: operational evaluation, diagnostic measurements, information 
condensation, and damage identification. The developments in each of these four aspects 
of structural health monitoring have been exercised on a broad range of experimental data. 
This experimental data has been extracted fiom structures fiom several application areas 
which include aging aircraft, wind energy, aging bridges, offshore structures, structural 
supports, and mechanical parts. 

The project directly supported the efforts of over 25 individuals working on over 20 sub- 
projects and interacting with over 30 additional internal and external collaborators. As a 
result of these advances and interactions, Sandia National Laboratories is in a position to 
perform further advanced development, operational implementation, and technical 
consulting for a broad class of the nation’s aging infrastructure problems. 

Summary of Operational Evaluation Advances 

As a result of the access to a generalized base of technologies and applications, Sandia 
National Laboratories has approached the problem of structural health monitoring from a 
unique perspective. This LDRD project has produced a broader understanding of the 
structural health monitoring problem and its application to operational structures. One of 
the most important advances to result fiom this aspect of the study was the development 
of a process (engineered flaw specimen, damage accumulation testing, operational 
implementation) to perform operational evaluation of a structure’s health or damage state. 
Each aspect of this process was exercised for a variety of structures. The experience is 
invaluable. 

10 



Engineered Flaw Specimens 
The simulated aircrafl panel tests proved the worth of a non-contact sensor to avoid mass- 
loading of the structure. Also, the need to control boundary conditions, and torque levels 
were seen. Also, the utility of standard test object with interchangeable parts to simulate 
damage produced an effective means of performing such tests. The simulated guy anchor 
showed the worth of a carefully controlled experiment to study specific damage scenarios. 
This allows the proper understanding and possible modeling to be developed for the final 
operational structure of interest. The damaged composite plates provided a well-planned 
series of tests to study several dissimilar damage scenarios. 

Damage Accumulation Testing 
The wind turbine quasi-static fatigue test showed that damage accumulation tests must be 
carefully controlled and monitored. Discrepancies due to fixture and test condition 
alterations must be recorded and/or minimized. However, this test showed that 
unexpected changes in the structures may occur which would not be present in a simpler 
engineered flaw specimen test. The wind turbine blade root fatigue test continued 
development of the damage accumulation testing concept. This test produced a new type 
of fatigue test, the resonance fatigue test, which allowed more rapid testing and less 
specialized equipment. However, the right excitation source is must (typically this means 
longer strokes than traditional electro-dynamic shakers provide). The wind turbine blade 
fatigue test again showed the usefulness of non-contact sensing and the proper excitation 
source. Much experience in the design of load transfer devices was gained fiom this test. 

Operational Implementation 
The Rio GrandeD40 bridge test provided a wealth of insight into the implementation of 
structural health monitoring techniques in large civil structures. The usefulness of ambient 
vibration testing was seen. The DC9 stringer tests provided important experience in 
complex geometry testing with a non-contact transducer. Experience in dealing with noisy 
data and environmental changes was realized. 

Summary of Diagnostic Measurements Advances 

Large-Area Measurements 
Techniques for applying large-scale non-contacting measurement systems in the field have 
been developed and exercised. This technology produces high spatial density and high 
modal density data sets with localized information. The series of activities devoted to 
developing large-area measurements (Simulated Aircraft Panel Test, First DC9 Stringer 
Test, Composite Patch Tests, Aluminum Beam Development Test, Second DC9 Stringer 
Test, and Damaged Composite Plate Tests) produced a system which can be used 
effectively for large-area non-contacting measurements. The noteworthy developments 
include the following: 

1.  For large structures broad-band excitation is most effective below 2000 Hz; 
2. Actively cooling the laser head appears to aid in reducing noise issues; 
3. A covering of dye penetrant is useful in acquiring clean data; 
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4. A test with up to a few thousand data points can be performed with the system; 
5 .  New resection procedures allow better spatial calibration of the laser head; 
6. A driving point accelerometer should be used and is important in the subsequent 

analysis; 
7. The laser system seems to produce more random errors with free-free structures; and 
8. The coherence knction can be acquired and integrated to produce a scalar metric for 

checking the fidelity of the data. 

Sensor Fusion 
The series of activities devoted to developing sensor fusion techniques (First DC9 stringer 
test, damaged air compressor tests, wind turbine blade root fatigue test, and wind turbine 
blade fatigue Test) attempted to combine traditional or large-area diagnostic 
measurements with laser holography, ultrasonic inspection, and acoustic emissions testing. 
No conclusive results were obtained from these attempts. However, important experience 
and directions for future work were obtained. A natural link between laser holography 
and scanning laser vibrometer measurements can be envisioned. This work spawned a 
follow-on LDRD proposal to develop such a combined system. The fatigue test 
environment appears to hold promise for developing structural dynamics/ultrasonics 
sensor fbsion concepts. However, this activity was not possible on this project due to 
premature failure of the test specimen. The fatigue environment also appears to hold 
promise for developing structural dynamicdacoustic emissions sensor fbsion concepts. 
However, a composite test article does not appear to be amenable to acoustic emissions 
testing. A homogeneous structure would be a better development structure. 

Summary of Information Condensation Advances 

A set of tools for condensing the information into sensitive and robust mathematical 
constructions based on static flexibility shapes and experimental matrices (such as 
flexibility, stiffness, and mass) have been developed. Seven major advances resulted from 
the information condensation aspects of this work: 

1.  
2. 

3. 

4. 

5 .  
6 .  
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The estimation of rotational DOE: can provide enhanced sensitivity in some cases; 
The collection of mode shapes into static flexibility shapes increases robustness and 
sensitivity of some damage identification schemes; 
Estimating static flexibility information from structural dynamics data provides a much 
more effective means of obtaining static information; 
Flexibility matrices are dominated by low frequency information which is typically 
easier to measure; 
Driving point flexibilities can be used as an enhanced visual tool; 
Experimental structural dynamics matrices can replace reduced FEM models to 
maintain localized information; and 
An approach to producing experimental matrices is to scale the null space of the 
measured modes to drive the resulting matrices toward an assumed connectivity. 
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Summary of Damage Identification Advances 

The damage identification advances performed on the Structural Health Monitoring 
LDRD centered around the development of procedures which effectively utilize advances 
in the other areas, specifically diagnostic measurements and information condensation. 
STRECH has been expanded to operate on static flexibility shapes. This not only created 
a localization tool but also a scalar damage detection tool. Work on a characteristic shape 
analysis did not prove successll on the data set it was applied to. However, this effort 
fbeled later work on a non-LDRD project developed a successfbl neural network based 
damage identification procedure which also used static flexibility. Novel procedures to 
perform disassembly have proven to be successfbl on small experimental data sets. More 
advanced disassembly algorithms are currently under study with larger data sets. The 
MEU?T approach has been enhanced using experimentally-derived structural matrices and 
disassembly and has proven extremely successfbl in the limited application to two data 
sets. A model-based dynamic force residual method and novel mode projection algorithm 
were also developed. 

Recommendations 

Several recommendations for follow-on efforts are suggested by this work: 

1.  The resonant fatigue test concept is a novel method for damage accumulation testing 
and should be krther developed and operationally implemented at Sandia; 

2. Since most operational implementations will be in-situ, continued work on the use of 
ambient response analysis should be undertaken; 

3. Embedded, miniature, cost-effective, and self‘-contained sensor packages should be 
developed and made available commercially for external and internal markets; 

4. A more robust scanning laser vibrometer package which can extract three dimensional 
information, perform sensor fbsion with laser holography and laser ranging, and 
measure higher frequency information (especially for composite materials) should be 
developed; 

5. Techniques for information condensation which are hybrid experimental/analytical 
should be developed which retain localized information of experimental data without 
the numerical rank limitations should be developed; 

6. To complete the structural health monitoring technology base, work on the fourth 
stage of lifetime prediction should be initiated, which will require developing a link 
between the damage identification procedures and damage mechanics modeling; and 

7. A National Aging Infrastructure Center which would include the AANC, the 
Structural Health Monitoring tools developed on this project, and other structural 
health diagnostic techniques, should be established at Sandia. This center would 
attack a broad range of aging infrastructure issues to provide “exceptional service in 
the national interest”. 
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INTRODUCTION e 
Today's society depends upon many structures (such as aircraft, bridges, wind turbines, 
offshore platforms, bui€dings, and nuclear weapons) which are nearing the end of their 
design lifetime. Since these structures cannot be economically replaced, techniques for 
structural health monitoring must be developed and implemented. Modal and 
structural dynamics measurements hold promise for the global non-destructive 
inspection of a variety of structures since surface measurements of a vibrating structure 
can provide information about the health of the internal members without costly (or 
impossible) dismantling of the structure. Advanced signal processing, non-contacting and 
embedded sensors, and analysidtest correlation technologies combine to make this a 
promising approach for the health monitoring of operational structures. 

An operational structure is defined to be one which can perform, is performing, or has 
performed its intended fhction as opposed to a laboratory test article or a computer 
model. Operational structures are often geometrically complex and may be too large to 
test in a laboratory. These structures are rarely truss-like and in fact tend to be more 
plate-lie. Also, the boundary conditions associated with such structures are not known 
as well as a laboratory test structure or a computer model. And finally, the environment 
associated with an operational structure (e.g. weather, t r d c  patterns, or location) is 
usually changing and has a serious impact on the measured structural response. 
Therefore, it is desirable to perform health monitoring research and development on 
structures possessing such characteristics. A unique aspect of the work reported herein is 
that the focus is on operational structures. 

Modal testing and structural dynamics measurements are a set of technologies which 
determine a subset of structural characteristics such as modal frequencies, modal damping, 
modal mass, and mode shapes. These characteristics range from being extremely global in 
nature (typically at the lower frequencies) to being extremely local in nature (typically at 
the higher frequencies). Changes in these characteristics can be related to aging, damage 
accumulation, and manufacturing flaws since the modal parameters are related to global 
structural properties of stifkess, mass distribution, energy dissipation, and non-linearity 
sources. This global nature of the modal parameters provides a very powerful tool for 
inspecting large areas of aging structures. Structural health monitoring is one obvious 
application of modal techniques and has been the focus of a Laboratory Directed Research 
and Development GDRD) project at Sandia for the past two years. The results of this 
project are the subject of this report. 

Structural Health Monitoring is the process of monitoring a structure over a period of 
time using periodically spaced measurements. The output of this technique is periodically 
updated information regarding the ability of the structure to continue to perform its 
desired function in light of the inevitable aging resulting from the operational 
environments. Structural Health Monitoring is usually described as a four step process 
which answers the following questions at each step: 
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1. Is there damage in the structure (detection)?; 
2. Where is the damage in the stiucture (localization)?; 
3. What is the extent of the damage (extent)?; and 
4. How much useful life remains in the structure (prediction)? 

Experimental modal and structural dynamics techniques are most useful for the first two 
steps and the Sandia work over the last two years has focused on these steps. 
Development work has been performed in four areas (which will be defined and discussed 
extensively in a later section) : operational evaluation, diagnostic measurements, 
information condensation, and damage identification. Analytical structural dynamics 
techniques andor traditional NDE techniques must be included to answer the question 
associated with step three. The answer to the step four question is the most elusive and 
requires material constitutive information on a local level. Work in materials aging studies, 
damage mechanics, and high-performance computing are attacking this task. Combining 
these studies with the structural health monitoring technologies under development will 
create a powerful tool for effectively monitoring and maintaining the nation’s aging 
infrastructure. 

This report begins by providing a historical background of the structural health 
monitoring work at Sandia. The purpose of this section is to give the reader a perspective 
on complex interactions and technical culture that gave rise to structural health monitoring 
at Sandia. The next section will be a literature review of the relevant publications that 
influenced the Sandia work. This includes the literature that resulted from this project. 
Many of these memos, reports, and publications which resulted from this work are 
provided in an extensive set of appendices. The next section summarizes the technical 
activities which resulted from this work. The technical details are provided in the papers 
which are included as appendices. The technical activities section is organized around the 
four development areas listed above: operational evaluation, diagnostic measurements, 
information condensation, and damage identification. The recommendations and 
conclusions section summarizes the technical advances, research conclusions, and 
recommendations for further work. The final section is devoted to the references. An 
extensive set of appendices follow which provide copies of most publications fbnded by 
this work. 
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HISTORICAL BACKGROUND 

Initial Efforts 

The idea of using structural dynamics testing as a method for monitoring the health of 
structures is a natural extension of structural system identification techniques. The joint 
work perfbrmed in system ID work by Experimental Structural Dynamics Department 
(9741 or Modal group) and the Structural Dynamics Department (9234 or Analysis 
group) in the past several years has provided the framework for research into structural 
health monitoring which has occurred in the last three years. The close proximity 
(organizationally) of the Modal group to the Aging Aircraft Project Department (9757) 
and the Non-Destructive Evaluation Department (9752 or NDE group) as well as the 
Modal group's long term support of the Wind Energy Technology Department (6214 or 
Wind Energy Group) have also been catalysts for the development of this technology. 

Early indications of external interest in structural health monitoring were seen at the 1990 
NASNAir Force System ID and Health Monitoring Workshop by Ron Rodeman (974 l), 
George James (974 l), and John Red-Horse (9234). Ron Rodeman produced the first 
proposal to Sandia management in April of 1990 to pursue structural health monitoring 
using ER&D, NASA, or Air Force funds. Tom Came (9741), George James (9741), and 
David Martinez (9234) visited NASA Johnson Space Center in January of 1991 and 
learned of the interest in structural health monitoring within the civilian space program. 
Also in 1991, Ron Rodeman had initial contact with the American Association of 
Railroads in which it was learned that a significant problem existed in the health 
monitoring of the nation's railroad bridges. Internal planning activities within the Modal 
group resulted in Dennis Roach (9752), George James, and John Red-Horse making 
contacts with the offshore drilling industry in early 1992. 

LDRD Proposal Efforts 

Dennis Roach took the lead role in writing and submitting an LDRD proposal in March of 
1992 entitled "Health Monitoring of Structures Using Dynamic Analysis". The proposal 
included studying health monitoring as related to aging aircraft, offshore structures, and 
aging bridges. His proposal team included personnel fiom the Modal group and the 
Analysis group. The proposal received a very high score technically and was to be fimded 
if additional LDRD knds became available. Unfortunately, this did not happen. Dennis 
transferred to the Aging Aircraft Project Department and continued to push development 
of this technology. 

George James and Tom Came took on the task of resubmitting the Health Monitoring 
LDRD. The proposal entitled "Health Monitoring of Structures Using Dynamic Testing" 
included team members from the Modal group, the Analysis group, the Aging Aircraft 
Project, and the Wind Energy Group. The LDRD was subsequently funded for $380K in 
FY94 (a $57K increase in FY94 budget was later granted) and $400K in FY95. A $16K 
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reduction in fbnding was later seen in FY95. This SAM> report covers work performed 
under this LDRD project as well as some on-going efforts. 

Increased awareness of the nation's infrastructure deterioration, a better understanding of 
the LDRD process, and more involvement by management aided in the selection of the 
1993 proposal for fbnding. The focus on the offshore oil industry was dropped from the 
1993 LDRD proposal and replaced with a focus on fatigue in wind turbine blades. This 
change was instituted for several reasons: (1) Sandia is one of the technological leaders in 
the development of wind energy in the country, (2) health monitoring of wind structures is 
a critical issue, (3) engineers at Sandia have an in-depth understanding of wind energy 
structures, and (4) the Wind Energy group has been using NDT group expertise and 
engineers for several years which hrther broadened the base of technical knowledge to 
apply to this problem. 

During the FY94 LDRD proposal process George James participated in an proposal lead 
by David Andaleon (8 1 1 1 or the Exploratory Systems Department) to study rapid 
inspection andor monitoring of buildings after an earthquake. Bruce Hansche and George 
James submitted an FY94 proposal to hrther develop the scanning laser vibrometer to 
obtain three-dimensional information. During the FY 95 LDRD proposal process George 
James and Diane Hurtado (6121 or Repository Isolation Systems Department) led a team 
that included Ken Alvin, David Lo (91 18), and David Allen (Texas A&M University or 
TAMU). This team produced a proposal for studying the correlation between micro- 
mechanical models of corrosion and fatigue and global measurements such as structural 
dynamics and acoustic emissions. Dan Segdman (9234) and George James also produced 
a proposal covering research which would lead to non-intrusive sensor systems for 
performing structural health monitoring on weapon systems. None of these proposals 
were successfid. 

University of Colorado at Boulder Collaboration 

Jim Lauffer (9741) brought in Scott Doebling, a Ph.D. student from the University of 
Colorado at Boulder (0, on the OSSP program for the summer of 1993. Scott 
provided the Modal group with first hand insight into the modal parameter estimation and 
health monitoring work at CU by the group led by Lee Peterson and K.C. Park. Early in 
1994, George James with 9741's Health Monitoring LDRD fhds  and John Red-Horse 
with 9234's System ID LDRD hnds placed a contract with CU to hrther this work of 
joint interest. In July of 1994, K.C. Park of CU formed a team consisting of CU, Sandia, 
University of Houston (UH), Virginia Tech (VPI), Stanford University (Stanford), and 
Howard University (Howard) to produce a proposal to the DOD Multidisiplinary 
Research Program of the University Research Initiative (MURI). This proposal, entitled 
"Integrated Diagnostics for Maintenance and Operational Safety of Structural and 
Machinery Systems", represented an important integration of Sandia's effort into the 
nationwide research effort to study structural health monitoring. A hrther strengthening 
of the SandidCU ties resulted when a major contributor to the Sandia contract, Ken Alvin 
of CU, was offered a visiting scientist position at Sandia by David Martinez (9234). Scott 
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Doebling accepted a post-doctoral research position at Los Alamos National Laboratories 
in the summer of 1995. Also during the summer of 1995, Nikki Robinson, an M.S. 
student fiom CU came to Sandia on the OSSP program. She performed modal testing and 
analysis on aging aircraft related structures. She continued to be fimded at CU on follow- 
on work fiom the LDRD into 1996. The CU collaboration fueled many creative and 
innovative advances produced by the LDRD and continues to produce results. 

Diagnostic Measurements Efforts 

Before leaving the Modal Group, Dennis Roach submitted a capital equipment request for 
a scanning laser vibrometer for use in health monitoring studies. The request was 
approved in January of 1993 and George James subsequently purchased such a system. 
Bruce Hansche of the NDT group was enlisted early in the LDRD project to work on 
Aging AircraR testing and a variety of non-contact measurement issues. His work to 
further understand and extend the use of the scanning laser vibrometer has been jointly 
funded by the Health Monitoring LDRD and by Dan Gregory (2741) using 9741 h d s  for 
advanced manufacturing development. Bruce's work on the Health Monitoring LDRD 
prompted the addition of his name as a principal investigator on the renewal proposal of 
the Health Monitoring LDRD. Bruce subsequently became a member of the Modal group 
and is expanding the group's use of non-contact sensing systems. His access to and work 
with an Electronic Speckle Pattern Interferometer (ESPI) system added the capability for 
rapid operating shape visualization to the diagnostic measurement tools available for 
health monitoring research. 

Scott Gray (while a member of 9741) and later Scott Klenke (9741) began joint work with 
Bob West of Virginia Tech (VPI) on the Virtual Test LDRD. Bob is a member of a 
research group at VPI which specializes in applying laser vibrometer technology to 
structural dynamics testing. A student of Bob's, Chris Doktor, was at Sandia during the 
summer of 1994 to perform work to allow Sandia to measure 111 3D strain and velocity 
fields with the scanning laser vibrometer. To facilitate this work the contract with VPI 
had to be increased. This increase was funded jointly by the Health Monitoring LDRD, 
the Virtual Test LDRD, and Dan Gregory's Advanced Manufacturing LDRD. Bruce 
Hansche was instrumental in maintaining and expanding the VPI work at Sandia. 

During an early literature survey, it was discovered that Roberto Osegueda of the Civil 
Engineering Department at The University of Texas at El Paso had performed structural 
health monitoring work with a scanning laser vibrometer. A technical relationship was 
established with UTEP which has proven advantageous to both parties. 

Aging Aircraft Efforts 

In August 199 1, a major center with emphasis on validation of NonDestructive Inspection 
(NDI) techniques for aging aircrafl was established at Sandia National Laboratories (SNL) 
by the Federal Aviation Administation (FAA). The main element of this center was the 
Airworthiness Assurance and NDI Validation Center (AANC). It supports the inspection 
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portion of the FAA’s National Aging Aircraft Program through validation and reIiability 
projects as well as technology development initiatives. To support these goals, the AANC 
has set up a hanger facility at the Albuquerque International Airport which contains a 
series of hardware specimens including complete transport and commuter aircraft. The 
facility replicates a working maintenance environment by incorporating both physical 
inspection difficulties as well as the environmental factors which influence inspection 
reliability. In 1994, the FAA expanded Sandia’s charter to include a wide array of 
technical disciplines such as structural mechanics, computer science, fire safety, and 
corrosion. In its existing role with the FAA, Sandia’a AANC works with all aircraft 
manufacturers and airlines to foster new technologies associated with civil aircraft 
maintenance and structural repair. 

Dennis Roach’s association with the AANC prompted the first experiments in structural 
health monitoring using modal testing techniques. Dennis produced a plate which 
simulated an aircraft skin and allowed him to inflict simulated damage. He performed 
these tests in early 1992. This work became an instrumental example in the initial health 
monitoring LDRD proposal. Additionally, this work prompted Dennis and Norris Stubbs 
of Texas A&M University (TAMU) to submit a proposal to the FAA to fbrther pursue 
manipulating the sti&ess matrix as a damage diagnostic. Scott Doebling became the first 
user of the scanning laser vibrometer system as he performed health monitoring studies 
that simulated aircraft skin plate during the summer of 1993. 

Bruce Hansche, Dennis Roach, and George James performed a series of aging aircraft 
tests for the Health Monitoring LDRD in conjunction with a small company, 
Holographics, Inc., using similar optical techniques for aircraft damage detection. This 
resulted in Sandia’s participation in a Holographics, Inc. proposal to ARPA for additional 
work on aircraft damage detection using laser vibrometer technology. The proposal was 
successful; however, Sandia’s role and fbnding were minimal. These tests, which were 
performed in November of 1993 and March of 1994, used the scanning laser vibrometer to 
extract frequency response information at 2233 locations on a McDonnell-Douglas DC9 
aircraft fuselage. This is an order of magnitude increase in the number of feasible locations 
to extract structural dynamics information. An induced damage test was performed in 
which an aircraft stringer was sequentially cut. Modal tests were performed initially and 
after each cut. The data was also sent to the University of Colorado at Boulder for 
additional analysis. The size of the data base prompted researchers at Sandia and CU to 
develop procedures to condense the information into a usable set of important parameters. 

During this same test, a composite patch attached to the DC9 was tested with the scanning 
laser vibrometer and electrodynamic shaker input. At the same time, a composite patch 
attached to a Boeing 737 with known flaws was tested. The scans included over 1600 
points with a frequency band of 0 to 5000 Hz. However, noise problems in the vibrometer 
invalidated the results. 

During November of 1994, George James, Bruce Hansche, and Tom Paez supported 
Roberto Osegueda of UTEP in the preparation of a proposal to the Air Force Office of 
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Scientific Research (AFOSR) for the Future Aerospace Science and Technology (FAST) 
center. These Sandia researchers were provided with significant collaborative activities in 
the program. The FAST center at UTEP was fbnded and began work in October of 1995. 
Heinze Schmidt (2000), Tom Baca, Tom Paez, and George James attended the kick-off 
meeting in October of 1995. 

The DC9 test article was revisited during the summer of 1995 by Nikki Robinson (CU) 
and Raul Meza (UTEP). Both of these M.S. students were with the OSSP program at the 
time. Raul had responsibility for the laser vibrometer while Nikki performed the data 
reduction. The induced damage test was reconstructed using a simple bolted repair joint 
on the stringer. Also during the summer of 1995, Dennis Roach designed and acquired a 
set of five composite plates which simulated aircraft control surfaces and typical flaws 
seen in aircraft composites. Raul and Nikki also tested these plates. Follow-on work with 
the plates has been performed at UTEP with FAST Center funds. Also during the summer 
of 1995, George James and Dennis Roach assisted Tim Hasselman of ACTA, Inc. in the 
preparation of an SBIR proposal to perform research on the creation of a structural health 
monitoring system for military aircraft. 

Bridge Efforts 

Tom Paez (9741) was contacted by Chuck Farrar of Los Alamos National Laboratories 
(LANL) in the spring of 1993. The intent of this contact was to involve Tom in a study of 
Bridge Scour, a non-structural aspect of bridge aging. Through this interaction, Sandia 
learned of an upcoming set of tests to be performed as the I40/Rio Grande bridge was 
being razed. As the lead engineer on the project, Chuck Farrar hosted Tom Paez, Tom 
Carne, and George James at the bridge site. The Modal group provided LANL with 
information on the Natural Excitation Technique (NEXT) which allowed modal data to be 
extracted fiom the bridge during traffic excitation. The Sandia engineers subsequently 
approached Stephen Roehrig of the Advanced Transportation Programs (9604 or 
Transportation group) for h d s  to support a Sandia participation on the tests. The 
transportation group did provide seed money for this participation. 

Through an unrelated channel, Tom Came was contacted by New Mexico State University 
(the lead institution for the I40 bridge tests), to provide the shaker excitation for the 
bridge tests. Randy Mayes (9741) agreed to lead the task of designing and operating the 
shaker during the test. Mike Nusser and Ron Hollingshead of the Mechanical & Climatic 
Testing Department (9742) completed Randy's design team. The team performed a 
superb job of designing and operating the shaker for the bridge tests. The transportation 
group knds and internal 9741 fbnds provided by Tom Baca (9741) allowed Randy to 
participate in the modal tests on the bridge and to provide LANL with additional sensors 
for the test. Randy was able to apply a technique he developed for localizing the errors in 
finite element models, called STRECH, to the bridge data using LDRD funds. His success 
prompted him to organize a session at the 1995 International Modal Analysis Conference 
(MAC) covering the I40 Bridge tests and involving the major participants. Randy has 
subsequently worked with the Transportation group, New Mexico State, and New 
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Mexico's Alliance for Transportation Research (ATR) to propose a follow-on project to 
design and build a portable device to test bridges. Randy spent November 1 I, 1994 
manning an Alliance for Transportation Research Exhibit at the American Association for 
State Highway and Transportation Officials (AASHTO) conference in Albuquerque, NM. 
This provided a unique opportunity to promote the work performed on the Rio 
GrandeA40 bridge test to individuals who are tasked with maintaining and monitoring 
bridges all across the country. 

Todd Simmennacher, a student of David Zimmerman on-I>, was brought in by the Health 
Monitoring LDRD on the OSSP program during the summer of 1994. Todd utilized 
health monitoring techniques in use at UH with the I40 bridge data. Garth Reese (9234), 
Randy Mayes, and George James worked with Todd during the summer. He and Garth 
provided the first analytical model-based damage detection work supported by the Health 
Monitoring LDRD. Todd's work also strengthened the relationship between Sandia and 
UH. 

Several other bridge activities have been carried out during the course of the LDRD work. 
Early in the LDRD project communication was established with Brian Hornbeck of the 
U. S .  Army. His interest is in the Structural Health Monitoring of mobile bridges. 
Correspondance has been maintained as the LDRD progressed. In late 1994, a bridge 
collapsed in South Korea. The Rio Grandeh40 bridge work was used as the basis for a 
proposal to produce a health monitoring system for similar bridges in Korea. Eventually, 
both Sandia and Los Alamos had to withdraw from the team. During the spring of 1995, 
Vern Gabbard (97 19 or Tonapah Test Range) proposed using a bridge at the test range 
for additional testing. One of the most interesting applications would be explosive 
excitation to simulate earthquake inputs. This was proposed both to the Alliance for 
Transportation Research and the 1995 LDRD process without success to date. During 
the summer of 1995, Randy Mayes, George James, and Chuck Farrar (LANL) were 
invited to a workshop on bridge health monitoring at the University of Cincinnati. This 
meeting clearly identified the national reputation of the bridge health monitoring work in 
New Mexico. 

Wind Energy Efforts 

During the summer of 1993, Tom Came and Anthony Gomez (9741) provided engineers 
at the National Renewable Energy Laboratory (NREL) with equipment and expertise to 
perform modal tests at subsequent stages during the quasi-static fatigue test of a 
composite Horizontal Axis Wind Turbine (HAW) blade. This fatigue test was performed 
over a five month period. The data was subsequently provided to Sandia for analysis. Jim 
Goodding of CSA Engineering (under contract to 9741) performed the modal analysis of 
this data. George James then performed damage identification research using the data. 

Paul Veers of the Wind Energy group coordinated a series of fatigue tests of a Vertical 
Axis Wind Turbine (VAWT) blade and blade/rootjoint. The tests were ofjoint interest to 
the Health Monitoring LDRD and the manufacturer, FloWind, Inc. FloWind initially 
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provided a blade section and root joint to test while Sandia performed the test and 
subsequently obtained a data set for health monitoring research. The lead test engineer 
was Ron Rodeman and Tom Ashwill (6214) performed the structural analysis. Dan 
Gregory and Ron Coleman (9742) worked with Ron to perform the resonant fatigue test 
in which the structure was excited near a modal frequency. Similar tests were performed 
during the 1980’s by Dan for the Wind Energy group. 

John Gieskie (9752 or the NDE group) performed an ultrasonic inspection of the adhesive 
in the root joint. David Reedy and Kurt Metzinger (both from 91 18 or the Material and 
Structural Mechanics Department) participated in the test to determine the load transfer 
characteristics of the adhesive. The fatigue test uncovered a design flaw in the root joint 
which was subsequently corrected by the manufacturer. Tom Paez performed an analysis 
of the data using probabilistic neural network techniques. The data was also provided to 
Norm Hunter (LANL) to exercise other advanced damage detection procedures. 

FloWind provided a 16 foot section of a redesigned blade without the bladehoot joint in 
March of 1995. A resonant fatigue test was performed on this specimen in a free 
configuration by Tom Rice (9741). Tom Came, Jim Goodding, and Gene Koenig (9741) 
assisted with this test. A significant effort was required to produce load transfer devices 
(shaker connection, stingers, blade clamps, and rotation isolation) for the test. AL Beattie 
(9752) performed some initial work to exercise acoustic emission testing on the blade. 
The fatigue test continued into FY96 and was subsequently knded fiom other sources. 
Appendix L contains a set of presentation aids covering this activity. 

Offshore Oil Industry Activities 

Although the offshore structure was dropped from the FY 1993 LDRD proposal, 
significant communication developed between the Sandia health monitoring project and 
the offshore oil industry. At the suggestion of David Martinez (9234), George James 
began investigating DOE’S Advanced Computational Technology Initiative (ACTI) as a 
source of funding for joint work with the offshore oil industry. During the 63rd Shock and 
Vibration Symposium in October of 1992, Tom Baca met Charles Smith of the Minerals 
Management Service ( M M S )  who is responsible for federal government programs relating 
to the structural health monitoring of offshore structures. George James contacted 
Charles Smith in September of 1994 and was provided with a list of five key industry 
engineers who work in this field. 

George James, John Red-Horse, Randy Mayes, and Tom Came contacted these 
individuals and discussed the status of the offshore oil industry and the possibility of 
generating an ASCI proposal. One of these individuals, Kris Digre of Shell Oil, was 
chairman of an industry panel assessing the technology for recertifling aging offshore 
structures (denoted as API Task Group 92-5 - Assessment of Existing Platforms to 
Demonstrate Fitness for Purpose). Kris provided a list of his committee members and 
corresponding members. A letter and pre-proposal was drafted by George James, John 
Red-Horse and Chuck Fmar (LANL) and sent to all API 92-5 committee members. One 
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respondent to the letter was Dan Dolan of PMB Engineering. Dan agreed to act as the 
industry partner for the ACTI proposal which was prepared and submitted by November 1 
1994. The team included George’James representing 974 1, John Red-Horse representing 
9234, Chuck Farrar of Los Alamos National Laboratories, David Zimmerman of the 
University of Houston (UH), Norris Stubbs of Texas A&M University (TAMU), Lee 
Peterson and K.C. Park of the University of Colorado at Boulder, and Dan Dolan of PMB 
Engineering. The proposal was not funded, however significant interactions continued 
with the industry. 

a 

Charles Smith (MMS) visited Sandia for an unrelated contract review on November 1 1 , 
1994. Tom Carne, George James, and Keith Ortiz (5167) met with Charles for more 
detailed discussions on the aging offshore structure problem. Dan Dolan invited the ACTI 
proposal team to Houston, Texas for a PMB presentation to the MI 92-5 task group on 
November 14, 1994. George James, John Red-Horse, Chuck Farrar, and David 
Zimmerman attended this meeting. These team members and Todd Simmermacher 

met with Denby Morrison of Shell Oil on the same trip. Denby related some of the 
historical work with structural health monitoring on offshore structures. Denby also 
agreed to provide Sandia with ambient excitation data from a large offshore structure 
during Humcane Frederick. The intent of this exchange was to apply Sandia’s Natural 
Excitation Technique (NEXT) to the data for an initial understanding of the technique’s 
applicability. Initial analysis of this data was performed by Elizabeth Smith, a student 
intern from the University of New Mexico (UNM) in the Modal Group during September 
of 1995. 

Ward Turner of Exxon continued to push for continued communication between the 
National Laboratories and the offshore industry to solidi@ a mutual understanding 
capabilities and needs. This prompted Kris Digre to invite the ACTI proposal team to 
attend and present at the March 2, 1995 API 92-5 Task Group meeting. John Red-Horse, 
George James, and Chuck Farrar delivered a presentation at this meeting. As a follow-on, 
a select group of industry representatives were invited to Sandia for more detailed 
presentations on National Laboratory capabilities and discussions of future collaborative 
efforts. Ward Turner and Brad Campbell of Exxon and Denby Morrison of Shell attended 
this meeting on July 11-12, 1995. A set of “next steps” and potential projects were 
defined. However, continued collaboration was dependent on government support of the 
nationd laboratories. The meeting summary was prepared by Ward Turner and is 
provided as APPENDIX K. 

Weapon System Activities 

Weapon systems comprise another class of structures prone to aging which require health 
monitoring. Also, given the direction of the national laboratories, weapons are the most 
likely application to hnd hrther development and application of Structural Health 
Monitoring Technologies. The development of weapon system health monitoring 
methodologies was initiated when the Defense Programs Division (5000) at Sandia called 
upon 9741 to provide “Revolutionary Concepts for Stockpile Stewardship” in relation to a 
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the design and maintenance of future weapon systems. A brainstorming session, led by 
Dan Gregory (9741), was held in January of 1994 to provide such concepts. Health 
monitoring of weapon systems was listed as one of the most mature technologies available 
to revolutionize stockpile stewardship. Tom Baca (974 1) resubmitted this concept to 
5000 for fkrther consideration during August of 1994. Tom Paez (9741) submitted a 
proposal for FY95 1206 development fbnds to study the use of probabilistic neural 
networks to perform structural health monitoring on weapon systems. The proposal was 
funded and began work in October of 1994. This was a highly successfbl project which 
utilized information condensation technologies developed by the Structural Health 
Monitoring LDRD. A special session at the October 1995 Structural Health Monitoring 
Workshop at Los Alamos was devoted to weapon system applications. The staff and 
management of 974 1 continued to pursue weapon applications for structural health 
monitoring into FY96. 

Miscellaneous Activities 

Roller Coaster Inspections 
Walt Disney World and the Alliance for Transportation Research (ATR) developed a set 
of potential cooperative projects with the national labs during June of 1993. Structural 
Health Monitoring of roller coaster structures was listed as one potential topic. The 
I40/Rio Grande Bridge project was used as an example of the technology. 

Reusable Launch Vehicles 
A group of engineers fiom NASA Marshall Space Center visited Sandia in early 1994. 
They were very interested in the Sandia Structural Health Monitoring work as it applied to 
reusable launch vehicles. Over the next two years Sandia had some interaction each of the 
companies developing reusable launch vehicle concepts. Tom Baca discussed the 
Structural Health Monitoring activities at Sandia with Chuck Larson of Rockwell 
International in June of 1994. His primary interest is in monitoring of &el tanks for 
reusable launch vehicles. Sandia engineers visited Rockwell’s Downey, California plant in 
October of 1994 for a more detailed interchange of technical needs and capabilities. 
During the 1995 Adaptive Structures Forum, George James made initial contact with Lisa 
Emery of Martin Marietta Manned Space Systems. Her responsibility is development of 
structural health monitoring tools for reusable launch vehicle fuel tanks. Ed White of 
McDonnell Douglas Aerospace visited Sandia in August of 1995. His visit was to learn 
about the Structural Health Monitoring Activities at Sandia. Ed’s work is in the area of 
health monitoring of military aircraft and reusable launch vehicles. 

Nuclear Power Plants 
On November 1, 1994, George James and Rod May (9706 or Business Development 
Department) briefed engineers from the Advanced Nuclear Power Technology 
Department (6471) on 9700 structural Health Monitoring Activities. During FY96, Tom 
Paez and Scott Klenke were fbnded to perform some initial work on Nuclear Power Plant 
Structural Monitoring. 
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Tower Guy Anchors 
During January of 1995, a meteorological tower in a remote Sandia location collapsed 
onto a building. The health monitoring team took this opportunity to perform some 
scoping studies for structural health monitoring. Tom Rice, with input fiom Tom Came 
and Randy Mayes, performed a series of laboratory tests in which the towers failed guy 
anchor was simulated. Tom showed that thinning of the rod could be detected 
experimentally. A set of tests were then performed on a guy anchor which was still 
embedded in the ground. The structural configuration was sufficiently different from the 
laboratory tests to render the results inconclusive. 

Air Compressor Blades 
During the course of the LDRD, Sandia acquired a pair of air compressor blades which 
were identical except for a visible flaw. Bruce Hansche used Laser Holography (ESPI 
system) to study the vibratory response of the blades. The work proved the utility of the 
ESPI system for mode shape visualization but was inconclusive at detecting the damage. 

Major Technical Interchanges 

The LDRD knding allowed several important technical interchanges to be planned and/or 
attended by the researchers. An initial kick-off meeting occurred on November 10, 1993. 
The meeting was attended by the diverse principle investigators and other individuals who 
would contribute significantly to the project. Randy Mayes and George James traveled to 
New Mexico State University on February 15, 1994. Randy presented his damage 
detection results using the I40 bridge data. Future collaborative efforts were discussed as 
well. The kick-off meeting for the second year occurred on October 17-18, 1994. This 
meeting included two days of presentations by the primary researchers and collaborators. 
As mentioned above, significant technical interchanges occurred during discussions with 
the offshore oil industry including the November 14, 1994 meeting in Houston, the March 
2, 1995 meeting in New Orleans, and the July 11-12, 1995 meeting at Sandia. The 
summer meeting also included a large cross-section of the researchers and collaborators. 
The July 18-20, 1995 North American Workshop on Instrumentation and Vibration 
Analysis of Highway Bridges for Condition Assessment was attended by Randy Mayes 
and George James. The most significant meeting attended by the researchers and 
collaborators on this project was the Los Alamos Structural Health Monitoring Workshop 
in September of 1995. In fact Sandia researchers were instrumental in the planning and 
execution of the workshop. A diverse cross section of developers and users of structural 
health monitoring technology attended this workshop. The FAST center kick-off meeting 
at UTEP in October of 1995 was not directly hnded by the LDRD, but the preliminary 
interactions with the UTEP researchers were. 

LDRD work was also presented at several professional conferences. Bruce Hansche, 
George James, and Scott Doebling manned a poster exhibit at the Quantitative 
Nondestructive Evaluation Conference in Snowmass, CO on August 2, 1994. This was 
the first presentation of the Aging Aircraft work. George James presented work in several 
areas of study at the November 1994 ASME Winter Annual Meeting. Randy Mayes 
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presented the 14O/Rio Grande bridge work at both the 13th International Modal Analysis 
Conference (IMAC) in February of 1995 and the March 1995 North American Conference 
on Smart Structures and Materials. Four papers were presented at the April 1995 
Structures, Structural Dynamics, and Materials (SDM) conference by Lee Peterson, Scott 
Doebhg, Todd Simmermacher, and George James. Ken Alvin presented his model-based 
damage identification results at the 1995 International Adaptive Structures Conference in 
November of 1995. Tom Rice presented the resonant fatigue testing results at the January 
1996 Wind Energy Symposium. Nikki Robinson will be presenting the DC9 Aging 
Aircraft Test results at the February 1996 IMAC conference and the April 1996 SDM 
conference. George James will be presenting the composite plate results at the June 1996 
SPACE’ 96 conference. 
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LITERATURE REVIEW 

The following literature survey is by no means an exhaustive compilation of the relevant 
work. It does represent a collection of authors and their works which have influenced the 
work performed at Sandia National Laboratories either directly of indirectly. This review 
also includes the literature produced by this LDRD project. 

Early Works 

Reference [ 11 is one of the earliest publication to discuss using changes in dynamic 
response to track damage. Vandiver draws on modal testing of buildings to propose his 
technique. He also uses Statistical Energy Analysis to analyze the response of the 
structure. No experimental data was reported in this presentation. 

Reference [2] also is a classic publication in the damage detection work using vibrational 
frequencies on offshore structures. An offshore platform (West Sole WE) was removed 
from the North Sea in 1978. An induced damage test was performed on an underwater 
member. Above and below water level accelerometer measurements were taken using 
ambient wave excitation. Frequencies and shapes appear to have been determined using 
peak picking on auto spectra and relative phasing on cross-spectra. Above water 
measurements contained 15 to 20 peaks between 0 and 10 Hz. Six modes below 4 Hz 
were studied in detail and tracked as the platform was damaged. The frequencies of these 
global modes were estimated to have been determined to within 1%. Above water 
measurements were taken for 45 minutes. Underwater measurements were taken for 20 
minutes and showed the global modes as well as several highly damped local modes. Data 
was acquired for modes up to 20 Hz with five modes between 4 and 10 Hz being studied 
in detail. The confidence in these modes was estimated at 2 to 3% Finite element models 
were used to assist in the modal extraction and to verify the results. The general 
conclusions were that above-water measurements of the lowest global modes could be 
used to determine the complete failure of a member, while local measurements (requiring 
underwater accelerometers) could be used to determine partial member failures. 

Reference [3] contains experimental data only to correlate a finite element model. Some 
fine work was performed to estimate confidence levels due to several effects and to 
determine detectability thresholds. A general framework for determining detectability is 
developed. Earlier work by the authors is reported which verifies that ambient 
measurements are acceptable for determining modal parameters. 

Crohas and Lepert discuss in reference [4] the idea of continuously monitoring frequency 
domain information from forced response testing to determine the health of an offshore 
platform. Although experimental measurements are shown, no health monitoringldamage 
detection results are provided. They did report measuring up to 40 modes of the structure 
and reported the local modes of the members starting at 15 Hz. 
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Stubbs and Others 

Reference [5] is the initial presentation of Stubbs’ approach. The co-author is Roberto 
Osegueda whose later work will be discussed in the next sub-section. The approach 
utilizes modal frequency changes before and after damage as well as analytically calculated 
sensitivities of the modal frequencies with respect to the structural parameters at the 
possible locations of damage. A finite element model is typically used to develop the 
sensitivity matrices and the approach requires that the frequencies be matched before and 
after damage. Changes in mass and damping (as well as the sensitivities) are assumed 
known. A numerical example using a simply supported beam is also provided. The results 
are favorable for this simple example. The technique as presented iterates to adapt to the 
regions expected to damage (this is done by setting to zero all positive stifkess changes 
which are considered non-physical). 

Reference [6] is a companion to reference [5] in which Stubbs’ technique is applied to a 
simple cantilever beam. Although better modal testing techniques could have been used, 
the experiment appears to have been relatively complete. The results were successful even 
though the structure was extremely simple. It was common to see light damage predicted 
in other areas besides that of the known location. This reference cites four earlier 
numerical studies in the development of Stubb’s method fi-om 1985 to 1990. 

Reference [7] reports on Stubbs’ recent work utilizing experimental data from a scale 
model of a pier deck for health monitoring work. The work reported successful results for 
these laboratory-based test. Reference [8] reports on Stubbs, Kim, and Farrar’s work on 
the Rio Grande I40 bridge. Although Stubbs used a different data set, the I40 experiment 
was a critical aspect of the Sandia LDRD work reported herein. 

Osegueda, Ferregut, and Others 

Osegueda’s thrust in reference [9] is to prepare for a probabilistic formulation for damage 
detection. A laboratory experiment is described as well as experimental results. Standard 
deviations on measured frequencies are provided. A good overview of previous work is 
provided. An important note is that Osegueda has upgraded Stubbs’ method to include 
changes in mode shapes as well as frequencies, although no results were included in this 
publication. Reference [ 101 is the appropriate reference for these results. 

Reference [ 1 11 contains a summary of Osegueda’s research at the University of Texas at 
El Paso (UTEP) using an Ometron VPI 9000 Scanning Velocimeter and several different 
damage detection schemes. Stubbs’ method (called the eigenvalue sensitivity method in 
this work) was the first one and required an analytical model to generate the sensitivities. 
This method worked best when only eigenvalue measurements were available, however 
the resolution was Iimited by the number of resonant frequencies. The eigenvalue- 
eigenvector sensitivity method (developed by Osegueda) allows changes in mode shapes 
to be used as well. This technique works well, but requires extremely accurate measures 
of the mode shapes. The exact eigenvalue method (also developed at UTEP) incorporates 
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changes in modal orthogonality into the problem. This method requires a pairing of 
damaged and undamaged mode shape and works very well with analytical data. These 
techniques were exercised analytically as well as experimentally. A modal strain energy 
approach was also applied experimentally and worked well with some of the higher 
modes. 

Reference [ 121 continues Ferregut and Osegueda’s efforts to place damage detection 
within a probabilistic framework. The effects of uncertainties in the damage detection 
process are studied and a method for predicting the statistics on the final damage 
parameters is exercised. Also, the probability of detecting various levels of damage is 
examined. Reference [ 131 discusses a thrust by the same researchers to develop artificial 
neural networks for damage detection. This work later was expanded to include 
collaboration with Sandia National Laboratories. 

Smith and Others 

Some of Smith’s early work in damage detection of large space structures is presented in 
reference [ 141. An extensive structural identification algorithm developed by Smith and 
others is applied to the damage detection problem. Smith’s method is an optimal update 
method which maintains the sparsity of the original finite element model. The method 
requires a finite element model of the structure, but does use changes in frequency and 
shape for the system identification problem. Six modes of a simple truss structure were 
used in this example. A 120 Degrees-Of-Freedom @OF) model was used, although only 
14 measurement locations were available. Some experimental results (obtained with good 
modal test procedures and equipment) are presented, however no damage detection 
results are presented. A technique for expanding the measured mode shapes to the 111 
model DOF is required. This expansion process did not provide full modes with the 
proper orthogonality for the system identification technique. Hence, expansion was 
reported as an area of needed work. 

Reference [ 151 provides the next installment of Smith’s work. An 
expansiodorthoganalization scheme has been developed by Smith & Beattie [ 161 to 
correct the orthoganlization problems seen in reference [14]. Also measurements at all 
120 locations or any subset of sensors were available. Only three modes (selected 
differently for each damage case) were used for each damage detection experiment. Tests 
using analytical data were only successfid when all 120 sensors were used. Li and Smith’s 
latest work [ 171 has produced a hybrid technique which draws from both model sensitivity 
and optimal matrix update approaches for system identification. 

Zimmerman, Simmermacher, Kaouk, and Others 

Zimmerman and Widengren provide a technique in reference [ 181 which uses control 
theory techniques to modi@ structural models. An eigenvalue assignment algorithm is 
used to calculate a simulated feedback control system which updates a subset of the 
analytical modes corresponding to the measured modes. Symmetric damping and stiffiess 
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matrix updates are calculated. These update matrices will not necessarily maintain the 
proper connectivity. 

Zimmerman and Kaouk [ 191 refine the method of reference [ 181 to attack the damage 
detection problem more effectively. A subspace rotation algorithm is used to enhance 
eigenvector assignability. A simple iterative scheme is provided to maintain sparsity. The 
upgraded algorithm is shown to work well as long as the proper eigenvector entries are 
chosen. 

Reference [ZO] builds on the reference [ 181 and reference [ 191 work and adds a damage 
location pre-processor damage detection problem. Several numerical tests are shown with 
and without added noise. The technique is shown to work well in this situation. 
However, all the tests included simulated measurements at every DOF 

Kaouk and Zimmerman expand their method to calculate the extent of damage using a 
perturbation of the original analytical model possessing a minimum rank [21]. They also 
allow damage in mass and damping properties. Any two matrices can be allowed to 
change. A simulated example of a 50 bay truss with incomplete eigenvector 
measurements is used. An experimental example of a mass-loaded cantilever beam is also 
used. The Minimum Rank Perturbation Theory (MRPT) is fbrther expanded to remove 
the need to have an original Finite Element Model (FEW [22]. MRPT is fbrther 
expanded to utilize a variety of test data types including static data [23]. 

And finally, three groups of damage detection researchers including Zimmerman, Smith, 
and McDonnell Douglas Aerospace jointly studied the most troubling problem in health 
monitoring, the incomplete measurements problem [24]. The test structures were truss 
type objects in this work. However, there were several usefbl points to consider when 
performing reductiodexpansion which arose from this work. Simmermacher’s work using 
the Rio Grandeh40 bridge data produced evidence that model order reduction is one of 
the primary reasons that current model-based damage detection schemes are difficult to 
exercise [25]. This work was funded by the Structural Health Monitoring LDRD as part 
of the Outstanding Student Summer Program (OSSP) and is included as APPENDIX G of 
this report. 

Zimmerman, Kaouk, and Simmermacher provided several techniques to allow engineering 
insight and judgment into the application of MEWT [26]. In references [27] and [28], 
Kaouk and Zimmerman provide a technique in which MJWT can be applied to different 
partitions of a structural model to reduce the number of measured modes required for 
damage detection. Zimmerman, Simmermacher, and Kaouk provide a technique which 
utilizes Frequency Response Function (FRF) information instead of modal parameters to 
perform damage identification using MRPT [29,30]. This is an important capability for 
two reasons. First, errors associated with modal truncation are reduced. And second, the 
procedure becomes more automated since a highly technical modal analysis does not have 
to be performed for each damage case. 
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Peterson, Alvin, Doebling, Park, and Robinson 

A series of experiments to support damage detection by model updating is reported in 
references [3 1,321 by University of Colorado-Boulder researchers. It was found that 
selection of the appropriate modal parameters was critical to the success of such an 
approach. Also, the truss structure utilized for these tests exhibited a multitude of 
localized modes. This fbrther complicated modal selection and modal data reduction. 

Reference [33] is largely concerned with producing normal modes from complex modes 
generated by ERA however, a number of important issues relating damage detection are 
addressed by this work. A multiple step process is provided, however the last step 
requires a non-linear minimum norm solution for the case of more modes than sensors. 
The techniques also require driving point measurements to allow for the proper mass 
normalization. 

An extension of this is the production of mass, damping, and stiEness matrices directly 
from data [33,34]. The procedure is based on a Guyan reduction, however the reduced 
matrices (using physical coordinates) are augmented with a set of generalized coordinates 
to model the extra modes of the system. There is some connection between this 
procedure and Craig-Bampton component mode synthesis. A damage detection method 
for truss structures was presented based on these procedures. It required a model order of 
500 with fairly automatic modal testing. The results were not conclusive for damage 
detection, but could hold promise for an iterative procedure. Further application of the 
experimentally calculated mass and stiffness matrices to damage detection by the 
University of Colorado-Boulder researchers is reported in reference [35]. The 
experimental application of these techniques to a truss structure has shown that the 
extraction of modal vectors for the higher modal frequencies is important. A fbrther 
direction of research at UC-Boulder which is driven by the work mentioned above, is in 
the analysis of high-modal density data sets [36]. 

Techniques to calculate and use the flexibility matrix were developed at the University of 
Colorado Boulder and found to be extremely robust and sensitive to changes in the 
structural system [37]. The estimation of stiffness and flexibility properties is greatly 
enhanced by accounting for out-of-band modes [38,39]. Doebling’s work in this area was 
fbnded by the Structural Health Monitoring LDRD and reference [38] is included as 
APPENDIX H of this report. A unique method for assessing local stiffness properties was 
developed by Peterson in which the stiffness matrix is disassembled along an assumed 
connectivity pattern [40]. This work was also fbnded by the Structural Health Monitoring 
LDRD and is provided in APPENDIX I. Robinson’s work has been focused on the 
development of structural health monitoring tools for aircraft applications such as 
structural member connection [4 1,421 and composite material monitoring [42]. Reference 
[41] is included as APPENDIX N of this report. 
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West and Others 

Researchers at Virginia Tech are developing the tools to perform laser velocimeter-based 
structural imaging [43-471. This technology promises to allow a high-spatial density grid 
of 3-D measurements to be acquired in a non-contacting fashion. The highly localized 
effects of damage tend to require such measurements. It should be noted that the work 
reported in [47] was partially supported by the Structural Health Monitoring LDRD. 

Sandia and Los Alamos National Laboratories 

A technique for localizing damage in a finite element model using experimental data was 
developed at Sandia [48] and has been named the Structural Translation and Rotation 
Error CHecking algorithm or STRECH. The technique has recently been expanded to 
perform damage detection using an undamaged data set [49,50]. The dgorithm first 
compared the ratio of difference between two sensor location measurements of a damaged 
mode shape to an undamaged mode shape. It has since been discovered that the static 
flexibility shape is more sensitive on the Rio GrandeD-40 bridge data. Reference [49] is 
provided as APPENDIX E of this report. Another approach used at Sandia was MAtriX 
COmpletioN (MAXCON) which produced experimental mass and stifiess matrices 
coupled with a simple form of disassembly. This approach worked extremely well on the 
bridge data [51]. This work is included as APPENDIX J. The two previous works listed 
above compared damaged experimental data to undamaged experimental data. Reference 
[52] details a procedure to compare to an undamaged analytical model. The procedure 
incorporates the variance of the experimental data in the localization indicator. The 
method can utilize a mix of mode shape projection and model reduction. In fact, a new 
mode projection algorithm is provided which incorporates statistical measures to reduce 
the bias caused by imperfect experimental data. This work is included as APPENDIX L. 

Another development at Sandia National Laboratories was the Natural Excitation 
Technique (NExT) [53]. This technique has allowed the modal parameters to be extracted 
from a variety of structures in their operation environment including wind turbines, 
transportation systems, missiles [54], and bridges [SI. 

Los Alamos National Labs performed the dynamics testing of the 1-40 bridge [56]. This 
work included modal testing to support model correlation and damage detection, sine 
dwell testing to veri@ new non-contact sensor concepts, and ambient testing using NExT. 
Sandia Labs provided the excitation source and logistics support for these tests [57]. The 
data was used at Los Alamos to study damage identification algorithms [58,59]. 

Reference [60] describes a recent test to failure of a composite wind turbine blade. The 
blade was failed using quasi-static loading. Two nondestructive testing techniques, 
acoustic emission and electronic shearography were used to monitor the blade during the 
test. This same approach was adopted for a fatigue test to failure of a similar blade which 
also included a number of modal tests during the course of the test. MAXCON was also 
applied to this data set with good results [Sl]. 
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Reference [61] details a set of experiments performed at Sandia Labs on a simulated 
aircraft panel. Accelerometers and a scanning laser vibrometer were used to study the 
damage detection using STRECH and techniques developed at UC-Boulder. Although 
this work preceded the initiation of the LDRD project, it had a great influence on the 
direction of the Structural Health Monitoring LDRD. Therefore, it is included as 
APPENDIX A of this report. This work was followed by later experiments in the FAA 
Aging Aircraft NDI Validation Center at Sandia [62] (also APPENDIX B of this report). 
An induced damage test was performed on the forward fuselage of a DC-9 aircraft. A 
stringer was cut in four stages and modal tests were perfbrmed using a scanning laser 
vibrometer after each cut. An extremely dense grid of measurements points was utilized 
which included over 2000 measurement points. The frequency band of the measurements 
was from 0 to 2000 Hz with the excitation from 500 to 1500 Hz. The tests also included 
laser holography measurements. The improvement in resolution was seen when modal 
decomposition was used on the data [63]. Reference [63] is provided as APPENDIX D of 
this report. Later tests and analysis showed the additional resolution and ease of 
application which results from flexibility calculations [41,42]. Four composite panels with 
various types of damage were produced to simulate the situation commonly seen in 
damaged control surfaces. These panels were tested with the scanning laser vibrometer 
(529 points, 0 to 2000 Hz) and submitted to flexibility analysis [42,64]. The results 
reiterate the sensitivity and ease of application of the flexibility analyses. Reference [64] is 
provided as APPENDIX 0 of this report. 
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TECHNICAL ACTIVITIES 

As mentioned in the introduction, development work has been performed in four areas: 
operational evaluation, diagnostic measurements, information condensation, and damage 
identification. A subsection will be devoted to each of these development areas. 

Operational Evaluation 

The operational evaluation development has centered around techniques needed to answer 
two questions in the implementation of a structural health monitoring system: 

1. what data needs to be acquired to track important structural changes; and 
2. how is this data to be collected in the operational environment. 
The answer to these questions was found to require a three step process. The first step 
utilizes engineered flaw specimens to develop an initial understanding of which 
parameters are sensitive to the expected damage and to validate the diagnostic 
measurements. This initial step draws heavily from work performed in the AANC. The 
use of analytical tools such as experimentally-validated Finite Element Models (FEMs) can 
be a great asset in this process. 

The next step utilizes damage accumulation testing during which significant structural 
components of the structure under study are subjected to a realistic accumulation of 
damage. This may require induced-damage testing, fatigue testing, corrosion growth, 
temperature cycling, etc. to accumulate certain types of damage in an accelerated fashion. 
Hence a study of the relationship between damage level and measured parameters is 
possible as well as initial information concerning sensor placement, data acquisition 
interval, and possibly environmental effects. As with the initial step, a verified analytical 
model is extremely useful as the available information is multiplied. 

The final step is operational implementation. This step in the process is concerned with 
the final selection of sensors, data acquisition, monitoring intervals, excitation sources, and 
baseline data set. This step deals with the full structure in its actual environment and may 
require a verified analytical model. Aspects of all three steps in the operational evaluation 
development process have been studied in this work and represent the unique 
contributions a national laboratory can make in a research community composed of 
government, university, and industry. However, the scope of this work was not to 
produce a complete structural health monitoring system for any particular structure and 
this was not attempted. 

There were three activities which dealt with engineered flaw specimens: the simulated 
aircraft panel tests, the simulated guy anchor tests, and the damaged composite plate tests. 
Likewise, there were three damage accumulation testing activities: analysis of the wind 
turbine quasi-static fatigue test data, the wind turbine blade root resonant fatigue test, and 
the wind turbine blade resonant fatigue test. There were also five operational 
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implementation activities: analysis of the Rio GrandeA40 test data, the first DC9 tests, 
field tests of guy anchor, the second DC9 tests, and the NEXT analysis of offshore 
structure response data. These ten activities will be discussed briefly. 

Simulated Aircraft Panel - Engineered Flaw Specimen 
Although this activity was not hnded by the LDRD it was an important precursor and is 
included for completeness. The structure used for this experiment was an aluminum plate 
with three parallel L-brackets running horizontally across it. It is a representation of a 
typical section of aircraft skin. Each bracket was held in place by a row of bolts, spaced at 
1 inch increments across the plate. The middle bracket was replaced with a shorter one to 
simulate damage. Sixteen accelerometers and the scanning laser vibrometer (49 points) 
were used to acquire data. Comparisons between damaged and undamaged and between 
traditional and non-contact measurements were possible. Although the torque levels on 
the bolts were not tightly controlled, this test article represented the first engineered flaw 
specimen used for health monitoring work. Diagnostic measurements and damage ID 
developments accompanied this test and will be discussed in the appropriate sections. The 
report on this work is available as APPENDIX A. 

Simulated Guy Anchor - Engineered Flaw Specimen 
A 17 year old meteorological tower in a remote area of Sandia National Laboratories 
collapsed in January of 1995 when a guy anchor failed underground. The structural health 
monitoring LDRD fbnded a one week scoping study to determine the validity of structural 
dynamics techniques to monitor underground guy anchors. Each guy anchor has two rods 
embedded in the ground and terminating in a concrete block. The rods are susceptible to 
corrosion which causes the diameter to neck down in the affected region. One of these 
rods was simulated with a 72 inch long, 718 inch diameter aluminum bar. Five inches of 
the rod was cantilevered axially while the other end was supported laterally by a foam pad. 
An accelerometer was placed on the end of the bar. Impulse excitation was applied to the 
end of the bar. Measurements of FRF and time history of the impulse were made. The 
rod was then necked down to .3 inches over a 2 inch section to simulate corrosion. 
Another set of measurements were performed. The necked rod clearly shows changes in 
the dynamic properties. APPENDIX F provides a set of presentation aids related to this 
work. 

Damaged Composite Plates - Engineered Flaw Specimen 
For this work, five plates were designed and built with a series of flaws engineered into 
the construction. The effects of these flaws were then be studied by comparing the 
response of different plates. The plates were 24 inches by 24 inches constructed of a .5 
inch thick Nomex honeycomb core sandwiched between four ply T300 plain weave 
graphite cloth panels. The graphite lay-up was [-45,0,90,45]. A layer of hysol film 
adhesive bonded the graphite panels to the honeycomb core. Plate #1 had no engineered 
flaw and was considered the undamaged specimen. Plate #2 had a four inch diameter 
disbond (created with a teflon disk) in the geometric center of one graphite panel. Plate 
#3 had a four inch diameter region of the honeycomb core (located in the geometric center 
of the plate) filled with fluid. The individual honeycomb cells surrounding the fluid were 
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potted to contain it. Plate #4 used a teflon insert to produce a four inch diameter 
delamination between plies 2 and 3 at the geometric center of one graphite panel. Plate #5 
contained two of the four inch diameter disbonds located at the geometric centers of 
opposing quadrants of a graphite panel. A four inch diameter delamination, and a four 
inch diameter fluid ingress section were at the geometric centers of the two remaining 
quadrants. These three types of flaws represent common flaws seen in composite 
aerospace structures. The design of these plates was heavily influenced by Sandia’s 
interation with the commercial aircraft industry through the AANC. This aspect of the 
LDRD targeted Structural Health Monitoring R&D with application to a current 
technology gap in aircraft industry. 

These plates were tested in a free-free configuration with the scanning laser vibrometer 
and shaker input. The test data produced traditional plate modes as would be expected 
from such a set-up. The paper provided in APPENDIX 0 provides a usefbl write-up of 
the test and initial results. 

Wind Turbine Quasi-static Fatigue Test Data - Damage Accumulation Testing 
A fatigue test to failure of a composite wind turbine blade was performed at the National 
Renewable Energy Laboratory. Periodic modal tests were pedormed during this test as 
well as acoustic emissions tests. This data was utilized to study the application of health 
monitoring techniques in a damage accumulation environment. When coupled with a non- 
contact transducer such as a scanning laser vibrometer, this technology could be applied in 
the field to periodically monitor a field of wind turbines. Ideally, the data would be 
combined with analytical tools to estimate remaining life in the blades. 

The blade was constructed of fiberglass and included a tapered fiberglass airfoil on a 
tapered fiberglass spar. The blade was bonded to a short steel rod used to cantilever the 
blade to a stifback. The final visible failure was a bond failure between the fiberglass blade 
and the steel connecting rod. A hydraulic actuator was used to fatigue the specimen at 1 
Hz. As mentioned above, the fatigue test was periodically stopped to allow modal testing. 
The hydraulic actuator was removed and impact excitation with a three pound 
instrumented mallet was used for the modal tests. Accelerometers were placed at 30 
locations on the 32 foot long blade and data was acquired to 64 Hz. Approximately 
eleven modal frequencies are consistently present in this band. National Renewable Energy 
Laboratory personnel performed the modal tests using Sandia Lab equipment and 
consulting. There were 5 1 days of testing and 32 modal tests spread over a four month 
period. 

The test data included some unexpected phenomena. Following an initial drastic drop in 
all modal frequencies, most of the modal frequencies stayed constant until failure. At 
failure, most of the frequencies increased. The static stiffness also seemed to increase. 
One would expect the stiffness and therefore the frequencies to decrease with damage. An 
explanation for these phenomena has not been found. However, the test fixture was 
reoriented and hydraulic actuators changed at least three times during the test. Also 
during the four months of testing, a broad range of environmental changes were seen. 
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These changes may have contributed to the unexplained phenomena seen in the data. The 
paper in APPENDIX J is a good reference for this work. 

Wind Turbine Blade Root Fatigue Test - Damage Accumulation Testing 
A FloWind Corporation blade joint fiom the 17EH.D Vertical Axis Wind Turbine 
(VAWT) was fatigue tested as part of the Structural Health Monitoring LDRD. The test 
specimen was a 14-foot long section of pultruded fiberglass blade bonded to steel 
attachment hardware that would bolt to the tower on the actual turbine. Strain gauges 
were placed at 20 locations to monitor stress concentrations and load transfer 
characteristics. 34 accelerometers were also used for the structural health monitoring 
study. 

A modal test was performed to obtain an initial damping estimate. A diflicult task in 
performing the resonant fatigue test was the selection of a proper excitation source. The 
final configuration had the blade mounted on a vibration slip table and driven by an 
UnHoltz-Dickie Model T-4000 electrodynamic shaker. The test article was excited at the 
first resonant frequency (initially at 4.3 Hz). This allowed a faster test with lower input 
forces when compared to a traditional quasi-static fatigue test. Failure occurred after 
22,000 cycles as opposed to the 100,000 estimated. A design flaw was found to be 
contributing to the premature failure. This was subsequently corrected by the company. 
APPENDIX C contains a detailed memo describing the test and results. 

Wind Turbine Blade Fatigue Test - Damage Accumulation Testing 
A second pultruded fiberglass VAWT blade was obtained fYom FloWind. This 16 foot 
blade was of a newer and lighter design and did not include the root joint. A resonant 
fatigue test was planned and performed on this specimen. A free-free configuration was 
used on this test. The difficult issue in the design of this test was the load transfer fixture. 
The blade was instrumented at seven strain gauge locations and with 70 accelerometers. 
The excitation fiequency of 25 Hz resonated the blade in its first bending mode of 
vibration. During the course of the test it became obvious that a large-area non- 
contacting transducer such as a scanning laser vibrometer would have been much more 
efficient than traditional accelerometers which tended to break-off of the structure during 
resonance. The blade failed after 15.5 hours of testing and 1.325 million cycles. 
APPENDIX M contains a set of presentation aids which cover this test. 

Rio Grande440 Bridge Test - Operational Implementation 
The Rio GrandelI40 bridge tests were a set of induced damage tests performed on the 
decommissioned structure. Before demolition of the bridge, a series of progressively more 
serious cuts were made in one support beam of the bridge. A series of four cuts were 
made in the plate girder afler the bridge was closed to all traffic. The fourth cut 
completely cut half of the lower flange and half of the chosen plate girder. Modal tests 
were performed in the initial condition and after each cut. Random excitation was 
provided from 2-12 Hz with a peak input of 500 lbs. Uniaxial sensors at 26 locations 
were used as the primary instrumentation set. All sensors and the force input were in the 
vertical direction. This allowed the extraction of six modes in this direction. 
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These tests were useful from an operational implementation point-of-view since they were 
performed on an actual bridge in the field. Environmental conditions and most boundary 
conditions were actual and not simulated. Neither were the logistical or scheduling issues 
contrived. Before closure of the bridge, ambient excitation testing was performed with 
great success [SI. There were three issues that were not representative of an actual 
bridge health monitoring system. First, construction crews were razing the other spans of 
the bridge during construction, which may have affected the boundary conditions. 
Second, traffic was removed from the bridge during all induced damage testing. 
Interestingly enough, there was sufficient excitation from vehicular t r a c  on other nearby 
bridges to excite the bridge-under-test [56]. And finally, the cuts were not necessarily 
representative of actual damage that a bridge might see. However, the test was extremely 
successhl in allowing several institutions to gain insight into actual bridge monitoring. 
APPENDIX E and reference [56] are the best references for this work. 

First DC9 Stringer Test - Operational Implementation 
An induced damage test was performed on the front hselage of a decommissioned DC-9 
transport aircraft (which was a specimen at the AANC). A stringer was cut in four stages 
to simulate various levels of sub-surface damage. A non-contacting laser velocimeter was 
used to acquire broad-band frequency response fbnctions using a dense grid of spatial 
measurement points. Details on the instrumentation will be provided in the diagnostic 
measurements section. An electrodynamic shaker provided the excitation. The shaker 
was attached directly to the aircraft skin using suction cups. While convenient for field 
conditions, this configuration made it difficult to measure the force input. Random input 
between 500 and 1500 Hz was used with a two pound maximum amplitude. Data was 
acquired from 0 to 2000 Hz. 

These tests contained many aspects of an operational environment. The physical 
dimensions were realistic since the structure was an actual fbselage section. Structural 
non-liiearities from cable and fixture rattling were present as would be seen on an 
operational aircraft. There were several environmental changes in the structure 
throughout the course of the test since data was taken in March and November in an 
actual hanger. However, this test series differed from the operational environment in 
several ways. The front fbselage of the aircraft was disconnected from the rest of the 
aircraft, which did alter the boundary conditions. As a result, accessibility to the interior 
was not restricted. The operational aircraft includes insulation that would have covered 
the interior surface of the region of interest. Therefore, the damping properties would 
have been greater on an operational aircraft. Also, there were no time constraints or other 
activity-related disturbances as would have been seen in an actual aircraft maintenance 
facility. In spite of these deviations, this test series was excellent in understanding the 
types of data, testing techniques, and processing methods which are required for 
monitoring the structural health of an operational aircraft. 

For this application, Structural Health Monitoring is intended to fill an important gap in 
the current aircrafl inspection tools. Namely, the lack of robust and efficient global 
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e inspection procedures. It should be noted that a variety high-fidelity local inspection 
procedures do exist but are time and labor intensive. More information will be provided 
on this test series in the following ‘sections. Also, APPENDIX B and APPENDIX D 
contain more detailed descriptions of the tests. 

Guy Anchor Field Test - Operational Implementation 
A set of experiments were performed on a guy anchor of the same construction as the 
failed anchor as mentioned above. The intent was to determine if the laboratory tests of 
the simulated guy anchor could easily produce a structural health monitoring procedure 
for the field. The field configuration had two of the rods mounted in the ground which 
were hsed together at several locations and were supporting guy wires. The only 
difference between this test and an operational test would be the absence of guy wires 
(since the tower had already collapsed!). However, the other boundary, environmental, 
and logistic conditions were identical to an operational configuration. The results were 
inconclusive due to the lack of damage accumulation testing which would have utilized a 
more representative substructure than the engineered flaw tests. APPENDIX F contains a 
set of figures relevant to this work. 

Second DC9 Stringer Test - Operational Implementation 
The DC9 test article was revisited during the summer of 1996. The damaged stringer was 
“repaired” using metal plates which could be replaced with a split set of mass mock-ups to 
simulate the damage. Several changes were made in the test set-up which resulted from 
the experience of the first set of DC9 tests. The most significant change was in the input. 
A 501b. shaker was supported independently from the aircrafl skin, and excited the 
structure via a stinger. The stinger was attached to the aircraft using an aluminum pad and 
dental cement. Maximum inputs were less than five pounds and covered the region fi-om 0 
to 1250 Hz. This configuration is less likely to be implementable on an operational 
system, but provided a more robust input for the experiments. The results of this test 
series will also be reported later, although APPENDIX N is a good reference. 

NExT Analysis of Offshore Structure Response Data - Operational Implementation 
A set of ambient responses fiom a large offshore structure undergoing hurricane loading 
was acquired as part of the LDRD work. The data set included accelerations, strain, and 
displacement measurements over a nine hour period. Initial processing of this data using 
NExT [53] was performed on this project. Although this aspect of the work was not 
completed, valuable insights were obtained in the application of ambient vibration testing 
to the implementation of structural health monitoring. 

Summary of Operational Evaluation Advances 
One of the most important advances to result fiom this aspect of the study was the 
development of a process (engineered flaw specimen, damage accumulation testing, 
operational implementation) to perform operational evaluation of a structure’s health or 
damage state. Each aspect of this process was exercised for a variety of structures. The 
experience is invaluable. a 
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More specifically, the simulated aircraft panel tests proved the worth of a non-contact 
sensor to avoid mass-loading of the structure. Also, the need to control boundary 
conditions, and torque levels were seen. Also, the utility of standard test object with 
interchangeable parts to simulate damage produced an effective means of performing such 
tests. The simulated guy anchor showed the worth of a carefully controlled experiment 
to study specific damage scenarios. This allows the proper understanding and possible 
modeling to be developed for the final operational structure of interest. The damaged 
composite plates provided a well-planned series of tests to study several dissimilar 
damage scenarios. However, the underlying uncertainty associated with manufacturing 
differences between the plates is ever present. 

The wind turbine quasi-static fatigue test showed that damage accumulation tests must 
be careklly controlled and monitored. Discrepancies due to fixture and test condition 
alterations must be recorded and/or minimized. However, this test showed that 
unexpected changes in the structures may occur which would not be present in a simpler 
engineered flaw specimen test. The wind turbine blade root fatigue test continued 
development of the damage accumulation testing concept. This test produced a new type 
of fatigue test, the resonance fatigue test, which allowed more rapid testing and less 
specialized equipment. However, the right excitation source is must (typically this means 
longer strokes than traditional electro-dynamic shakers provide). The wind turbine 
blade fatigue test again showed the usefulness of non-contact sensing and the proper 
excitation source. Much experience in the design of load transfer devices was gained from 
this test. 

The Rio Grandefl40 bridge test provided a wealth of insight into the implementation of 
structural health monitoring techniques in large civil structures. The usefulness of ambient 
vibration testing was seen. The DC9 stringer tests provided important experience in 
complex geometry testing with a non-contact transducer. Experience in dealing with noisy 
data and environmental changes was realized. These experiences influenced other 
developments which will be discussed in the following subsections. 

Diagnostic Measurements 

Structural health monitoring is a more rigorous application for structural dynamics 
measurements than most applications to date. As a result, developments in the area of 
diagnostic measurements were important aspects of the current study. The 
implementations of structural health monitoring as envisioned in this work suggested 
developments in four types of measurement technologies: discrete, embedded, large-area, 
and sensor fusion. Discrete sensors are traditional measurement devices such as 
accelerometers or strain gauges which are mounted to the external surfaces of the 
structure under study. Embedded sensors are attached permanently (or embedded in) the 
structure under study and may be traditional, miniaturized, or large-area contact sensors 
(such as piezo-film or fiber optic strain gauges). Large-area sensors are typically optical 
and non-contacting in nature (such as scanning laser Doppler velocimetery, laser 
holography, or video). Sensor fbsion is defined as the coupliig of structural dynamics 
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information with advanced NDE tools such as laser holography or shearography, acoustic 
emissions, ultrasonic inspection, or x-ray. The current work focused on the developments 
in large-area sensors (although liniited work in sensor fbsion was performed) and provided 
important contributions to the research community. These two areas, large-area and 
sensor fusion, will be critical in the development of techniques which relate structural 
dynamics measurements to material damage mechanics parameters, which is a proposed 
follow-on activity to this work. There were nine activities in the diagnostic measurements 
area which will be discussed next. 

Simulated Aircraft Panel Test - Large-Area 
The simulated aircraft panel test was the first use of the scanning laser vibrometer at 
Sandia. The panel was suspended free-free with shaker excitation up to 100 Hz. 
Accelerometers and the scanning laser were used to acquire data at 49 locations. This 
allowed a comparison between the two systems. The frequency information was extracted 
well using both types of sensors. However, the laser signal dropped-out often which 
produced shape results containing more measurement error than those produced with 
accelerometer data. APPENDIX A is the necessary reference for this work. 

First DC9 Stringer Test - Large-Area and Sensor Fusion 
All measurements were acquired with a scanning laser vibrometer on the exterior skin of 
the aircraft. Two data sets were obtained for each modal test. One data set covered the 
38" by 14" area with only 53 measurement points. Measurements were concentrated on 
the major structural members and around the damage area. A driving point accelerometer 
FRF was saved for each laser FRF. Fifty averages were used for the 2048 point FRFs. 
The second data set took a measurement every .5" to produce a measurement grid of 2233 
points. Driving point information was not saved. The FRF's were calculated with 10 
averages and 1024 frequency lines. The time required to take this large data set was 3 
hours and 45 minutes. 

Future tests should include shaker excitation on major structural members of the fuselage. 
Also, the excitation should include the lower frequencies of the spectrum. There appears 
to be useful information in the lower frequencies of the structure. The laser vibrometer 
outputs contained a great deal of noise especially when the measurement bandwidth was 
large. This test series also pointed out deficiencies in the registration (or spatial 
calibration) of the scanning laser vibrometer which drove later collaborative work to 
produce more robust algorithms. 

These tests were performed in conjunction with Holographics, Inc. and their laser 
holography based procedures. The intent of this collaboration was to compare laser 
holography and scanning laser vibrometer technologies and assess complimentary uses. 
Qualitative comparisons were made which provided the development of concepts for joint 
application of the technologies. However a quantitative comparison was not possible 
since the incomplete DC9 test article contained artificial boundary conditions which were 
not amenable to Holographics technology. APPENDIX B contains a write-up of the 
experimental aspects of these tests. 
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Composite Patch Tests - Large-Area 
Personnel from the AANC facility are interested in studying the use of composite materials 
to perform structural repair on commercial aircraft. The development of techniques to 
veri@ the installation and monitor the repair is an important aspect of this work. In order 
to hrther this study, several borodepoxy test patches were applied to different structures 
in the AANC facility. Researchers from the Structural Health Monitoring LDRD used 
two of these test patches to gain further experience and insight into the use of the scanning 
laser vibrometer for diagnostic measurements. Scans with 1682 locations and up to 5000 
Hz measurement bandwidth (using an electromagnetic/piezo-electric shaker) were 
attempted on two patches which measured approximately eight inches by eight inches. 
One patch was a proper installation on the skin of the DC9 test article. The other patch 
had known flaws and was applied to the B737 test article. In both cases, the noise 
characteristics of the vibrometer and the high modal density prevented a reasonable 
interpretation of the data. The patch inspection problem requires a measurement device 
with a large bandwidth (up to 10,000 Hz) and high spatial resolution. This is different 
than the stringer inspection problem studied above which requires a large stand-off 
distance and less bandwidth (up to 2,000 Hz). In fact, laser holography would be an 
excellent candidate for sensor fusion with scanning laser vibrometer measurements for this 
work. These data sets may still provide useful information given the advances in 
information condensation which this LDRD project subsequently provided. 

Aluminum Beam Development Test - Large-Area 
The two activities mentioned above pointed out the need to develop more robust spatial 
calibration and data analysis techniques for the scanning laser vibrometer. The Structural 
Health Monitoring LDRD then collaborated with Virginia Tech (VPI) and two other 
Sandia LDRD projects to develop the appropriate algorithms. A VPI student, Chris 
Doktor, pefiormed a series of development tests at Sandia during the summer of 1994. 
The primary test article was a one meter Iong aluminum beam. References [43-47] 
provide technical details which formed the basis for this work. The resulting resection 
algorithms were then available for later tests at Sandia using the scanning laser vibrometer. 

Second DC9 Stringer Test - Large-Area 
During the summer of 1995, a second round of tests were performed on the DC9 test 
article. Experience, hardware changes, and new algorithms were used to improve the 
quality of the experimental data from the scanning laser vibrometer. The scan pattern was 
one half the density of the original data. By using one inch centers on the scan locations 
the number of points was decreased by a factor of four. This allowed decreased testing 
time and an increased number of points to be acquired. Also, coherence hct ions were 
saved to allow checks of data quality. The driving point accelerometer data was acquired 
separately to reduce the size of the data set. New resection techniques and algorithms 
provided enhanced spatial calibration of the system. Hardware changes and actively 
cooling the laser head improved the noise situation and the resulting data. Preliminary 
analysis of the data was pedormed immediately following testing as well. Also, it has 
been found extremely useful to analyze the driving point accelerometer signal to obtain 
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frequency and damping information. The laser vibrometer measurements are then used to 
estimate shape information. APPENDIX N provides information on these tests and the 
subsequent analysis. 

Damaged Composite Plates - Large-Area 
Also during the summer and fall of 1995, the tests were performed on the damaged 
composite plates as was mentioned earlier. The tests procedures continued to develop 
large-area sensor technologies and drew heavily fiom the 2nd DC9 Stringer tests with a 
few exceptions. First, the structure was free-fiee and could undergo pendulum type 
motions except when constrained by the shaker attachment. Second, the laser head was 
not actively cooled, although the room was temperature controlled at 68" F. Third, the 
gross surface was flat as opposed to the curved aircraft fuselage. And finally, the fine 
surface texture was much rougher than the aircraft skin since it was of composite 
construction. These differences become important as a unique problem developed during 
these tests. The data would randomly and without warning produce an averaged 
measurement that was completely noise with extremely low coherence. This is similar to 
the problem seen in the simulated aircraft panel tests. An explanation for this effect has 
not been fully verified, but it is quite probable that laser speckle is the problem. However, 
a procedure to temporarily avoid the problem was developed. A set of four identical 
measurement data sets are acquired for each plate. The coherence for each measurement 
point is integrated to produce a scalar metric for comparison. The data with the highest 
integrated coherence is retained in a final composite data set. It is possible for one or two 
points to still be useless in all four data sets. In these rare cases, the neighboring points 
FRFs are averaged to estimate the missing data. It should be noted that an algorithm 
could be developed to automatically perform this check and reacquire the data on-the-fly. 
APPENDIX 0 provides more detail on these tests. 

Damaged Air Compressor Tests - Sensor Fusion 
The Structural Health Monitoring LDRD investigators had access to a pair of air 
compressor impellers with a base radius of six inches. The impellers were identical except 
one had a known flaw. Tests were performed with traditional accelerometers and laser 
holography using the ESPI system. Although it was not possible to detect the flaw, 
important concepts for combining laser holography and traditional of large-area sensors 
were developed. In summary, the ESPI system can provide rapid visualization of 
operating shapes. This would then allow the scanning laser vibrometer to be used with 
narrow band excitation to acquire quantitative data on the dynamics. This is the most 
efficient procedure for using the scanning system. A follow-on development project has 
been proposed to combine the ESPI visualization and the scanning laser vibrometer 
resection algorithms into one softwarehardware system. 

Wind Turbine Blade Root Fatigue Test - Sensor Fusion 
Initial attempts were made to combine traditional discrete sensors with NDE ultrasonics 
testing during the BladelRoot Joint test. Before the fatigue test was performed, an 
ultrasonic inspection was made of the metaufiberglass bond of the test article. The intent 
was to perform other inspections during and after the fatigue test to allow comparisons 
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between the structural health monitoring information from accelerometer data and the 
ultrasonics inspection results. However, the test specimen failed prematurely in a non- 
bonded area making such a cornpiirison impossible. 

Wind Turbine Blade Fatigue Test - Sensor Fusion 

Initial attempts were also made to combine traditional discrete sensors with NDE acoustic 
emissions testing during the fatigue test of the composite blade. The intent was to 
monitor acoustic emissions during the fatigue test and correlate the results with 
information from the structural health monitoring studies. An array of acoustic emission 
sensors was placed on the test object during initial modal testing of the specimen. 
However, the test article was not conducive to acoustic emissions testing to the high- 
amplitude (and therefore noisy) resonant fatigue testing. Also, the fibers were good 
reflectors of the sound waves which hrther complicated the results. 

Summary of Diagnostic Measurements Advances 
The series of activities devoted to developing large-area measurements (Simulated 
Aircraft Panel Test, First DC9 Stringer Test, Composite Patch Tests, Aluminum Beam 
Development Test, Second DC9 Stringer Test, and Damaged Composite Plate Tests) 
produced a system which can be used effectively for large-area non-contacting 
measurements. The noteworthy developments include the following: 

1. For large structures broad-band excitation is most effective below 2000 Hz; 
2. Actively cooling the laser head appears to aid in reducing noise issues; 
3. A covering of dye penetrant is useful in acquiring clean data; 
4. A test with up to a few thousand data points can be performed with the system; 
5 .  New resection procedures allow better spatial calibration of the laser head; 
6. A driving point accelerometer should be used and is important in the subsequent 

analysis; 
7. The laser system seems to produce more random errors with free-free structures; and 
8. The coherence fbnction can be acquired and integrated to produce a scalar metric for 

checking the fidelity of the data. 

The series of activities devoted to developing sensor fusion techniques (First DC9 
stringer test, damaged air compressor tests, wind turbine blade root fatigue test, and wind 
turbine blade fatigue Test) attempted to combine traditional or large-area diagnostic 
measurements with laser holography, ultrasonic inspection, and acoustic emissions testing. 
No conclusive results were obtained from these attempts. However, important experience 
and directions for fbture work were obtained. A natural link between laser holography 
and scanning laser vibrometer measurements can be envisioned. This work spawned a 
follow-on LDRD proposal to develop such a combined system. The fatigue test 
environment appears to hold promise for developing structural dynamics/ultrasonics 
sensor fbsion concepts. However, this activity was not possible on this project due to 
premature failure of the test specimen. The fatigue environment also appears to hold 
promise for developing structural dynamkdacoustic emissions sensor hsion concepts. 
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However, a composite test article does not appear to be amenable to acoustic emissions 
testing. A homogeneous structure would be a better development structure. 

Information Condensation 

The diagnostic measurement technologies envisioned (and currently under study) to 
perfbrm structural health monitoring produce at least an order of magnitude more data 
than more traditional uses of structural dynamics information. A condensation of the data 
is advantageous and necessary since comparisons to many data sets over the lifetime of the 
structure are envisioned. Also, since data will be acquired from a structure over an 
extended period of time and in an operational environment, robust data reduction 
techniques must be developed to retain sensitivity to the structural changes of interest in 
the presence of environmental noise. And finally, the intent of structural health monitoring 
is to augment and/or replace scheduled maintenance and inspections. Therefore, more 
automatic data reduction procedures are required as the envisioned customers tend to 
want to use less highly-trained personnel. To operate within these constraints such 
mathematical constructions as experimental mass, damping, stiffness, and flexibility 
matrices were found to be powerful tools. The information condensation developments of 
this project comprise the most unique and important contributions to the structural health 
monitoring research community. There were four activities which were performed in the 
area of information condensation which will be discussed. 

Static Flexibility Shapes 
Early in the project, it was realized that combining mode shape information into a static 
flexibility shape enhanced damage detection procedures by providing expanded sensitivity 
and robustness. Additionally, estimating rotations with curve-fitting to neighboring points 
was seen to provide even greater sensitivity. This approach was exercised on the Rio 
Grande040 Bridge data and the wind turbine quasi-static fatigue data. The results of 
these studies are provided in APPENDIX E and APPENDIX J. An additional advantage 
from this development is in the ability to estimate static information from structural 
dynamics data. A structural dynamics test has several advantages over a statics test: it is 
much easier to perform, it has much more fidelity in the data, it requires lower input 
forces, and it may be performed in-situ. 

Flexibility Matrix 
An improvement over the static flexibility shape is the flexibility matrix which collects all 
the flexibility information into one mathematical entity. The interesting characteristic of 
flexibility information is the fact that the lower modes dominate. This is advantageous 
since these are the modes commonly measured in structural dynamics testing. Another 
extremely important feature of the flexibility matrix is its robustness in the presence of 
parameter estimation errors such as split or noise modes. This means that data sets with 
high modal density can be quickly analyzed in a semi-automated fashion. AF'PENDIX H 
and APPENDIX I provide more information on the estimation and use of flexibility 
information. 
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Driving Point Flexibilities 
A further refinement in the use of flexibility information is the use of the diagonal values or 
the driving point flexibilities. This subset of the flexibility information allows a rapid and 
robust indication of the full flexibility properties of the structure. In some cases, the 
driving point flexibilities can be used to graphically depict damage without an undamaged 
comparison case. In this manner, an enhanced visual inspection tool is created. It should 
be remembered that much additional information is available in the off-diagonal flexibility 
terms which must be mathematically analyzed using damage identification techniques as 
will be discussed in the next sub-section. APPENDIX N and APPENDIX 0 provide 
examples of applying driving point flexibilities to aerospace-type structures. 

Experimental Mass & Stiffness Matrices - MAXCON 
Modal information can also be condensed into experimental mass and stiflkess matrices 
[33,35]. These are inverse properties to the flexibility matrices and hence do not have the 
property of being dominated by the lower modal frequencies. However, these 
mathematical entities can be directly related to analytical FEM models. In fact they can 
replace reduced FEM models which mask changes in local properties by reduction [24]. 
The primary issue in creating experimental structural dynamics models is the question of 
how to complete the rank of the system (which means estimating unmeasured modes). A 
procedure, which scales the null space of the measured modes to drive the system to an 
assumed connectivity pattern, was developed in this work and is called MAtriX 
COmpletioN (MAXCON). Usig the experimental matrices which result from MAXCON 
and coupling to other damage identification tools and an assumed connectivity has been 
shown to be a powerful tool. APPENDIX J provides the reference for MAXCON. 

Summary of Information Condensation Advances 
Seven major advances have resulted fi-om this work: 

1. 
2. 

3. 

4. 

5 .  
6. 

7. 

The estimation of rotational DOF can provide enhanced sensitivity in some cases; 
The collection of mode shapes into static flexibility shapes increases robustness and 
sensitivity of some damage identification schemes; 
Estimating static flexibility information from structural dynamics data provides a much 
more effective means of obtaining static information; 
Flexibility matrices are dominated by low frequency information which is typically 
easier to measure; 
Driving point flexibilities can be used as an enhanced visual tool; 
Experimental structural dynamics matrices can replace reduced FEM models to 
maintain localized information; and 
An approach to producing experimental matrices is to scale the null space of the 
measured modes to drive the resulting matrices toward an assumed connectivity. 

Damage Identification 

The damage identification development has been associated with producing algorithms to 
operate on the condensed data to determine if damage has occurred and, if so, to locate 
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and determine the extent of the damage. Most of the effort in the LDRD project reported 
herein has been focused on detection and location. The Sandia contributions in the damage 
identification area have focused on procedures which take advantage of the unique work 
in diagnostic measurements and information condensation. There are six damage 
identification activities which will be discussed. 

STIFTEST 
STIFTEST was developed at the University of Colorado [35] and is a damage 
identification procedure which evaluates the effective stifkess between two measurement 
points. This stiffness is calculated mode-by-mode for any two measurement points and 
then summed over the number of modes. This procedure was used on the simulated 
aircraft panel test with good success. The procedure formed the conceptual framework 
for later efforts in the use of experimental mass and stiffness matrices and disassembly. 
APPENDIX A contains information on the application of STIFTEST to the simulated 
aircraft panel data. 

STRECH 
STRECH or Structural Translation or Rotation Error Checking was initially developed at 
Sandia as a simple tool to locate errors in FEM models with experimental data. STRECH 
is a procedure which compares the differences between two mode shape (or static 
flexibility shape) degrees-of-freedom for damaged and undamaged cases. For damage 
identification, STRECH is especially powerful when used with flexibility data. SRETCH 
is the only tool developed on the LDRD project which has successfully provided a scalar 
indicator of global damage (which directly attacks the problem of damage detection). 
STRECH has also successfully been used to localize damage using data from the 
simulated aircraft panel, the Rio GrandeD40 bridge, and the wind turbine quasi-static 
fatigue test. APPENDIX A, APPENDIX E, and APPENDIX J contain information on 
these applications and background of STRECH. 

Characteristic Shape Analysis 
Characteristic shapes are the primary deformation shapes seen in a structure undergoing 
sinusoidal vibration. The Singular Value Decomposition (SVD) is performed on the a 
data matrix containing deformation information at several time steps during the test. The 
singular vectors are the characteristic shapes and the singular values are the amplitudes of 
the characteristic shapes. This type of processing is conducive to resonant fatigue testing 
which is a sinusoidally excited test. By comparing the characteristic shape data 
periodically during the test to the initial shapes, a damage identification procedure was 
expected. This was performed on the wind turbine blade root test data as part of the 
LDRD studies. The results proved to be inconclusive since the failure occurred outside 
the instrumented section of the blade. However, the experience gained from this work 
was useful in later development of a neural network damage identification procedure at 
Sandia. 
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Neural Networks 
The Structural Health Monitoring LDRD did not f h d  the development of a neural 
network based damage identification procedure. However, significant aspects of the 
LDRD work were used as part of a spin-off effort which did successfblly develop this 
capability. Specifically, the development of static flexibility information condensation and 
the characteristic shape analysis concepts fed into this neural network development 
project . 

Dynamic Force Residual - MRPT 
The Minimum Rank Perturbation Theory (MRPT) is a procedure which traditionally uses 
reduced FEM matrices of the undamaged structure and modal data from the damaged 
structure to calculate a dynamic force residual [21]. This residual is processed to 
determine location and extent of damage. MRPT was used to study the size of FEM as it 
relates to damage identification. It was found that less refined FEM models had the 
advantage of requiring less model order reduction, which in turn enhanced the damage 
identification of the Rio Grandefi40 bridge data. These results can be seen in APPENDIX 
G. An extension of MRPT was developed at Sandia which used experimentally based 
models (MAXCON) and matrix disassembly to replace the reduced FEM matrices. This 
procedure was successfilly applied to the wind turbine quasi-static fatigue test data and 
the Rio GrandeA40 bridge data. APPENDIX J provides the results of this study. 

Dynamic Force Residual - Model-based 
A new method for identifjlng the location of structural damage given an initial FEM, 
experimental frequencies, and experimental mode shapes was developed in this work [52]. 
This method builds on the concept of the modal force error vector, which is the undamped 
impedance of the given FEM at each identified fiequency multiplied by the corresponding 
identified mode shape. In order to mitigate the problems associated with reducing 
analytical models to the set of measurement DOF, a mode shape projection algorithm is 
utilized. The projection algorithm is a linear least-squares method which can be controlled 
to minimize bias caused by model errors. The localization indicator is then defined by the 
modal force error and a DOF-dependent normalization based on the variance of the 
identified frequencies and mode shapes. The performance of the method in localizing 
structural damage is examined using experimental data fiom the Rio Grandefi40 bridge. 
This work is provided in APPENDIX L. 

Disassembly 
The development of a novel damage identification procedure based on structural matrix 
disassembly was also performed on the Structural Health Monitoring LDRD. Disassembly 
uses a structural matrix (flexibility, stiffness, mass, or damping) and decomposes or 
disassembles it into local elements. This allows the local properties of the structure to be 
monitored using experimental matrices composed of modal parameters fiom the structure 
of interest. A simplified form of this procedure using simple spring elements has found to 
be successful in small experimental data sets as seen in APPENDIX J. References [39,40] 
and APPENDIX N show advanced developments of disassembly. This damage 
identification procedure is still actively under study using Sandia follow-on funds. 
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Summary of Damage Identification Advances 
The damage identification advances pedormed on the Structural Health Monitoring 
LDRD centered around the development of procedures which effectively utilize advances 
in the other areas, specifically diagnostic measurements and information condensation. 
STRECH has been expanded to operate on static flexibility shapes. This not only created 
a localization tool but also a scalar damage detection tool. Work on a characteristic shape 
analysis did not prove successful on the data set it was applied to. However, this effort 
fueled later work on a non-LDRD project developed a successful neural network based 
damage identification procedure which also used static flexibility. Novel procedures to 
perform disassembly have proven to be successful on small experimental data sets. More 
advanced disassembly algorithms are currently under study with larger data sets. The 
MRPT approach has been enhanced using experimentally-derived structural matrices and 
disassembly and has proven extremely successfbl in the application to two data sets. A 
model-based dynamic force residual method and novel mode projection algorithm were 
also developed. 
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RECOMMENDATIONS 

The work performed on this project points to several recommendons for follow-on 
efforts: 

1. The resonant fatigue test concept is a novel method for damage accumulation testing 
and should be fiuther developed and operationally implemented at Sandia; 

2. Since most operational implementations will be in-situ, continued work on the use of 
ambient response analysis should be undertaken; 

3. Embedded, miniature, cost-effective, and self-contained sensor packages should be 
developed and made available commercially for external and internal markets; 

4. A more robust scanning laser vibrometer package which can extract three 
dimensional information, perform sensor fusion with laser holography and laser 
ranging, and measure higher frequency information (especially for composite 
materials) should be developed; 

5. Techniques for information condensation which are hybrid experimentaVanalytical 
should be developed which retain localized information of experimental data without 
the numerical rank limitations should be developed; 

6 .  To complete the structural health monitoring technology base, work on the fourth 
stage of lifetime prediction should be initiated, which will require developing a link 
between the damage identification procedures and damage mechanics modeling; and 

7. A National Aging Infrastructure Center which would include the AANC, the 
Structural Health Monitoring tools developed on this project, and other structural 
health diagnostic techniques, should be established at Sandia. This center would 
attack a broad range of aging infkastructure issues to provide “exceptional service in 
the national interest”. 
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CONCLUSIONS 

As a result of the access to a generalized base of technologies and applications, Sandia 
National Laboratories has approached the problem of structural health monitoring from a 
unique perspective. This LDRD project has produced a broader understanding of the 
structural health monitoring problem and its application to operational structures 
(operational evaluation). Techniques for applying large-scale non-contacting 
measurement systems in the field (diagnostic measurements) have been developed and 
exercised. This technology produces high spatial density and high modal density data sets 
with localized information. A set of tools for condensing this localized information into 
sensitive and robust mathematical constructions based on static flexibility shapes and 
experimental matrices (such as flexibility, stiffness, and mass) have been developed 
(information condensation). And finally a set of damage identification tools which are 
tailored to condensed data have been produced (damage identification). Each of the 
four aspects of structural health monitoring have been exercised on a broad range of 
experimental data. This experimental data has been extracted from structures from several 
application areas which include aging aircraft, wind energy, aging bridges, offshore 
structures, structural supports, and mechanical parts. Therefore, Sandia National 
Laboratories is in a position to capitalize on these unique developments and understanding 
with krther advanced development, operational implementation, and technical consulting 
for a broad class of the nation’s aging infrastructure problems. 
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Abstract 

This report confains the details of a study evatuating the use of a 
laser Doppl~r velocimeter (LDV) system to acquire modal data. 
The ability of the LDV to make non-contact measurements in an 
automated manner makes it attractive as a data acquisition tool. 
The accuracy of the LDV is assessed relative to measurements 
porn contacting accelerometers, and the LDV is used to measure 
the mass loading effects of the acceterometers. Additionalty, the 
structure is 'damaged' and refested so that the eflecfiveness of 
using the LDV with two damage defection algarifhms< can be 
eva Euated. 

Introduction 

Structural damage detection is the process of finding discrepancies 
between two sets of dynamic response data for the same structure, and then 
attributing the differences to changes in particular physical parameters of the 
structure. One way to study damage detection is to conduct a modal survey of 
the structure in its nominal configuration, then compare the mass and 
stiffness parameters of the identified model to those obtained from a later test. 
Such a comparison can be made by using a finite element model (FEM) 
updating scheme, where the changes in mass and stiffness are inferred by 
matching the modal behavior of the FEM to the identified modal parameters, 
or by using direct comparison between identified mass and stiffness 
parameters. 
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Generally, a modal survey is conducted by instrumenting the structure 
with accelerometers, and then measuring the response of the structure to a 
known impact or driving force. In the context of damage detection, however, 
the traditional method introduces some questions about the modal data. First, 
the mass loading of the accelerometers has an effect on the behavior of the 
structure, and the effect will be different for two data sets if the sensors are 
removed between tests. This is true in any modal survey, of course, but is 
especially important in damage detection because in general the changes in 
structural characteristics due to damage effects are very small, and are thus 
likely to go undetected if other factors cause changes in the test results. 
Second, detecting the damage may require data from a large number of sensor 
locations, which may be impractical due to testing constraints and the 
previously mentioned loading effects. Although, if one knew the 
approximate location of the damage, one could concentrate the sensors in that 
region of the structure. Thus, a possible strategy is to do a sparse survey of the 
structure to estimate the general location of the damage, then to do a more 
detailed survey of the region in question to get a more precise location of the 
damage. But again, this method is faced with practical limitations and the 
adverse effects of accelerometer mass loading. 

An alternative to the traditional accelerometer survey which may help 
to alleviate some of these problems is the use of a standoff measurement 
system, such as the laser Doppler velocimeter (LDV). This type of system 
allows measurements to be made withoct loading the structure in any way, 
and provides sufficient spatial resolution for a very high number of 
measurement points (typically up to -16,000,000) within a particular field of 
view. Such a system can be automated to scan a number of measurement 
locations and acquire velocity response data at each one. However, the 
systems are sometimes limited to measuring data at sets of coplanar points, 
which limits the level of automation of the test. The use of a scanning 
standoff measurement system thus alleviates the problems of mass loading 
and provides the possibility of measurements with a high level of spatial 
density. 

This report contains the results of a study done comparing the modal 
survey results of a traditional accelerometer test and a laser Doppler 
velocimeter system. The frequencies and mode shapes obtained via each 
method are compared. The velocimeter data was obtained both with and 
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without the mass loading of the accelerometers, so that this effect can be 
studied independently by direct comparison of the identified frequencies. The 
utility of each method for damage detection was also investigated, by 
comparing the results using two damage detection algorithms: STIFTEST [I] 
and STRECH [2]. The first section of the report gives an overview of the 
operation of the LDV system. The second section contains a description of the 
experiments performed. The third section contains the analysis of the test 
results, including the accelerometer loading effects and the results of the 
damage detection study. 

Overview of the Laser Doppler Velocimeter Measurement System 

The velocity sensing apparatus in the laser head is based on the theory 
of the Michelson interferometer (see Figure 1). 131 In this device, the laser 
beam is divided into two beams: one reference beam and one signal beam. 
The signal beam travels out of the laser housing and onto the surface of the 
test structure. The reflected part of the signal beam travels back into the 
housing, where it is recombined with the reference beam. When the test 
structure vibrates, the path length traveled by the signal beam changes, 
resulting in a modulation in the intensity of the recombined beam. A 
complete cycle of the intensity modulation corresponds to one-half the 
wavelength of the signal beam, A / 2 .  Therefore, the frequency of the 
modulation corresponding to a surface velocity ,v, is given by Fd = 2v/h. This 
modulation is known as the Doppler effect, and thus Fd is the Doppler 
frequency. The recombined beam is sent to two independent detection 
channels, which have a differing path length such that there is an apparent 
90" phase difference between the signals seen by the detection channels. The 
direction of motion of the surface is indicated by which signal is leading in 
phase. These signals are modulated by int2mally generated signals, which are 
also 90" out of phase, and which have a common carrier frequency of Fc. 
When the two resulting signals are summed, the result is a single output 
with frequency F&d. A frequency tracking circuit then generates an analog 
frequency proportional to the velocity of the test surface. The capabilities of 
the LDV system are summarized here [3]: 
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Velocity Range: k 1 p / s  to k 1 m/s 
Frequency Range: DC to 300kHz 
Standoff Distance: 200 m (depending on surface properties) 

The primary sets of hardware used to acquire test data with the Lazon 
system are shown in Figure 2. The laser head contains the laser source, the 
Doppler conversion system and the rotating mirrors which position the laser 
beam at the appropriate test point. The Lazon laser driver unit converts two 
analog input voltages into servo commands for the position mirrors, and 
provides power for the mirrors and the Doppler conversion system. The 
Zonic System 7000 Front End is used as the A/D and D/A unit for testing with 
the Lazon system, although any front er,d could theoretically be used. Four 
analog output channels are used: Two send command voltages to the 
positioning mirrors, and two send command voltages to the modal shakers. 
Three analog inputs are used One carries the velocity signal from the laser 
head, and the other two carry the force signals from the load cells. (Note that 
when only one shaker is used, the other analog input can be used for another 
measurement, such as a driving point accelerometer.) 

Control of the Lazon system is accomplished using the LSI software 
package, which generates System 7000 commands using Zonic Engineering 
Test Analysis software (ZETA). ZETA is the command-driven, interpreted 
language which can issue commands directiy to the System 7000 to control 
actions such as excitation, data acquisition, signal conditioning and signal 
processing. When the user runs the LSI software package, ZETA runs 
underneath it and is essentially invisible, although LSI does allow the user to 
issue ZETA commands directly (e.g. to set up channels to accept ICP inputs). 
LSI generates a list of points on the structure to scan using a universal group 
file and a universal geometry file. The user chooses four 'registration points' 
on the structure and manually positions the beam at each of these four 
locations. Based on the mirror command voltages which define these four 
locations, LSI generates a coordinate transformation between the local 
structure coordinates and the reference frame of the laser head. Then LSI 
interpolates the locations of the points in the group file using this coordinate 
transformation and the information in the geometry file. The user can then 
set up the data acquisition parameters and choose the TDAS storage 
functions. This sensor works like a 'roving accelerometer', acquiring data for 
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the full sequence at one measurement location, and then moving to the next 
one. LSI is equipped to handle four analog outputs from the System 7000 (two 
of which position the laser mirrors) and four analog inputs (one of which is 
the velocity signal from the laser head). The flexibility of ZETA would allow 
the user to write a batch routine to simultaneously acquire LDV and 
accelerometer data. 

Experimental Testbed and Procedure 

The structure used for this experiment is an aluminum plate with 
three parallel L-brackets running horizontally across it. It is a representation 
of a typical section of aircraft skin. Each bracket is held on by a row of bolts, 
spaced ai 1" increments across the plate. The plate is suspended for the tests 
with a nylon cord through a hole in the center of the top stringer where the 
bolt has been removed. For the accelerometer portion of the test, the 
measurements were made in a four-by-four grid as shown in Figure 3. For the 
LDV portion of the test, the measuremer.ts were made in a seven-by-seven 
grid as shown in Figure 4. The driving point is indicated by an 'x' in both of 
these figures. The data was acquired using a modal shaker with continuous 
random excitation for 20 averages of about 4 seconds each, using a Harming 
window with 25% overlap. 

There are three variables present in the test matrix for this experiment. 
The first is the measurement device - either the LDV or the accelerometers. 
The second is the loading of the structure due to the attached accelerometers. 
The third is the damage level of the structure - either damaged or 
undamaged. The combinations of these variables which were assessed are 
listed in Table 1. The damage was inflicted to the structure by replacing the 
center stringer with one which is 8'' shorter on one end, as shown in Figure 5. 
It should be noted that the torque levels of the bolts were not controlled, 
which could have caused some additional variation in the response of the 
structure. 

For case 1 (undamaged, accelerometers), eight modes were extracted 
from the data in the frequency range 0 - 100 Hz. The frequencies and damping 
ratios for these modes are shown in Table 2. The normal mode shapes are 
shown in Figure 6 .  These mode shapes follow a classical bending-torsion 
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pattern, with the stiffening effect of the stringers changing the response 
somewhat from what would be expected of a simple plate. 

Two main problems were encountered during the acquisition of this 
data. First, a primary mode was missed because the driving point was aligned 
with the node line. This mode is a 'saddle mode' where the diagonally 
opposite corners move in phase with each other, and the adjoining comers 
move opposite each other. Second, a suspected misalignment in the LDV 
optics caused the amplitude of the Doppler signal to drop out quite frequently, 
which put a high variation on the measured velocity. This variation, which 
changed the magnitudes of the response peaks greatly from one ensemble to 
the next, totally erased any consistency between peak magnitudes. Thus, the 
mode shape information from the LDV was totally unreliable. However, 
there was still a sufficient increase in response magnitude at the modes to 
allow extraction of the modal frequencies. 

AnaIysis of Results 

One of the effects that can be examined using the LDV is the shift of 
measured frequencies due to the mass loading effect of the accelerometers. 
When accelerometers are mounted to a structure, it is generally assumed that 
their effect on the response of the structure is negligible, or at least 
reproducible in the model, since there is no way to measure the effect. 
However, the response of the structure can be measured with the LDV both 
before and after the accelerometers arz attached, allowing the changes in 
response due to the loading to be assessed. To do this, we compare the 
frequencies of the measured modes in cases 2 and 6, as shown in Figure 7. 
Case 2 represents the measurements made by the LDV with the loading 
present, and case 6 is the LDV measurements without loading. It can be seen 
that for each mode on the chart, the value of the frequency is reduced slightly 
by the effects of the loading. The average reduction in frequency due to the 
loading is 3.30%. 

Another issue that can be addressed by analyzing the frequency 
information is the difference in accuracy of the LDV and the accelerometers. 
This can be examined by comparing the frecpencies of cases 1 and 2, as shown 
in Figure 8. Case 1 is the accelerometer measurement, and case 2 is the loaded 
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LDV measurement. It can be seen in the figure that the frequencies are 
consistently even for the first eight modes.. The average frequency difference 
is 0.21%, which would be considered acceptable for most applications. 
Therefore, the relative accuracy of the LDV is the same as that of the 
accelerometers. 

In order to assess the changes in the structure due to damage, the first 
things to look at are the changes in mode shapes and modal frequencies. The 
mode shapes can be compared using a linear Modal Assurance Criteria (MAC) 
plot of the damaged and undamaged mode shapes, as shown in Figure 9. The 
entries in the matrix which have values close to unity indicate mode shapes 
that correspond to each other. The values along the left axis are the modes 
from the undamaged structure, and the values along the right axis are the 
modes from the damaged structure. It can be seen that the first five modes of 
the undamaged case correlate well, but that the remainder fail to produce 
strong correlation with any modes from the damaged case. This is an example 
of how the structural response can change enough that it is difficult to locate 
two modes which 'correspond' to each other. This can cause a problem with 
many model update and damage detection techniques, which often depend 
on analyzing the frequency shifts for a particular mode. When a mode 
disappears or when a new mode shape appears after damage, tracking 
frequency shifts becomes difficult to impossible. Figure 10 shows the changes 
in modal frequency for each mode extracted from the accelerometer data. It is 
interesting to note that most of the lower modes undergo an increase in 
frequency after the damage due to the reduction in mass, but some higher 
modes undergo a decrease in frequency due to the reduction in stiffness. 

Two damage detection algorithms are used in this study. The first is 
STIFTEST [l], which arose out of Alvin's work in extraction of second-order 
mass and stiffness matrices from state-space (ERA-type) realizations. This 
method evaluates the effective stiffness value between two points on the 
structure using the normal mode shapes and the modal frequencies. The 
effective stiffness is calculated mode by node for a particular DOF pair, and 
then the values for all modes are summed. By calculating the stiffnesses for 
two different data sets, the differences between the effective stiffness of each 
element can be obtained. These differences can be interpreted in terms of 
damage along that element. Since it sums the differences over all modes 
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before making the comparison, this method can easily incorporate 
information from higher frequency modes. 

The second damage detection algorithm is STRECH. [2] STRECH was 
first developed to assess the differences between experimental and analytical 
models. Here, the concept is extended by comparing two experimental 
models, one damaged and one undamaged. STRECH determines a 'stretch 
factor' between two locations based on the displacement and rotation mode 
shapes. By taking the ratios of the corresponding stretch factors between two 
cases, the change in stiffness between those two DOF can be assessed. 
Experience has shown that this method seems to work very well on lower 
frequency modes, but not as well on higher frequency modes. The primary 
difference between these two methods is the way in which the model 
comparison is made: STIFTEST sums over all the modes, then compares; 
STRECH compares, then can s u m  over the modes for a superposition of the 
solutions. Both methods are applied to the FEM solution and the 
experimental data in the following sections. The results of the damage 
detection analyses are presented as color plots of the elements between each of 
the accelerometer locations. The colors represent the magnitude of the 
difference of the indicator values (element stiffnesses in the case of STIFTEST, 
and stretch values in the case of STRECH), with red representing the 
elements with the most change and blue representing the elements with the 
least change. These element connectivity plots are oriented the same as the 
structural diagrams in Figure 3. 

The first damage detection analysis uses the modes from the FEM 
solution. The results from the STRECH analysis, which used the first flexible 
mode, are shown in Figure 11. The result shows a high stretch factor for the 
element parallel to and just above the middle of the center stringer. The 
STRECH result is rather vague, but it should be noted that the rotational DOF 
were not included in the STRECH analysis. Additional work by Mayes has 
shown that these rotational responses can be critical, and this result tends to 
support that conclusion. Therefore, it is thought that including the rotations 
would greatly improve the result. Including translational DOF from 
additional modes did not significantly improve the solution. The results 
from STIFTEST are shown in Figure 52. The STIFTEST analysis was 
performed using the first 10 flexible modes, and shows high stiffness 
reductions in the the four members parallel to the middle stringer which are 
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the closest to the damage area. The STIFTEST result reflects the reduction in 
lateral bending stiffness due to the damaged stringer. This result benefits 
greatly from the ability to incorporate information from all of the available 
modes. It should be noted that there are no reductions in stiffness in any of 
the diagonal elements, indicating that only a small amount of strain energy 
was stored in these elements for the given modes. Perhaps higher frequency 
modes would have contributed more infcrrnation about these elements. 

The second damage detection analysis uses the measured modes. The 
results from STRECH are shown in Figure 13. This STRECH analysis is a 
superposition of STRECH ratios from undamaged modes 1, 2 and 3, and 
damaged modes 2,3 and 4. In this case, STRECH identifies reduced stiffness in 
the diagonal elements across the area of the damaged stringer. This indicates 
that sufficient information is contained in the measured modes to identify 
the reduction in stiffness in these elements. The results from STIFTEST are 
shown in Figure 14. The STIFTEST analysis was performed using the first 8 
modes in the undamaged case and the first 9 modes in the damaged case. 
STIFTEST also locates the reduced stiffness in the diagonal elements across 
the area of the damaged stringer. Additionally, STIFTEST incorrectly locates a 
reduction in a diagonal element in the area which is directly opposite the 
damaged stringer. This apparent reduction is due to the symmetry of the 
identified mode shapes, and is a common effect in damage detection analysis. 
It is suspected that adding higher frequency modes will eventually contribute 
enough information to discriminate between the ends of the stringer. The 
ability of STIFTEST to use a large number of modes is quite advantageous in 
this type of situation. 

Conclusions 

The laser Doppler velocimeter is theoretically capable of making 
accurate, high bandwidth measurements with large standoff distances. The 
data acquired has confirmed that the LDV produces accurate frequency 
information (relative to the accelerometers), but the accuracy of the mode 
shapes cannot be confirmed until the optics have been repaired. In terms of 
the practical aspects of employing the LDV for modal testing, there is a trade- 
off between using the LDV or traditional accelerometers. The accelerometers 
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generally have a longer set up time and add a loading effect to the structure 
(shown in this case to shift frequencies by about 3.3 %). However, the LDV 
requires line-of-sight to a coplanar set of points, and requires more data 
acquisition time since measurements are made one location at a time. 

The two damage detection algmithms performed better on the 
measured data than they did on the FEM solution. Overall, STIFTEST seemed 
more accommodating to higher frequency modes, and the STRECH results 
could probably be improved by incorporating into the mode shapes the 
rotational degrees of freedom. 

Further Research 

To further develop the utility of the LDV as a tool for modal data 
acquisition and damage detection, the following studies are suggested: 

Re-acquire the data from the damaged structure when the LDV has 
been repaired, and see how the higher spatial resolution of the LDV 
measurements improves the damage detection results. 

Assess the robustness of the LDV system by using it in a field 
environment. 

Develop methods for using modal data from the LDV in conjunction 
with non-destructive inspection (NDI) techniques for the inspection of 
aircraft structures. 
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ABSTRACT 

During routine inspections of commercial aircraft, various forms of surface corrosion, or 
other surface defects, are often encountered. However, it is difEcult to assess the need for 
structural repair without a complete knowledge of the corresponding damage to the subsurface 
structure. Therefore, it is important for inspection techniques to be able to quickly assess the 
health of a structure, including subsurface damage, with only access to the e.xtemaI inspection 
sufice. Modal and structural dynamics measurements hold promise for the global nondestructive 
inspection of a Variety of structures including aircraft. S h e  measurements of a vibrating 
structure can provide information about the internal members without costly - or sometimes 
impossible - dismantling of the object. However, there are Iimitations with the traditional 
measurement techniques for these parameters (modal fiquencies, modal damping, mode shapes, 
and jkquency response functions). Modal testing techniques can cover a broad frequency band 
and have a large array of mathematical tools for signal processing and data analyses. Medal 
testing is normaIly chaTacterized by contact sensors, low spatial density, and low frequencies (less 
than 1 IrHz). These limitations severely restrict the ability of modal techniques to locate the type of 
damage seen in aircraft. Full-field techniques, such as laser holographic interferometry, provide 
high fi-equency, high spatial density measurements in a non-contact fishion. However, laser 
imaging techniques like holographic interferometry operate on a single vibration frequency at a 
time, and do not have the same level of mathematical processing support as modal techniques. 

Laser velocimetry provides a "best of both worlds" approach with some additional 
advantages not found in either modal or coherent optics techniques. With laser velocimetry, full- 
field, high-frequency, high spatial density measurements can be obtained in a non-contact fashion. 
Quantibtive data, in the form of fiequency response bctions are available for mathematical 
analyses. In addition, laser velocimetry can acquire broad-band frequency information and spatial 
sampling positions can be controlled through data acquisition software. 

This paper discusses the application of laser velocimetry based measurements to the 
inspection of metaIlic and composite aircraft structures. An initial induced ffaw experiment, where 
an aircraft stringer was damaged in successive stages, provided an opportunity to prove the 
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viability of this technology in aircraft health monitoring. Initial studies on aircraft composite 
structures have shown that this approach can detect adhesive debonds and delaminations in the 
composite patch lay-up. An acoustically coupled, broad area excitation technique has been 
developed to support the composite work. Within the constraints of spatial resolution 
requirements, areas of up to one square meter can be covered in a single scan producing a quasi 
real-time result. 

INTRODUCTION 

A major portion of the structure of a mcdern transport aircraft consists of a relatively thin 
skin fastened to underlying elements such as stringers, fi-ames, and ribs. All of these structural 
elements are critical, and flaws such as corrosion, cracks, and fastener or bond failure must be - 
detected at an early stage. Flaws like cracks or failed fasteners in substructure (Stringers, fknes, 
etc.) are currently detected by a painstaking internal visual inspection, which requires complete 
teardown of the aircraft. Some flaws, such as corrosion, may manifest on the surface of the 
aircraft and can be detected by an external visual inspection. Even in this case, the internal extent 
of the flaw cannot be easily determined, and inspectors must determine whether to remove the skin 
for further inspection. These expensive disassembly and inspection processes create a great 
inkrest in nondestructive inspection techniques which can detect subsufice defects by 
observations made on the surface of the aircraft 

In this paper, we describe some initial verification experiments appIying modal analysis 
techniques to detect some typical aircraft structural flaws. Conventional modaI data is taken by 
fastening an array of sensors (typically acCererometers) to a structure, mechanicauy driving the 
structure, and recording the response at each sensor. Application of the sensors is itself time 
consuming, and for a thin-skinned structure such as an aircraft, the mass loading of the sensors 
may si@cantly affect the results. Hence, in this study we have used laser Doppler velocimetry 
(also luiown as laser Doppler vibrometry, or LDV) instead of accelerometers to  measure surface 
response to the driving si--1. 

We begin by discussing some of the aspects of system heaIth monitoring by modal 
techniques. We give a brief description of the LDV technique and compare it to conventional 
modal data taking. We describe two p re l i i a ry  experiments using LDV and modal analysis for 
flaw detectioq and conclude by suggesting what the next steps might be. 

HEALTH MONITORING VIA MODAL TECHMQUES 

Today's society depends upon many structures (such as aircraft, bridges, wind turbines, 
offshore platforms, and buildings) which are nearing the end of their design lifetime. Since many 
of these structures cannot be economically replaced, techniques for damage detection and health 
monitoring must be developed and implemented. Modal and structural dynamics measurements 
hold promise for the global nondestructive inspection of a variety of structures since surface 
measurements of a vibrating structure can provide information about the health of the internal 
members without costIy (or impossible) dismantliig of the structure. Advanced s i g d  processing, 
non-contacting and embedded sensors, and analysis/test correlation technologies combine to make 
this a promising approach for the health monitoring of operational structures. 

At Sandia, we have a research and development program undenvay to investigate health 
monitoring via modal techniques. Reference [I] describes this program, gives a review of related 
work at other institutions, and briefly describes three experiments conducted so far: a highway 
bridse, a wind turbine blade, and the aircraft experiments we cover in this paper. The basic idea is 
that flaws of interest \vi11 affect the stifkess of the structure, which will in turn affect its modal 
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response. The mjor questions we are Wjhg to answer are: wiII detectable changes in modal 
properties occur before the flaw becomes critical; what modal parameters are most sensitive to a 
particular fiaw type; and how can we analyze the data to most readiIy and conveniently detect these 
parameter changes? 

Excitation Techniques 
To conduct a modal test, the structure is typically excited with a known or measurable 

input which is stronger, in the frequency range of inter- than the ambient mechanical noise. 
Mechanically driving the structure at a point, as with an electromagnetic shaker or impact hammer, 
provides good energy transfer into the structure. The driving energy is spatially nonuniform, 
however, and the area over which the si& has sufficient amplitude may be limited. Air coupIed 
excitation, as with a speaker or point noise source, can provide more uniform excitation, but the 
energy transferred to the structure is significantIy less, the actual signal delivered to the simcture is 
hard to quantify, and the sound may be sufficiently loud to cause persome1 hamrds. For either . 
driving method, waveforms may be constant-frequency sinusoidal, swept sinusoidal, broad band 
random, or puked, depending on the test. We have used various combinations, as will be described 
below. 

Measurement Techniques 
The usual means of collecting modal data is by an m y  of transducers (tqpically 

accelerometers) attached to the structure. Disadvantages of this technique include the time 
coIlsumed in placing the transducers, and the mass loading they contribute to the structure. The 
sensor array is typically spatially sparse, with a maximum of a few hundred sample points. 
Advantages are that the sensors can be mounted for sensitiviq to either in-plane or out-of-plane 
motion, so by mounting three accelerometers per sampb locatioq vector information can be 
obtaind. Also, the sensors provide information in pade l ,  so that within the Iirnitation of the 
smpling/mukipIexing electronics, measurements are taken simu~tan~usIy at each location. 

The scanning LDV is a non-contact optical “transducer” sensitive to surface velocity. Its 
major advantages over accelerometers are versatility in selecting spatial sample points, and its 
noncontact M~UPZ. Its main disadvantages inciude sequentid (as opposed to parallel) data taking, 
and possibly its scalar (as opposed to vector) sensitivity. Note that the LDV reads velociry as 
opposed to acceleration. 

Another optical technique useful for surface displacement measurements, which we 
mention here for completeness, is hoIographic interferometry or holometry. Holometry can be used 
to measure surface displacements on the order of microns, either in a time-average or double 
exposure mode. It is an imaging technique, so the sample grid can be very dense, typically 5 12 by 
5 12 points taken simultaneously. For modal analysis, it can be used in a sinedwell mode, allowing 
rapid visualization of operating shapes at a particular frequency. Several images can be made at 
various frequencies, and the results used to aid in positioning accelerometers or LDV sample 
points, which can then get the-resolved broad band information for firrther modal analysis. We 
are currently working on integration of holographic and LDV instruments at Sandia. 

Analvsis Techniques 
The core question in the modaI heaIth monitoring project is “can we detect flaws?” The 

two major subsets to this question are ‘What data shall we take?”, and “what do we do with the 
data once we have it?’. IdeaIly, we can deveIop anaIysis techniques that are sufficiently 
straightforward or automatic to be fieldable in the sense that they can be applied by a technician in 
a rote manner. Currently, we are in the mode of tying various analysis techniques on h o r n  
flaws to see which works best. In aII cases, this is a comparison technique. Ideally, we could 



compare our results with a theoretical prediction from, for example, a finite element mechanical 
model based on asdesigned information. For structures as complex as aircraft, this is probably an 
unacbievab1e goal- asdesigned information of sufficient detail is difficult or impossible to obtain, 
and even with it, we believe it would be extremely difficult to sort out acceptabie variations in 
response from actual flaw indications. For now, we are concentrating on before-after comparkons, 
which require a set of baseline data on the actual structure. 

The raw data &om these tests is a set of amplitude signals representing either acceleration 
or velocity at each sample point. Standard modal data acquisition hardware provides rapid Fourier 
transform capabilities, so for broad band excitation functions such as random or impulse, the 
frequency response hctions (FRF’s) can be CalcuIated and stored for each sample point. Of 
course, ifa single frequency (sinedwell) excitation is used, the raw data consists of structural : 
response at that fiqency only. Before-after comparisons of various parameters, such as mode 
frequency, response amplitude at a particular frequency, and damping can be made on a point-by 
point basis. One &ve analysis technique is to plot amplitudes of one of these parameters as 
an image, and use the eye-brain system of the observer to correlate the data spatially and do the 
globd before-after comparison. 

Even if the flaw is not readily evident in the parameter comparisons described above, 
suflicient information may be Contained in the atire data set to detect it. A modaI extraction on 
the full data set can be performed, and mode amplitudes (as opposed to the operating shapes 
described above) can be plotted as an image. Other more sophisticated analysis algorithms, such 
as the modified STRXCH technique [2] are also being considered. At the Center for Aerospace 
Structures, U. of Colorado algorithms are being developed around the extraction of second-order 
structural parameters (mass and stiffness) directly from modal data. These could result in plots of 
structural stiffness similar to the velocity and mode amplitude plots presented here. 

LASER DOPPLER VELOCIMETRY 

The Doppler effect is the shift in frequency seen when a periodic wave (monochromatic 
laser light in this case) scatters fiom a moving object (the surface under test). In most practical 
cases, the li&t used to sense velocity Y is that which is scattered back in the direction of 
illumination-in this case, the frequency shift is AF = 2vA. A laser Doppler velocimeter (LDV) 
instrument contains an optical interferometer which interferes the scattered light with an internal 
reference beam to detect the frequency F, and usuaIly electronics to convert this fiequency to an 
output voI@e proportional to F. Thus, the instrument appears to be a noncontact transducer 
which has a voltage output proportional to instantaneous surface velocity. These instruments have 
a large dynamic range. Depending on frequency, commercial LDV instruments can measure from 
one micron per second to about one meter per second, which translates to amplitudes of .001 
micron to one meter. Other LDV mode& are commercially availabIe that extend these ranges. The 
instruments we used contained programmable scanning mirrors to direct the laser beam, allowing 
interrogtion of a large number of data points. Reference 131 covers optical Doppler signal 
processin2 in some detail. 

The LDV has several advantages over mechanical transducers for modal testing. It 
produces no mass loading, so it can be used on very light objects or in hostile environments. The 
number and Iwtion of the sample points are software programmable, so not onIy can a moderately 
dense amy of points be sampled (perhaps several thousand points per test), but the sample 
locations can be changed easily, even dynamicaIly durinz the test. The scanning LDV also has 
some disadvantages. The data is read one point at a time, and the integration t h e  may be many 
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seconds per point, depending on signal bandwidth and noise. This means that the drive signal must 
be stationary or repeatable, perhaps for hours. Also, the coherent light interacts with the diffuse 
test sufice to produce a speckIe pattern, wbich is a random intensity variation in the scattered 
light. At a particular sample point, the intensity reaching the detector can be zero, producing a 
si@ dropout. The data taking algorithm may need to sense these dropouts and repeat the 
measurement at a few points. Nat~mlly, optical access is required to the test surface, either by 
line-of-sight, relay optics, or fiber optics. 

. By using a triaxial installation, acderometers can read true vector infomtion at each 
sample point. With the LDV, only one scalar measurement is made per sample point velocity in 
the direction of the laser beam. This means that the sensitiviv to a particular motion vector (such 
as out-of-plane, n o d  to the surface) may vary as the angle of incidence of the interrogating beam 
changes for each sample point. Also, to get vector information, the LDV head must be positioned 
at three separate locations, samples taken at the set of points, and the data merged. This . 
makes both data taking and analysis quite complex-practical solutions to this probIem are the 
subject of current research. 

EXPERIMENTS 

DC-9 Controlled Damze Emeriment 
An induced damage test was performed on the front f'bselage of a decommissioned DC-9 

transport aircraft, which is one of the samples in Sandia's Aging Aircraft Test Specimen Library. 
A Zonic LAZON system was used to acquire broad-band frequency response functions using a 
dense grid of spatial measurement points. Figure 1 shows a schematic of the induced damage test. 
Stringer S21R forward of frame BS256 on the DC-9 was cut in four stages. An electrodynamic 
shaker was attached to the skin of the aircraft to provide dynamic input. Random input between 
500 and 1500 Hz was used with a two pound maximum amplitude. Data was acquired from 0 to  
2000 Hz. 

Frame 
BS 256 e 

Stringer cut 
locations. Case 0 
is undamaged, 
case I not used. 

Figure 1. Schematic of DC-9 structure and induced damage. The amplitude plots in figures 2 and 
3 cover the left half of this diagram-essentially bvo rectangular skin paneIs. Note 
damage case 1 data is not considered here. 
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AU measurements were acquired with a scanning laser vibrometer on the exterior skin of 
the aircraft. Two data sets were obtained for each modal test. One data set covered the 38” by 14” 
area with only 53 measurement points. Measurements were mncen- on the major structural 
members and around the damage area. A driving point accelerometer FRF was saved for each 
laser FRF. To reduce noise and problems with signal dropouts, fifty averages were used for the 
2048 point FRF’s. The second data set took data on a 0.5 inch square grid to produce a 
measurement set of 2233 points. Driving point information was not saved. The FRF’s were 
calculated with 10 averages and 1024 frequency lines. The time required to take this large data set 
was 3 hours and 45 minutes. 

Data analysis from this test is ongoing. The results presented here were generated in the 
following manner: First, several FRF’s were displayed, mainly those from the known damage : 
location. From these, seved  resonance frequencies were selected. For each of the seiected 
frequencies, an image was created representing response ampIitude at that lkquency as a function 
of position on the surface-this image is the “operating shape” at that .frequency. Figure 2 shows 
one of these image sets for each of the 4 damage cases at 1062 Hz. The damaged stringer m 
horizontaiIy in the center of these images, with the damage location in the Center of the h e .  The 
skin is constrain& by the Stringer, so we expect much greater amplitude of motion within the 
panels defined by the substructure. As the level of damage increases, we expect to see motion 
along the stringer as well. In these images, damage is evident only for case 4-the worst damage. 

The next step was to do a full modal analysis of the data set. The nearest modes to the 
above were displayed as true mode shape images, as shown in Figure 3, In this case, the damage 
begins to appear at case 3, which is an indication (admittedly a preliminam one) that extended data 
analysis, in this case the extraction of mode shapes, might increase the sensitivity of this technique. 

Figure 2. FRF amplitude (“operating shapes”) at 1062 Hz for the four damage cases, DC-9. 
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Figure 3b. Damage 2,1062 Hz. 

Figure 3. Mode amplitude of the mode nearest 1062 Hz for the four damage cases, DC-9. 

The ComDosite Patch ExDeriment 
The sample for this experiment was a borodepoxy composite repair with programmed 

debond flaws. The sample is 9 by 12 inches, with zones of 2,4,6, and 8 composite plies. The 
debonds are at various depths. In this case, the excitation was an air coupled rapid rise time pulse, 
appIied once per sample point. The LDV instrument used was a Polytec scanning laser vibrometer, 
model ON-50 with OW-3000s. To conduct the test, sample FRF's were first displayed. Eight 
Iikely "relaxation frequencies" were selected, and the instrument programmed to record response 
amplitude at these frequencies for each sample point. Data was taken on a 16 by 32 point sample 
grid, and the total time to take one data set was 8.5 minutes, limited by the repetition rate of the 
acoustic pulse generator. Figure 4 shows a representative result-the motion of the surfice is 
greatest over the debonds, as might be expected. Further development on this technique is ongoing. 

This study was motivated by a need for rapid, wide area, nonintnrsive damage detection methods 
for structures such as aircraft. These experiments are preliminary, but the resuIts are 
encourq_ging. We nave demonstrated that the LDV can be used to collect modaI data of sufficient 
quality to detect damage. Clearly, firther research is needed on technique sensitivity, and data 
anaIysis methods. There are severaI techniques under study for damage detection which are 
available for numerical processing. Global stifhess metrics (static shapes, experimental stifihess 
matrices, analytical model comparisons) which do not require a one-to-one comparison of modes 
appear to hold promise. 
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Figure 4. Response amplitude at 3.8 kHi for the composite repair sample with air c0upIed 
acoustic impulse loading. 
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S a n d i a N a t i O n d ~  
Albuquerque, New Mexico 87185-5800 

date: September 14,1994 

to: Paul S. Veers,MSO708,6214 

from: RoGald Rodeman, 2741 and Dan Gregory, 2741 

subject: Wind Turbine Blade Joint Fatigue Test 

On August 26 and 27,1994 the fatigue test of the wind turbine blade was run in Area 3 
at Bldg. 6610. The configuration of the test is as shown in Fig. 1. There it is depicted 
that the slip table is translated back and forth at the first natural frequency of the blade 
in an attempt to produce the required strain (1180pe) a t  the root of the blade. The 
UnHoltz-Dickie Model T-4000 electrodynamic vibration table that was used is capable of 
a peak force of 40000#s and a maximum displacement of .4” zero to peak. 

From low level modal tests done in Bldg. 860 we had determined that the blade had a 
damping of approximately 1%. In addition we had estimated that we would need a tip 
deflection on the order of 5” zero to peak, as the structure was driven at resonance at 
3.8 Hz., to achieve the required strain. For a single degree of freedom system driven at 
resonance from the base the amplification of the motion at the mass is given as 

x 1  
Y’B 

where x is the mass motion, y is the base motion and 13 is the damping. For the level of 
damping that we measured we would then predict an amplification of 50, i.e. (Q = 50). 
Extending this simple model to  the wind turbine blade driven at the base at the first 
mode resonance it appeared that we would have considerable margin in being able to  
run the test on the slip table. 

Initial bare table runs were made at 6610 at 3.8 Hz; these runs indicated that the slip 
table had near maximum capability at this frequency. We then proceeded to ship and 
mount the blade on the table in preparation for testing. Our initial low-level runs 
indicated that our damping was consistent with what we had measured in Bldg. 860. 
However as we attempted to run the table at higher levels we observed a marked 
increase in damping. We found that we were unable to  achieve a root strain of 1180pe 
even with maximum table motion. In addition the natural frequency of the blade was 
seen to be a function of input level. 

We did notice something that was unusual. In attempting to achieve the required 
strain we happened to see that we were getting a localized heating right at the base of 
the tines of the steel “tuning fork” that is used with the clamshell to hold the fiberglass 
blade. We measured this temperature during maximum level testing and found it to 
be 1502F. We had observed that there seemed to be a small amount of relative motion a 
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between the clamshell and the tuning fork right at the base of the tines. However, this 
apparent motion was not noticeable along the clamshell as we moved up the tines. 

Since we were faced with being unable to achieve the required strain with the available 
equipment we looked a t  the effect of shortening the blade. An approximate analysis 
indicated that we might achieve nearly a 25% increase in strain while increasing our 
first mode frequency by 40%. Based on this we decided to  shorten the blade by two feet. 
We did get an increase in natural frequency, (4.3Hz.), however, once again the 
damping went up with increased level. We found that the maximum strain that we 
could achieve at the root was on the order of 850pe; this strain was achieved in a fifteen 
minute maximum level test. We noticed that the measured strains on the clamshell 
were of the order of 1900pe. We made the decision to run the test by controlling the root 
strain to be 650pe; this would cause a strain of approximately 1250pe in the clamshell. 
Since this strain was greater than the analytically predicted maximum strain to  attain 
failure in 100,000 cycles we felt that the test would be representative, 

The blade was instrumented with 34 Endevco 7751 accelerometers with the 
approximate locations depicted in Fig. 2; the thicker section represents the clamshell 
and the thinner section the blade. In addition the 20 original strain channels were 
also used. The strain gauges are in the locations shown in Fig. 3; the channel 
designation of the gauges is given in Table 1. We performed an initial modal test to 
baseline the structure; that data is available but has not yet been reduced. 

We then proceeded to run the fatigue test by driving the structure at a nominal 
frequency of 4.3 Hz. while maintaining root strain at 650pe. All data were 
continuously recorded at 50 Hz. We were anticipating that the fatigue life would be of 
the order of 100,000 cycles which would imply that we bould be running the test in 
excess of seven hours. As the test progressed (520 mins.) we noticed that the control 
system was having difficulty maintaining the root strain. The control system had 
been configured to change the amplitude of table motion, while maintaining a fixed 
frequency, to  achieve the required root strain. After nearly one hour of testing it 
became apparent that we would be unable to maintain required level at 4.3 Hz. The 
drive frequency was changed to 3.95 Hz. The frequency was changed again to 3.52 Hz. 
fifteen minutes later. 

ARer one hour and twenty-five minutes a crack was observed in the left tine of the steel 
structure. It appeared to  be emanating laterally outward from the last bolthole where 
the clamshell bolted to the tine. At the time the crack was observed it was already 1.5” 
in length. The test was continued for five more minutes; during this time the crack 
progressed all the way to the edge and through the thickness of the steel. This crack 
appeared right in the area where we had observed the localized heating. 

As indicated all channels were continuously recorded during the test. Since each 
trace has over 180,000 points only the envelopes of the responses are displayed. The 
envelopes are given in Figs. 4- 17. From the plot of strain of gauge 19 we can see the 
strain amplitude start to roll off from the initial level of 650pe at around 3000 secs. At 
that time the drive frequency was changed and the control system once again attempts 
to  maintain the root strain at 650pe. Notice from the plot how quickly the level rolls off 
until the frequency is lowered to 3.5Hz. One other interesting plot is Accelerometer 
123; that accelerometer is nearest the point of observed failure. Even though the drive 
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a v e l  is dropping off the acceleration at  123 is increasing; when the drive frequency was 
reduced to 3.9 Hz. the acceleration at  123 began to decrease. 

~ 

~ failure initiated. 

-- Strain channels 13-16 exhibit a pronounced asymmetry after the frequency change at 
3000 seconds. These strain gauges are on the clamshell nearest the point where 

~ 

After we found that the structure had failed much earlier than predicted we realized 

might have contributed to the damage of the blade. Only five channels were recorded 
for that test. The envelopes of four of the data channels are presented in Figs. 18 -21. 
From the envelope of the root strain gauge data it can be seen that we were still well 
below the initial desired root strain level. 

, that our 15 minute test where we sought to achieve the desired strain level at the root 

At this point we are preparing to do ultrasonic inspection of the clamshell to blade bond 
to  determine if we initiated any failures in the bond. The unit will be disassembled 
after this inspection. 

Gauge 
1 
2 
3 
4 
5 
6 
7 
8 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K&L 
M&N 

Channel No. 
1 
2 
3 -  
4 
5 
6 
7 
8 
9 
10 
11 
I2 
13 
14 
3.5 
16 
17 
18 
19 
20 

b 

Table 1. 
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DAMAGE DETECTION AND HEALTH MONITORING OF OPERATIONAL 
STRUCTURES 

George James, Randy Mayes, Thomas Came, and Garth Reese 
Experimental Structural Dynamics Department 

Sandia National Laboratories 
Albuquerque, NM 871 85-0557 

ABSTRACT 

been performed on three different operational structures: a 
Gacture critical bridge, a composite wind turbine blade, and an 
aging aircraft. An induced damage test was performed on the 
Rio GrandeA40 bridge before its demolition. The composite 
wind turbine test was fatigued to failure with periodic modal 
testing performed throughout the testing. The front fuselage of a 
DC-9 aircraft was used as the testbed for an induced damage 
test. These tests have yielded important insights into techniques 
for experimental damage detection on real structures. 
Additionally, the data are currently being used with current 
damage detection algorithms to fiuther develop the numerical 
technology. State of the art testing technologies such as, high 
density modal testing, scanning laser vibrometry and natural 
excitation testing have also been utilized for these tests. 

Initial damage detectiodhealth monitoring experiments have 

INTRODUCTION 

aircraft, bridges, wind turbines, offshore platforms, and 
buildings) which are nearing the end of their design lifetime. 
Since these structures cannot be economically replaced, 
techniques for damage detection and health monitoring must be 
developed and implemented. Modal and structural dynamics 
measurements hold promise for the global nondestructive 
inspection of a variety of structures since surface measurements 
of a vibrating structure can provide information about the health 
of the internal members without costly (or impossible) 
dismantling of the structure. Advanced signal processing, non- 
contacting and embedded sensors, and analysidtest correlation 
technologies combine to make this a promising approach for the 
health monitoring of operational structures. 

Today's society depends upon many structures (such as 

. . -  

An operational structure is defined to be one which can 
perform, is performing, or has performed its intended function as 
opposed to a laboratory test article or a computer model. 
Operational structures are often geometrically complex and may 
be too large to test in a laboratory. These structures are rarely 
truss-like and in fact tend to be more plate-like. Also, the 
boundaq conditions associated with such structures are not 
known as well as a laboratory test structure or a computer 
model. And finally, the environment associated with an 
operational structure (e.g. weather, traffic patterns, or location) 
is usually changing and has a serious impact on the measured 
structural response. Therefore, it is desirabIe to perform health 
monitoring research and development on structures possessing 
such characteristics. This work discusses damage detection 
studies using three different operational structures. 

This report begins by providmg a literature review of some 
of the relevant damage detectionhealth monitoring research. 
Three specific tests will then be discussed. The first will be an 
induced damage test on a decommissioned bridge. The second 
will be a fatigue test of a wind turbine blade. The final test will 
an induced damage test on the forward hselage of an aircraft. 
All of these.tests are still under analysis and no final damage 
detection results will be presented. A description of each test, 
representative data, lessons learned, and on-going analyses will 
be presented followed by a summary and conclusions section. 

LITERATURE REVIEW 

exhaustive compilation of the relevant work. It does represent a 
collection of authors and their works which have influenced the 
work performed at Sandia National Laboratories either directly 
of indirectly. 

The following literature survey is by no means an 
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. . . .  Earlv Works 
Reference [ 11 is one of the earliest publication to discuss 

using changes in dynamic response to track damage. Vandiver 
draws on modal testing of buildings to propose his technique. 
He also uses Statistical Energy Analysis to analyze the response 
ofthe structure. No experimental data was reported in this 
presentation. 

Reference [2] also is a classic publication in the damage 
detection work using vibrational fiequencies on offshore 
structures. An offshore platform (West Sole WE) was removed 
from the North Sea in 1978. An induced damage test was 
pe15ormed on an underwater member. Above and below water 
level accelerometer measurements were taken using ambient 
wave excitation. Frequencies and shapes appear to have been 
determined using peak picking on auto spectra and relative 
phasing on cross-spectra. Above water measurements contained 
15 to 20 peaks between 0 and 10 Hz. Six modes below 4 Hz 
were studied in detail and tracked as the platform was damaged. 
The fiequencies of these global modes were estimated to have 
been determined to within 1%. Above water measurements 
were taken for 45 minutes. Underwater measurements were 
taken for 20 minutes and showed the global modes as well as 
several highly damped local modes. Data was aquired for 
modes up to 20 Hz with five modes between 4 and 10 Hz being 
studied in detail. The Confidence in these mcdes was estimated 
at 2 to 3% Finite element models were used to assist in the 
modal extraction and to verify the results. The general 
conclusions were that above-water measurements of the lowest 
global modes could be used to determine the complete hilure of 
a member, while local measurements (requiring u n h t e r  
accelerometers) could be used to determine partial member 
failures. 

Reference [3J contains experimental data only to correlate a 
finte element model. Some fine work was performed to 
estimate confidence levels due to several effects and to 
determine detectability thresholds. A general framework for 
determining detectability is developed. Earlier work by the 
authors is reported which verifies that ambient measurements 
are acceptable for determining modal parameters. 

Crohas and Lepert discuss in reference [4] the idea of 
continuousiy monitoring eequency domain information from 
forced response testing to determine the health of an offshore 
platform. Although experimental measurements are shown, no 
health monitoringkhmage detection results are provided. They 
did report measuring up to 40 modes of the structure and 
reported the local modes of the members starting at 15 Hz. 

Stubbs. Osegeda. and Others 
Reference [5]  is the initial presentation of Stubbs approach. 

The approach utilizes modal frequency changes before and after 
damage as well as analytically calculated sensitivities of the 
modal frequencies w.r.t. the structural parameters at the possible 
locations of damage. A finite element model is typically used to 
develop the sensitivity matrices and the approach requires that 
the frequencies be matched before and after damage. Changes 

in mass and damping (as well as the sensitivities) are assumed 
know. A numerical example using a simply supported beam is 
also provided. The results are favorable for this simple 
example. The technique as presented iterates to adapt to the 
regions expected to damage (this is done by setting to zero all 
positive stiffness changes which are considered non-physical). 

Reference [6] is a companion to reference [S J in which 
Stubb's technique is applied to a simple cantilever beam. 
Although better modal testing techniques could have been used, 
the experiment appears to have been relatively complete. The 
results were successN even though the structure was extremely 
simple. It was common to see light damage predicted in other 
areas besides that of the known location. This reference cites 
four earlier numerical studies in the development of Stubb's 
method from 1985 to 1990. 

Osegueda's thrust in reference [7] is to prepare for a 
probabilistic formulation for damage detection. A laboratory 
experiment is described as well as experimental results. 
Standard deviations on measured frequencies are provided. A 
good ovemiew of previous work is provided. An important note 
is that Osegueda has upgraded Stubbs method to include 
changes in mode shapes as well as frequencies, although no 
results were included in this publication. Reference [8] is the 
appropriate reference for these results. 

Reference [9] contains a very non-technical summaxy of 
Osegueda's research at the University of Texas at El Pas0 
(UTE€') research using an Ometron VPI 9000 Scanning 
Velocimeter and several different damage detection schemes. 
Stubbs method (called the eigenvalue sensitivity method in this 
work) was the first one and required an analytical model to 
generate the sensitivities. This method worked best when only 
eigenvalue measurements were available, however the resolution 
was limited by the number of resonant frequencies. The 
eigenvalue-eigenvector sensitivity method (developed by 
Osegueda) allows changes in mode shapes to be used as well. 
This technique works well, but requires extremely accurate 
measxes of the mode shapes. The exact eigenvalue method 
(also developed at UTEP) incorporates c h g e s  in modal 
ortltogonalify into the problem. This method requires a pairing 
of damaged and undamaged mode shape and works very well 
with analpcaI data. These techniques were exercised 
analytically as well as experimentally. A modal strain energy 
approach was also applied experimentally and worked we11 with 
some of the higher modes. 

Reference [ 101 reports on Stubb's recent work utilizing 
eqerimental data from a scale model of a pier deck for health 
monitoring work. The work reported successful results for these 
laboratory-based test Reference i l l ]  reports on Stubbs work on 
the Rio Grande I40 bridge. 

Smith and Others 
Some of Smith's early work in damage detection of large 

space structures is presented in reference [12]. An extensive 
structural identification algorithm developed by Smith and 
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others is applied to thedamage detection problem. Smith's 
method is an optimal update method which maintains the - 

sparcity of the original finite element model. The method 
requires a finte element model of the structure, but does use 
changes in frequency and shape for the system identification 
problem. Six modes of a simple truss structure were used in this 
example. A 120 d.0.f. model was used, although only 14 
measurement locations were available. Some experimental 
results (obtained with good modal test procedures and 
equipment) are presented, however no damage detection results 
are presented. A technique for expanding the measured mode 
shapes to the full model d.0.f.s is required. This expansion 
process did not provide full modes with the proper orthoganality 
for the system identification technique. Hence, expansion was 
reported as an area of needed work. 

Reference [13] provides the next installment of Smith's 
work. An ex-pansiodorthoganalization scheme has been 
developed by Smith 62 Beattie [ 141 to correct the 
orthoganlization problems seen in reference [12]. Also 
measurements at all 120 locations or any subset of sensors were 
available. Only thee modes (selected differently for each 
damage case) were used for each damage detection experiment. 
Tests using analytical data were only successll when all I20 
sensors were used. Li and Smith's latest work [ 151 has produced 
a hybrid technique which draw from both model sensitivity and 
optimal matrix update approaches for system identification. 

Zirnrnerrnan and Others 

1161 which uses control theory techniques to modify structural 
models. An eigenvalue assignment algorithm is used to 
calculate a simulated feedback control system which updates a 
subset of the analytical modes corresponding to the measured 
modes. Symmetric damping and stiffiess matrix updates are 
calculated. These update matrices will not necessarily maintain 
the proper connectivity. 

Zimmerman and Widengren provide a technique in reference 

Zimmerman and Kaouk [ 1 7] refine the method of reference 
[ 161 to attack the damage detection problem more effectively. A 
subspace rotation algorithm is used to enhance eigenvector 
assignability. A simple iterative scheme is provided to maintain 
sparcity. The upgraded algorithm is shown to work well as long 
as the proper eigenvector entries are chosen. 

Reference [ 181 builds on the reference [ 161 and reference 
[I71 work and adds a damage location pre-processor damage 
detection problem. Several numerical tests are shown with and 
without added noise. The technique is shown to work well in 
this situation. However, ail the tests included simulated 
ineasurements at every d.0.f. 

Kaouk and Zimmerman expand their method to calculate the 
extent of damage using a perturbation of the original analytical 
niodel possessing a minimum rank. They also allow damage in 
mass and damping properties. Any two matrices can be allowed 
to change. A simulated example of a 50 bay truss with 
incomplete eigenvector measurements is used. An experimental 

example of a masloaded cantilever beam is also used. The 
Minimum Rank Perturbation Theory (MRPT) is further 
expanded to allow remove the need to have an original Finite 
Element Model (FEM) [20]. MRPT is further expanded to 
utilize a variety of test data types including static data PI].  

And finally, three groups of damage detection researchers 
including Z i e r m a n ,  Smith, and McDonnell Douglas 
Aerospace jointly studied the most troubling problem in health 
monitoring, the incomplete measurements problem [22]. The 
test structures were truss type objects in this work. However, 
there were several useful points to consider when performing 
reductiodexpansion which arose from this work. 

Peterson. Alvin. Doeblinq. Park, and Others 
A Series of experiments to support damage detection by 

model updating is reported in references [23,24] by University of 
Colorado-Boulder researchers. It was found that selection of the 
appropriate modal parameters was critical to the success of such 
an approach. Also, the truss structure utilized for these tests 
exhibited a multitude of localized modes. This further 
complicated modai selection and mcdal data reduction. 

Reference [25] is largely concerned with producing normal 
modes fkom complex modes generated by ERA however, a 
number of important issues relating damage detection are 
addressed by this work. A multiple step process is provided, 
however the last step requires a non-linear minimum norm 
solution for the case of more modes than sensors. The 
techniques also require driving point measurements to allow for 
the proper mass normalization. 

An extension of this is the production of mass, damping, and 
stiffness matrices directly from data 125,261. The procedure is 
based on a Guyan reduction, however the reduced matrices 
(using physical coordinates) are augmented with a set of 
generalized Coordinates to model the extra modes of the system. 
There is some connection between this procedure and Craig- 
Bampton component mode synthesis. A damage detection 
method for truss structures was presented based on these 
procedures. It required a model order of 500 with fairly 
automatic modal testing. The results were not conclusive for 
damage detection, but could hold promise for an iterative 
procedure. Further application of the experimentally calculated 
mass and stifiess matrices to damage detection by the 
University of Colorado-Boulder researchers is reported in 
reference [27]. The experimental application of these techniques 
to a truss structure has shown that the extraction of modai 
vectors for the higher modal frequencies is important. A further 
direction of research at UC-Boulder which is driven by the work 
mentioned above, is in the analysis of high-modal density data 
sets [28]. ' 

. 

West and Others 
Researchers at Virginia Tech are developing the tools to 

perform laser velocimeter-based structural imaiing [29-3 11. 
This technology promises to allow a high-spatial density grid of 
3-D measurements to be acquired in a non-contacting fashion. 
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The highly localized effects of damage tend to require such 
measurements. 

Sandia and Los Alamos National Laboratories 

using esperimental data was developed at Sandia 1321 and has 
been named the Stn~ctural Translation and Rotation Error 
CHecking algorithm or STRECK The technique has recently 
been expanded to pe~%om damage detection using an 
undamaged data set [33]. The algorithm first compared the ratio 
of difference between two sensor location measurements of a 
damaged mode shape to an undamaged mode shape. It has since 
been discovered that the static flexibility shape is more sensitive 
on the Rio Gmndd-40 bridge data. 

A technique for localizing damage in a finite element model 

Another development at Sandia National Laboratories was 
the Natural Excitation Technique (NExT) 1341. This technique 
has allowed the modal parameters to be extracted from a variety 
of structures in their operation environment including wind 
turbines, transportation systems, missiles [35], and bridges [36]. 

Los Alamos National Labs performed the dynamics testing 
of the I40 bridge [36]. This work included modal testing to 
support model correlation and damage detection, sine dwell 
testing to verifi new nonantact sensor concepts, and ambient 
testing using NEXT. Sandia Labs provided the excitation source 
and logistics support for these tests [371. Recently, the data was 
used to study the effects of f ~ t e  element grid density on model 
correlation and damage detection [38]. 

Reference [39] describes a recent test to failure of a 
composite wind turbine blade. The blade was failed using 
quasi-static loading. Two nondestructive testing techniques, 
acoustic emission and electronic sheamgraphy were used to 
monitor the blade during the test. This same approach was 
adopted for a fatigue test to failure of a similar blade which also 
included a number of modal tests during the course of the test. 
Initial results from this test will be provided in this report. 

Reference [40] details a set of experiments performed at 
Sandia Labs on a simulated aircraft panel. Accelerometers and a 
scanning laser vibrometer were used to study the damage 
detection using STRECH and techniques developed at UC- 
Boulder. This work was followed by later experiments in the 
FAA Aging Aircraft NDI Validation Center at Sandia 141 1. An 
induced damage test was performed on the forward fuselage of a 
DC-9 aircraft. A stringer \vas cut in four stages and modal tests 
were performed using a scanning laser vibrometer after each cut. 
An estremely dense g id  of measurements points was utilized 
which included over 2000 measurement points. The fiequency 
band of the measurements was from 0 to 2000 Hz with the 
excitation from 500 to 1500 Hz. The tests also included laser 
holography measurements. 

140 BRIDGE TEST 

Albuquerque, New Mesic0 was a fracture critical bridge which 
The Interstate 40 bridge over the Rio Grande in 

means it was constructed without structural redundancy. Figure 
1 provides a schematic of this structure. The primary s t rucml 
members were two lo' deep plate girders which ran the length of 
the bridge. If one of these members failed, the bridge could be 
espected to collapse. Since many similar bridges are still in 
operation, the Federal Highway Administration and the National 
Science Foundation provided fmds to New Mexico State 
University (NMSU) to develop and test new nondestructive 
inspection techniques. NMSU was supported by both Los 
Alamos [36] and Sandia National Laboratories [37] as well as 
Texas A&M University [I 11. AU three support institutions have 
performed some fom of damage detection on the data [ 11,33, 
361. 

423.3&-/ 

Figure 1. Bridge Model Schematic 

Descrintion of  Test 
The Rio Grandell40 bridge tests were a set of induced 

damage tests perfomed on the decommissioned structure. 
Before demolition of the bridge, a series of progressively more 
serious cuts were made in one support beam of the bridge 1361. 
Los Alamos performed a series of modal tests on the bridge as 
well as estehsive modeling. Modal tests were performed in the 
initial condition and after each cut. h s  A m o s  personnel also 
applied the Sandiadeveloped Natural Excitation Technique 
(NExT) [34] to the bridge data which allowed estraction of 
modal parameters during traffic excitation. A new type of 11011- 
contact sensor based on microwave interferometry was also used 
on the bridge by Los Alamos personnel. Sandia designed and 
operated the exciter system for the dynamics tests. Sandia 
persomel also acted as consultants for the application of NExT 
and provided some logistics support during the mcdal tests. 

A series of four cuts were made in the plate girder after the 
bridge was closed to all trafic. The fourth cut completely cut 
half of the lower flange and half of the chosen plate girder. 
Random excitation was provided from 2-12 Hz with a peak input 
of 500 lbs. Uniaxial sensors at 26 locations were used as the 
primary instrumentation set. All sensors and the force input 
were in the vertical direction. This allowed the extraction of six 
modes in this direction. Power spectral density data from 10 
additional sensor locations for the Texas A&M work were also 
acquired. Also, sine dwell testing was provided for the Los 
Alamos microwave sensors. 
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a 
Renresentative Results 

Figure 2 provides the driving point frequency response 
function before damage . Table I lists the modal frequencies for 
the frst six modes after each cut. Notice the slight increase in 
frequency after the first cut. This inconsistency is believed to be 
due to mass being removed from an adjacent bridge which 
shares the same pillar. In general the changes in frequency 
become obvious only after the fourth cut. 

BRIDGE FRF 

1 '0°/ 0-' 

4 6 8 10 12 
1 0" 

2 
FREQUENCY (M) 

Figure 2. Bridge FRFs Before & After Damage 

Table 1. Modal Frequencies (Hz) vs. Damage Case 

MODE 
1 
2 
3 
4 
5 
6 

0 
248 
296 
354 
4.09 
4.16 
4.64 

DAMAGE CASE 
1 2 3 4 

291  2.52 2.46 2.29 
2.99 2.99 2.94 2.84 
3.57 3.52 3.48 3.49 
4-12 4.10 4.04 3.99 
421 4.19 4.11 4.15 
4.67 4.66 4.58 4.52 

Lessons Learned 
The excitation system used on the I40 bridge tests was 

required to perform both random and sine dwell testing to meet 
all of Los Alamos' requirements. However, for niodal testing 
specific applications, an impact type exciter would be more 
useful. such a device would put more energy in at the lower end 
of the frequency spectrum. This would aid in the estimation of 
static stiffness. Also, such' a device would be more portable and 
hence have more field applicability. 

The spatial proximity of the sensors is critical to the ability 
to resolve damage location. Therefore, a larger number of 
sensor locations would have been useful. Also, for model based 
techniques of damage detection the reduction of unmeasured 

degrees of freedom (d.0.f.) is a great source of error. Therefore, 
measuring more d.0.f is useful. Also, accelerometers with 
lower frequency response would improve the results of such 
tests. Alternatively, displacement or velocity based sensors 
could be considered. The utility of a s o h a r e  driven 
measurement device such as a scanning laser vibrometer should 
be studied for field applications. 

. .- .. . - 

Certain inconsistencies resulted in the data which were 
suspected to be caused by W i c  on adjacent bridges and 
demolition of other bridges nearby. The ability to measure or 
otherwise qimtify these effects is useful. 

A important outcome of the h s  Alamos tests is that NEXT 
works well on these type of structures. Further developments of 
health monitoring using NEXT data can greatly increase the 
applicability to operational structures. The ideal health 
monitoring system would include non-contact or embedded 
measurements taken from a structure undergoing in-situ 
excitation in its operating environment coupled with automated 
or semi-automated signal processing. 

On-Goiw Analvsis 

algorithm (STRECH) was a tool originally developed for 
test/analysis correlation by comparing deflection changes 
between adjacent measurement points in measured and 
analytical mode shapes. STRECH is currently being used to 
compare experimental shape information before and after 
damage to the bridge. Analytical sensitivity studies on STRECH 
using the finite element method are also underway utilizing this 
bridge data. Other &age detection methods are also currently 
being used on this data. A study of various modeling issues 
which affect correlation and damage detection is also underway. 

The Structural Translation and Rotational Error CHecking 

WIND TURBINE BLADE TEST 
A fatigue test to failure of a composite wind turbine blade 

was performed at the National Renewable Energy Laboratory. 
Periodic modal tests were performed during this test as well as 
acoustic emissions tests. This data will be utilized to further 
study the application of health monitoring techniques. When 
coupled with a non-contact transducer such as a scanning laser 
vibrometer, this technology could be applied in the field to 
periodically monitor a field of wind turbines and estimate 
remaining life in the blades. 

Descrintion of Test 
The fatigue test of the blade was periodically stopped to 

allow modal testing to be performed. Accelerometers were 
placed at 30 locations on the blade and data was acquired to 64 
Hz. Approximately nine modal frequencies are present in this 
band. Impact excitation with a three pound instrumented mallet 
was used. National Renewable Energy Laboratory personnel 
performed the modal tests using Sandia Lab equipment and 
consulting. There were 5 1 days of testing and 32 modal tests 
spread over a four month period. 
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Ren resenta tive Results 
Fi,pe 3 provides a comparison between the initial FRF 

(solid line) measured at the end of the blade before the test and 
after the test (dashed line). Visible changes in the FRF's can be 
seen. Fimgue 4 is a plot of the real part of the same FRF at 3 Hz 
for each of the 32 modal tests. As the value of the FRF goes up 
at the low end the stiffness is dropping. As seen in Figure 4, 
this trend continues until day 40. The straight line is a linear fit 
to the data up to this point and serves to reinforce this trend. 
After day 40, the stiffness begins to increase (FRF value 
decreases). This is contrary to intuition and is receiving further 
study. It should be noted that this method for estimating static 
stiffiess is a quick-look approach and not considered the final 
results. 

I I 

Figure 3. Blade F'RF's Before & After 

,&ea1 Value of FRF at 3 Hz vs. Day of Test 

10 20 30 40 50 
Gay of Testirg 

Figure 4. Real Value of FRF's at 3 Hz 

Lessons Leaned 
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The data analysis of this test is currently underway and no 
final results are available. However, the need for consistent and 
highquality modal data is apparent. The appearance of such 
anomalies as increasing stiffness at the end of the test require 
doubts about the testing procedure to be cleared up. 

On-Goin9 Analvsis 
Modal data analysis is underway. Part of this process is to 

estimate static stiffiess from modal measurements. This is 
expected to provide higher quality results than those presented 
in Figure 4. Damage detection techniques including STRECH 
will be applied to this data set after modal analysis. The results 
can then be compared to acoustic emissions results. 

AGING AIRCRAFT TEST 
Modal and structural dynamics measurements hold promise 

for the global nondestructive inspection of a variety of 
structures including aging aircraft. Surface measurements of a 
vibrating structure can provide information about the health of 
the internd members without costly (or impossible) dismantling 
of the object. However, there are limitations with the traditional 
measurement techniques for these parameters (modal 
frequencies, modal damping, mode shapes, operating shapes, 
and frequency response functions). Modal testing techniques 
can cover a broad frequency band and have a large suite of 
mathematical tools for signal processing. However, modal 
testing is characterized by contact sensors, low spatial density, 
and low frequencies (less than I&). These limitations 
severely restrict the ability of modal techniques to locate the type 
of damage seen in aging aircraft. Full-field techniques, such as 
laser holography, provide high frequency, high spatial density 
measurements in a non-contact fashion. However, laser imaging 
techniques operate on a single frequency at a time and do not 
have the same level of mathematical processing support as 
modal techniques. Laser velocimetry provides a "best of both 
worlds" approach with some extra advantages not found in 
modal or full-field techniques. High-frequency, high spatial 
density measurements can be obtained in a non-contact fashion. 
Quantitative mathematical results are available as with modal 
techniques. Laser velocimetry can acquire broad-band frequency 
information and spatial position can be controlled through 
software. 

Description of Test 
An induced damage test was performed on the front fuselage 

of a decommissioned DC-9 transport aircraft. A non-contacting 
laser velocimeter was used to acquire broad-band fiequency 
response functions using a dense grid of spatial measurement 
points. Fiape 5 shows a schematic of the induced damage test. 
Stringer S21R forward of frame BS256 on the DC-9 was cut in 
four stages as shown in Figure 5. A complete data set was not 
taken at cut 1 and this cut is not shown. An electrodynamic 
shaker was attached to the skin of the aircraft to provide 
dynamic input. Random input between 500 and 1500 Hz was 
used with a two pound maximum amplitude. Data was acquired 
from 0 to 2000 Hz. 



All measurements were acquired with a scanning laser - - - 
vibrometer on the exterior skin of the aircraft. Two data sets 
were obtained for each modal test One data set covered the 38" 
by 14" area with only 53 measurement points. Measurements 
were concentrated on the major structural members and around 
the damage area. A driving p i n t  accelerometer FRF was saved 
for each laser FRF. Fifty averages were used for the 2048 point 
FRFs. The second data set took a measurement every .5" to 
produce a measurement grid of 2233 points. Driving point 
idormation was not saved. The FRF's were calculated with 10 
averages and 1024 kequency lines. The time required to take 
this large data set was 3 hours and 45 minutes. 

Renresentative Results 

at 1065 Hz. The dark regions denote highest amplitude of 
vibration. This plot includes the region between tsvo h e s  
with the damage in the center of the plot. Figure 5 provides a 
reference for this. The light band across the center of the piot is 
the area constrained by the stringer to be damaged. It can be 
seen that the motion is a seven lobed mode in the lower bay. 

Figure 6 provides a contour plot of the amplitude of a mode 

Figure 7. provides a similar mode at 1062 Hz after the 
second cut. The pattern is roughly the same as seen in Figure 6 
although the mode shows less noise. Figure 8. provides the 
results from the mode at 1051 Hz after the third cut. The 
character of this mode is different than the undamaged mode. 
There is motion on the actual stringer. Figure 9 provides the 
mode at 1059 Hz after the fourth cut. The character of the mode 
is significantly different with much more motion on the stringer. 

Lessons Learned 
Future tests should include shaker excitation on a major 

structural members of the fuselage. Also, the excitation should 
include the lower kequencies of tlie spectrum There appears to 
be useful information in the lower frequencies of the structure. 
The laser vibrometer outputs were contained a great deal of 
noise. This problem is currently under study and should be 
rectified before future testing is camed out. 

There were several environmental changes in the structure 
throughout the course of the test. This should be studied 
carefully since such a situation will exist in reality. Damage 
detection techniques which are robust or can detect 
environmental changes should be developed. 

On-Goinc Analvsis 
The results presented above show that the measurement 

technique can detect damage. However to be useful, single 
mode comparisons are not feasible. Global stiffness metrics 
such as static mode shapes or experimental stiffness matrices 
should be used to avoid these problems. These techniques are 
currently being applied to this data set. Another test similar to 
this one is currently being planned to incorporate information 
gained from this test. 

FraW 
BS 256 

I 

Figure 5. Schematic of Aging Aircraft Test 

Figure 6. 1065 H t  Mode Damage Case 0 

SUMMARY AND CONCLUSIONS 

have been performed on three operational structures. The data 
from these tests are still under analysis, however the results 
appear encouraging. In general, the collection of consistent and 
quality modal data is at the heart of this work. There are several 
techniques for damage detection which are available for 
numerical processing which are under study. Global stiffiiess 
metrics (static shapes, experimental stifhess matrices, analytical 
model comparisons) which do not require a one-to-one 
comparison of modes appear to hold promise. Nonantact 
measurement techniques are useful for high spatial density and 
non-intrusive testing as well as rapid application in the field. 

Initial studies on damage detection and health monitoring 
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Figure 7. 1062 Hz Mode - Damage Case 2 

Figure 8. 1051 Hz Mode - Damage Case 3 

Figure 9. 1059 Hz Mode - Damage Case 4 
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ABSTRACT 

An algorithm originally used to locate errors in finite element 
models is applied to a full scale bridge damage detection 
experiment. The method requires experimental frequency 
response function data measured at discrete locations along the 
major bridge load paths. In the bridge damage appiication the 
algorithm is most effective when applied to static flexibility 
shapes estimated with a truncated set of six mode shapes rather 
than individual mode shapes. The algorithm compares "before 
damage" and "after damage" data to locate physical areas where 
significant stiffness changes have occurred. A damage indicator 
shows whether damage is detectable. Damage is correctly located 
in the two most significant damage cases using the driving point 
static flexibility estimates. Limitations of the technique are 
addressed. The damage detection experiment was performed on a 
three span steel girder bridge that was 425 feet long. This bridge 
was part of Interstate 40 across the Rio Grande. The New Mexico 
State University Department of Civil Engineering organized the 
experiment. The frequency response functions were collected by 
Los Alamos National Laboratories personnel. The bridge 
excitation was provided by Sandia National Laboratories. 

. 

NOMENCLATURE 

FRF 

f 
SR 
M 
Z 
E 
I 
e 
I 

n2r 

X 

Y i r  

Frequency response function 
Displacement scalar 
Force scztar 
STRECH ratio 
Moment 
Coordinate in direction of beam axis 
Young's modulus 
Area moment of inertia of a beam 
Rotation displacement 
Beam span length between to sensors 
Mode shape at point i for rth mode 
Modal mass of rth mode 

This work wiperformed at Sandia National Laboratories and 
supported by the U.S. Department of Energy under contract DE- 0 ACW94AL85000. 

o r  Modal frequency 
w Frequency 
Cr Critical damping ratio 
DI Damage indicator 

INTRODUCTION 

At the end of the summer in 1993, New Mexico State University 
directed a series of experiments on a full scale bridge designed to 
provide a data base for bridge health monitoring algorithms. 
Sandia National Laboratories participated with Los Alamos 
National Laboratories in the acquisition of dynamic measurements 
on the bridge. Sandia furnished and operated a shaker to provide 
both sinusoidal and random force inputs to the bridge while Los 
Alamos acquired the dynamic measurements. The modal test was 
originally designed for use in updating a finite element model of 
the bridge. However, subsequent to the testing, Sandia obtained 
the frequency response functions (FRFs) from Los Alamos to 
attempt to apply some damage detection algorithms to the data. 
These algorithms were based on a system identification algorithm 
originally applied in comparing modal test data to a finite element 
model to physically locate differences between the experimentally 
derived and analytically derived modal models[l]. This work was 
performed using funding from a laboratory directed research and 
development project in health monitoring at Sandia National 
Laboratories. 

._ 

. 

Many techniques using modal quantities have been used to 
attempt to locate damage, assuming that it is basically manifested 
as a local change in stiffness from the original structure. 
Frequency comparisons, global mode shape comparisons, and 
damping comparisons have often been disappointing in 
determining and locating damage[5]. It is this author's contengon 
that global shape comparisons or even point to point comparisons 
are not the correct quantities to evaluate, If there is a change in 
stiffness, then there should be a change in displacement 
difference across that stiffness due to some forcing function. 
Damage detection techniques that assume a change in stiffness 
should consider dispIacement gradient type quantities. This 
approach is applied in this work. 

- . 
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DESCRIPTION OF EXPERIMENT 

1 

1-1/4" 

3/8" 3 

Two papers in this conference [2], [3] describe the experiments in 
detail. A description for the purposes of this paper will now be 
given. Figure 1 shows a schematic view of the three span bridge 
that was tested. It was about 425 feet long and was one of three 
bridges that carried east-bound traffic across the Rio Grande in 
Albuquerque, New Mexico. The bridge was replaced by a new 
bridge immediately after the testing, which provided the 
opportunity to induce significant damage as well as test without 
traffic on the bridge. Two main steel plate girders (running the 
entire length) support the bridge, one on either side. This bridge 
is a fracture critical bridge, meaning that if one of the main plate 
girders was to fail, there is no redundant support to prevent 
catastrophic failure. Twenty-six vertical accelerometers were 
mounted near the neutral axis of the plate girders, 13 along each 
girder. They were evenly distributed along the length of each 
span. Damage was induced with a cutting torch just west of 
center on the north plate girder. There was a series of five tests 
performed. The first test was performed on the as-used condition. 
me other tests were performed after each of four progressively 
severe vertical cuts were induced in the plate girder. The I 
shaped cross section of the girder is shown in Figure 2. The first 
cut was in the web centered about the neutral axis, and was two 
feet long . The second cut extended down to, but not into, the 
bottom flange. The third cut was halfway through the bottom 
flange. The final cut severed the bottom flange. Modal tests 
were performed at each stage using a random force input from the 
Sandia shaker mounted on the south side of the bridge in the 
center of the east span as shown in Figure 1. Los Alamos 
collected data from all sensors simultaneously. New Mexico 
State University directed the dynamic testing and performed all 
the static testing as well (not discussed in this paper). 

I 

e 1 0'-0" 

N 

Shaker 
Force 

Figure 1 - Schematic of Three Span Bridge 
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Figure 2 - Cross Section of the Steel Plate Girder 
(Not to Scale) 

STRECH CONCEPT 

As stated in the introduction, an algorithm for error localization in 
a finite element model was published in an earlier IMAC[l]. The 
algorithm has been named with an acronym, Structural 
- Translation and Rotation Error mecking or STRECH. STRECH 
is basically a static concept that has been applied successfully to 
locate soft or stiff areas of a finite element model by comparing 
the lowest cantilevered mode shapes from a modal test with the 
finite element model. A description of the algorithm will be 
given here utilizing static displacements from a two degree of 
freedom system as shown in Figure 3. The top figure would 
represent displacements in a "healthy" structure. The bottom 
figure would represent the displacements after spring 23 was 
damaged, that is, reduced in stiffness. .For the purpose of this 
exampte, assume there is no damage to spring 12. 

. -  
k12 k23 

> f  

' I x2-x1 I I x3-x2 

k12d . k23d 

' I  x2d-xld I ~3d-x2d 

Figure 3 - Demonstration of the STRECH Concept 

The simple static force displacement relations from the 
undamaged case are 



NORMALIZATION AND DENOMINATOR FILTER 

The realities of acquiring and fitting experimental data from a 
structure can cause some problems in the interpretation of the 
results of the STRECH ratios. One problem can occur if 
experimental data is accidentally taken with an incorrect global 
scale factor applied. To eliminate some of the confusion that 
might be caused by such a problem, a normalization has been 
applied. The STRECH ratio between two sensors are calculated 

f = k,,  0 x , ~  = ku xu 

where xI2  is displacement x2-x1 andfis the applied force. For 
the damaged case (superscript d) 

d d d  f = k i . x , Z  =k,OXa 

By equating the right hand sides of (1) and (2) 

d d  ku.xu =k, ' x u  

which can be rearranged as 

(3) 

x23=->1 " k 2 3  
xu k; 

Similarly, a relationship for spring 12 can be written 

(4) 

Theoretica!ly, it would be easy to tell if there were damage to the 
springs and the extent of damage by applying a known force to 
both systems and measuring the displacements. In this case 
equation 4 would show that spring 23 had been damaged. This is 
the basic concept behind STRECH. The displacements can 
obviously be rotations and the forces in each element can be 
moments (which is how the relations will be used for the 
applications in this paper to the 1-40 bridge). The displacement 
quotients given in equations (4) and (5) are known as the 
STRECH ratios. In general, additional degrees of freedom, 
constraints and load paths (i.e. parallel springs) may be included 
in real physical systems so that extent of damage to an individual 
spring may not be calculated, but the general trend of being able 
to detect damase and locate relative soft or stiff areas across the 
structure has been viable. 

Although this concept is a static one, success has been realized by 
applying this to the first cantilevered mode shape when the mode 
shape looks a great deal like the static displacement shape. This 
has been utilized on a cantilevered robot arm, a cantilevered 
missile payhad and a cantilevered third stage of a missile with 
payload. In each case significant stiffness differences between a 
finite element model and a modal test mode shape were 
identified, enabling the analyst to identify critical parameters to 
update in the finite element model. 

xkl 
kl 

c x , 4  
ki 

The superscript d indicates data from the potentially damaged 
state. Data with no superscript is the baseline data which is 
considered undamaged. The summations are for ail displacement 
differences defined along the load paths by the engineer. This 
basically defines the displacement difference x . .  as a fraction of 
the sum of all displacement differences measured for the 
structure's specific state. Although the average SR is not always, ~ 

exactly equal to one, it is generally very near one. This makes the 
interpretation of the data much easier, as a value much greater 
than one will indicate an area of the structure that has been 
significantly reduced in stiffness (Le. damaged). The highest SR 
should correspond to the part of the structure most likely to be 
damaged. In practice, x is usually a displacement difference 
between two points on the structure, each of which has three 
coordinates. The algorithm calculates the square root of the sum 
of the squares of the three coordinate displacement differences, so 
that all x quantities shown in equation 6 are positive values. In 
this application, only vertical accelerations were measured. so the 
accelerations in the other two coordinate directions were 
considered zero. 

I/ 

From equation 6 it can be seen that if x . .  is very smail, the SR 
can become very uncertain. Since all experimental data has noise 
associated with it, and data fitting algorithms are not perfect 
either, a false SR that is very large (because of a small 
denominator corrupted significantly by noise) may be calculated. 
A smaIl value of x u  in  the denominator means that the structure 
is not being exercised between points i a n d j  in the baseline 
structure. If this is the case, the true response should be 
insensitive to damage between those two points. Therefore, the 
engineer establishes a minimum denominator value for 1~ below 
which the SR is not calculated at all. In the algorithm, the 
minimum denominator value is set as a percentage of the largest 
displacement difference for th.: baseline structure. 

9 

APPLICATION TO THE 1-40 BRIDGE 

In this paper, the application is health monitoring with 
experimental data only. Processed experimentaI data for the 1-40 
bridge in its as used condition was the baseline data information 
(undamaged). Processed experimental data from four different 
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damage cases were the comparison data which were examined for 
evidence of softening between the sensor locations'. . . ' 

USE OF ROTATIONS 

The SRs were calculated based on differences in rotation. The 
field measurements were accelerations in the vertical direction. 
Estimates of the rotations were obtained from displacement shape 
data by passing a parabola through three adjacent displacements 
on one of the plate girders. The slope of the parabola at the 
middle point was utilized as the estimate for the rotation of that 
point. The use of the rotation is justified based on force 
displacement relations of a beam. 

(7) 
ae 
az M = E I -  

where 8 is the rotation of the plate girder in the plane of the web 
and z is in the direction of the neutral axis of the plate girder. M 
is moment, E is the modulus of elasticity, and I is the area 
moment of inertia. The partial can be approximated as a finite 
difference so that equation 7 now takes a form similar to equation 
1. 

8~ is @,-ei and 1 is the distance between two sensors. Two load 
paths were chosen, one from one end to the other of each plate 
girder. SRs were calculated between each pair of adjacent 
accelerometer locations. 

STRECH RATIOS USING MODE SHAPES 

Initially, SRs were calculated comparing rotation differences for 
the first mode shape of the damaged and undamaged data. The 
modal frequency and damping were extracted with the 
Polyreference technique while real mode shapes were extracted 
using a technique devised by the author[4]. Six modes were 
extracted. The SR calculations were marginally successful when 
applied to the first mode for the third and fourth (most seyere) 
cuts. Calculations applied to higher modes failed miser&bly. The 
comparisons for the third and fourth cuts had the worst 
indications of damage in members adjacent to the four inner 
pylons, with secondary indications in the damaged area. If the 
minimum denominator value was raised enough (20 percent or 
more of the maximum rotation difference in the undamaged 
bridge), the damaged member showed worst damage because all 
elements adjacent to pylons were excluded from calculations. 

STRECH RATIOS USING STATIC FLEXIBILITY 

Since the SR calculations were not extremely successful in 
detecting the location of damage with the first mode shape, 
another approach was utilized. Because the STRECH ratio is a 
static concept, a static deflection should work better for 
comparisons than a dynamic mode shape. An estimate of the 
static flexibility (the static deflection shape due to a unit load) can 

be obtained from the modal parameters by use of the following 
well known formula for the frequency response function based on 
real modes. 

(9) 

where x(w) is displacement as a function of frequency,f(w) is an 
applied point force as a function of frequency, Y{ is the mode 
shape at the response point for the rth mode, Ykr is the mode 
shape at the driving point for the rth mode, m, is the modal 
mass, 6 ,  is the damping ratio, 61 is the frequency in 
radianskecond, 61,. is the rth natural frequency and the 
summation is for all modes. An estimate of the static flexibility is 
achieved by evaluating equation 9 at zero frequency. In this case a 
truncation was made using only 6 modes. 

Theoretically any driving point can be chosen,-but the actual 
driving point appeared mos't accurate in this work. Figure 4 shows 
the estimate of the static flexibility shape for the undamaged 
bridge. The maximum displacement is at the point where the 
shaker was located. Recall that the damage was induced on the 
opposite side of the bridge from the shaker in the middle span. 
Although, this is far from the optimum location for the applied 
static force in terms of exercising the damaged portion of the 
bridge, the results were encouraging as compared to the 
calculations performed with individual mode shapes. 

Figure 4 - Static Flexibility Shape of Undamaged Bridge 

TRUNCATED STATIC FLEXIBILITY AS A DAMAGE 
INDICATOR 

Figures 5 through 8 give the reader an intuitive feel for the value 
of the truncated static flexibility as an indicator of damage. The 
figxes show an elevation vie'w of the static flexibility shape of 
each of the main plate girders. The dashed lines are the 
undamaged plot. The solid lines are the darnaged plot. The 
damaged girder is offset slightly above the other girder to separate 
the two. It is easier to separate the two by looking at the left side. 
The places where it appears there is very little deflection are 
where the girder ties into the pinned joints at the pylons. These 
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greatly exaggerated plots show the estimated static deflection as 
calculated from the modal parameters using equation 10. Notice 
how the damaged static flexibility shape progressively deviates 
from the undamaged (dashed) plot. For the most sever damage 
shown in Figure 8, the differences become very localized, but very 
pronounced in the center span on the damaged side. The very 
localized area moment of inertia was reduced by about 1 percent 
in cut 1, 13 percent in cut 2,45 percent in cut 3 and 93 percent in 
cut 4. Remember that the effect is smeared over a significant 
distance as well. After these figures were obtained, the author 
attended the ‘94 IMAC where Aktan and others[5] presented 
convincing results that identified the static flexibility as a viable 
indicator of damage. They used 18 modes to increase the accuracy 
of the static flexibility estimate. The figures indicate that a less 
accurate static flexibility calculated with only 6 modes provides 
useful information for this case. This seems plausible, since the 
damage was introduced in a place that is exercised strongly by 
four of the first six modes. 

Figure 5 - Static Flexibility Comparisons for Both Main Plate 
Girders after Cut 1 (Dashed is undamaged - Solid is Damaged) 

Figure 6 - Static Flexibility Comparisons for Both Main Plate 
Girders after Cut 2 (Dashed is undamaged - Solid is Damaged) 

Figure 7 - Static Flexibility Comparisons for Both Main Plate 
Girders after Cut 3 (Dashed is undamaged - SoIid is Damaged) 

Figure 8 - Static Flexibility Comparisons for Both Main Plate 
Girders after Cut 4 (Dashed is undamaged - Solid is Damaged) 

DAMAGE INDICATOR 

Although the previous figures give some intuition into the 
progression of damage, a close examination would reveal at Ieast 
the possibility that there is some noise or bias in the shapes. A 
quantity is needed that can be calculated to indicate the onset of 
recognizable damage. A threshold value for that quantity needs to 
be established which is high enough to discount the effects of 
noise, but low enough to sense significant damage. A quantity is 
proposed here using terms within the SR calculation as given 
below. 

(1 1) 
ij Damage Indicator (DI) = 

xij 
rl 

where the terminology is the same as in equation 6. The damage 
indicator was calculated for each damage case using rotation 
differences. In addition, the modal parameters were extracted two 
more times on the undamaged bridge by two other common 
methods. Static flexibilities for the undamaged bridge were 
computed, and the damage indicator was also calculated for these 
two cases in which there was no damage to get a feel for the 
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effects of variation in modal extraction techniques on the damage 
estimates. The first extraction of undamaged modal parameters 
was used as the baseline. These results are printed in Table 1. 
The first two rows are the damage indicators for the undamaged 
bridge where the same data was used, but different modal 
extraction techniques were utilized to form the static flexibility. 
Then the damage indicators are calculated for each cut. Although 
this is not a statistically conclusive study, it appears that the 
damage indicator begins to rise significantly enough at cut 2 to 
indicate the presence of damage. 

Case 
Undamaged - Extraction Method 2 
Undamaged - Extraction Method 3 
c u t  1 
c u t  2 
c u t  3 

Damage Indicator 
9% 
8% 

14 % 
28% 
40 % 

DAMAGE LOCATION USING STRECH RATIOS ON 
STATIC FLEXIBILITY 

The SR calculations were much more successful when applied to 
the static flexibility calculations, even though the damaged part of 
the structure was not exercised well. Using a minimum 
denominator value of only one percent (of the maximum rotation 
difference in the undamaged case) to filter the most noisy 
calculations, the location of damage was correctly identified for 
the two worst damage cases, cuts 3 and 4. For cut 1 the damaged 
location was the second choice of the algorithm. For cut 2 the 
damaged location was the fourth choice. Why does the 
calculation appear more successful for cut I ,  where the damage 
was so minimal, than for cut 2? The answer may be in the fidelity 
of the data. Results from Los Alamos' report [6] show that the 
input force level was much higher for cuts 1 and 3 than for cuts 2 
and 4. This would provide a better signal to noise ratio in the 
FRFs which could lead to a more accurate static flexibility shape 

'for cut 1 than for cut 2. Even though the signal to noise ratio 
might not have been as good for cut 4, the damage was so 
significant that the noise did not matter so much. Note that the 
SR increases with increasing level of damage in the actual 
damaged element (number 107-108). Table 2 lists the results. .. 

*Note: Element 4-5 was adjacent to a pylon in the same span as 
the shaker. Elements 10-1 1 and 12-13 were on the 
opposite end of the bridge from the shaker where static 
responses were low. Elements 1-2 through 12-1 3 were 
on the south side (shaker side) of the bridge moving 
from east to west. Elements 101-102 through 112-1 13 
were on the damaged north side of the bridge moving 
from east to west. 

OTHER RESULTS 

Although the results shown above are encouraging, in a practical 
sense, a minimum denominator vaIue higher than 1 percent would 
probably be desirable for this set of data to reduce the potential of 
contamination of the static flexibility calculations from 
measurement and data analysis uncertainties. With the 
experience gained from past work with the STRECH algorithm, 
the minimum denominator value should probably be on the order 
of 5 to 10 percent. Using a more conservative level of 10 percent 
and applying it to this data, the damaged element is eliminated 
from the STRECH ratio calculations because the baseline rotation 
differences for the damaged portion of the bridge fall below this 
criterion. On the shaker side of the bridge, only measurements in 
the shaker span and the middle span had rotation differences large 
enough to qualify for calculation. On the damaged side of the 
bridge, only elements in the shaker span qualified for calculation. 
All others fell below the 10 percent minimum denominator 
requirement. However, in every damage case, for this minimum 
denominator value, the damaged element sdected was element 7- 
8 which is @-ectly across the bridge from the damaged element. 

'LESSONS LEARNED, PROPOSED IMPROVEMENTS AND 
ISSUES FOR FURTHER STUDY 

In this experience, the STRECH algorithm performed much better 
on static flexibility data than on individual mode shapes. There 
are two possible causes for this. The most probable is that this 
bridge has eight constraint locations, whereas all structures to 
which this algorithm has been applied heretofore have had only a 
single constraint location (cantilevered). Although the static 
approach of thc STRECH algorithm is certainly justified in its 
application to static flexibility shapes, it may not be applicable to 
individual mode shapes for structures as constrained as bridges. 
It is known that the STRECH algorithm is not applicable for high 
order mode shapes for any structure. A second possible cause 
might be that the rotation estimates are not accurate enough near 
the constrained points. However, the application of STRECH to 
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static flexibility shapes did not seem to suffer from this problem. 
A better algorithm for estimating the rotations might exist, or 
more measurements could be made. In addition to increasing the 
accuracy of the rotations, additional measurements also increase 
the sensitivity of these algorithms, since the effect of damage 
would not be smeared across such a long length of undamaged 
structure. The drawbacks to more sensors is increased test cost 
and increased possibility of faulty instrumentation. 

Static flexibilities are more sensitive to damage in highly 
exercised parts of the structure. A future damage detection test 
series should have multiple excitation locations to exercise all 
parts of the bridge more fully. If only one location is possible, it 
should be in a place where as much of the structure is well 
exercised as possible. For this case, a location in the center span 
would have provided a better exercising of all parts of the two 
main girders. The shaker location was chosen to excite the first 
six modes well for finite element model reconciliation, not for 
damage detection. There is some technical advantage to placing 
the exciter away from the center of a span as well. If sensitivity 
to damage near the pylons is of interest, these areas are exercised 
only in higher modes of the structure (and some of these modes 
would need to be included in the static flexibility calculation). 
An exciter location away from the center of the span might be 
required to excite some of these higher modes better. 

Noise on the measurements and uncertainty in the modal 
extraction process affect the calculations. Getting as much input 
force as possible for these large structures would be 
advantageous. If significant energy can be input at low 
frequencies. a fitting process might be developed to estimate the 
low frequency dispIacemenUforce FRF asymptote to achieve an 
extremely accurate static flexibility. This might remove the 
uncertainty of the modal extraction process as well as the errors in 
static flexibility due to modal truncation. The advantage to using 
accelerometers as sensors is that they can be placed directly on 
the bridge. They do not need a quiescent reference mounting 
location apart from the bridge as displacement or velocity devices 
require. The disadvantage is the long cabling required to bring 
the signals to the data acquisition system. 

The setting of the minimum denominator for SR calculations is 
important for filtering out false indications of damage location. If 
this setting is too low there will be false indications due to noise. 
If the setting is too high, many possible locations for damage are 
eliminated from consideration. This value is probably dependent 
on data quality, modal extraction quality and relative 
displacement levels in the static flexibility shape. Engineering 
judgment is still required. A reasonable value for this test setup 
is around 5 to 10 percent of the largest rotation difference in the 
author's opinion. 

number and spread of sensors as well. The damage indicator will 
not be sensitive to damage at a particular lo'cation if the static 
flexibility is not sensitive to that damage. 

CONCLUSIONS 

This work adds strong supporting evidence to other referenced 
work that the static flexibility can be sensitive to damage. In 
addition, it provides some indication that a truncated set of modes 
in the static flexibility calculation may be acceptable for 
indicating damage. The value of a displacement gradient type 
quantity for use in assessing the onset of damage and the damage 
location has been strengthened. Algorithms for damage indication 
and damage location have been demonstrated using experimental 
data from a full scale bridge damage test series. Lessons have 
been learned to aid in the planning of future bridge damage 
detection testing. 
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' 

The damage indicator provides some indication of the onset of 
damage. The big question is what is the threshold. Performing 
several different modal extractions on the undamaged data may be 
a reasonable way of establishing some threshold. A statistical 
analysis using the ordinary coherence function for the data carried 
through the extraction process would be more quantitative. The 
value of the damage indicator is possibly dependent on the 
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APPENDIX F 

NOTES ON THE TESTING OF A SIMULATED GUY ANCHOR 
UNDERGOING CORROSION 

Tom Rice 

Personal Notes from a Sandia National Laboratories Internally Funded Project 
Albuquerque, NM 

February, 1995 
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Abstract 

Variation of model size as determined by grid densi- 
ty is studied for both model refinement and damage 
detection. In model refinement., it is found that a large 
model with a fine grid is preferable in order to achieve 
a reasonable correlation between the experimental re- 
sponse and the finite element 0 model. A smaller 
model falls victim to the inaccuracies of the finite ele- 
ment method. As the grid becomes increasing fmer, the 
FE method approaches an accurate representation. In 
damage detection the FE method is only a starting point. 
The model is refined with a matrix method which 
doesn’t retain the FE approximation, therefore a smaller 
model that captures most of the dynamics of the struc- 
ture can be used and is preferable. 

Introduction 

Large finite element models are typically used to 
represent modem structures. The size of the model re- 
sults from either the representation of the many different 
parts of the structure or a fine level of discretization. As 
grid density increases, the model ideally converges to an 
accurate representation of the behavior of the actual 
structure or at least more accurately represents the dy- 
namics of the structure. However, as the grid density in- 
creases, the model size also increases, demanding more 
computing power to evaluate the model. Also, although 
using a very fine mesh increases model accuracy, some 
form of model correlation will still have to be performed 
to correct for inaccurate parameters such as modulus or 
density, or uncertain parameters such as springs at an in- 
terface. 

Model correlation and model based damage detec- 
tion, while related, have very different objectives. Mod- 
el correlation is performed to adjust an FE model’s re- 
sponse to approach the experimental response of the 
structure. The correlated model is then used as an ana- 
lytical tool for stresdstrain analysis, control law devel- 
opment, response to untested conditions, etc. For dam- 
age detection, the model must very accurately represent 
an experimental data set. This accurate representation 
of the structure will be used as a baseline to determine 
changes in the mechanical characteristics of the actual 
structure that result from fatigue, corrosion, unplanned 
impact, etc. 

All of the techniques found in the literature can be 
used for both damage detection and model refinement. 
.In practice, however, model correlation is usually per- 
formed with an algorithm that adjusts the physical pa- 
rameters such as density in order for the correlated mod- 
el to remain finite element consistent. In contrast, 
model based damage detection is t y p i d y  performed 
with a matrix update method which does not maintain 
FE consistency. Survey papers providing an overview 
of methods of both damage detection and model correla- 
tion are provided by Ibrahim [ 13, and Heylen [21. 

A popular method of mode1 correlation is the use of 
Design Sensitivities ( D S )  to drive the variation of a giv- 
en set of parameters. Through a wise choice of parame- 
ters and a FE model that represents all relevant behavior 
of the system, the model can be adjusted to accurately 
represent the actual structure. The use of DS involves 
some sort of optimization. Least Squares methods [3] 
and, more recently, Genetic algorithms [4] have been 
used successfully to correlate models. 

Currently, damage detection for bridges is done 
largely by a visual inspection. This form of damage 
detection requires a large time commitment on the part 
of the inspection team. In a visual inspection, there is 
a chance that some damage to the structure may go un- 
noticed because (i) the damage is at a location that may 
be hard or impossible to inspect visually, (ii) the damage 
is internal to the structure, or (iii) may be missed by the 
inspector. A detailed survey of work done on bridge 
damage detection was performed by Farrar et. al. [51. 

In this work, Minimum Rank Perturbation Theory 
(MRPT) is used for damage detection which has been 
developed as a computationally efficient method of de- 
termining the extent and location of damage in a struc- 
ture. By constraining the rank of the perturbation ma- 
trix, an accurate assessment of the extent of damage can 
be made. The rank constraint has been found to be con- 
sistent with many forms of damage that occur in practice 

A tradeoff exists between the level of discretization 
used in a FE model and the size of the resulting model. 
The question that arises is “When is the grid fine 
enough?’. This question was addressed for model cor- 
relation by Imegun and Ewins [8]. They found that al- 
though a finely meshed model produces the best corre- 

[a [71. 
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lated model, a comely meshed model wasn’t to be 
discarded. 

Model correlation and damage detection have dif- 
ferent objectives, therefore it is reasonable to believe 
that a different mesh resolution would be necessary for 
each. In this paper, the question of discretization is ad- 
dressed in both the model correlation and the damage 
detection problem. The structure used is a portion of the 
1-40 bridge over the Rio Grande which was extensively 
tested by Farrarer al. [5]. The models range from a sim- 
ple 26 node beam and plate model to a 2682 degree of 
freedom O F )  model. The same models are used for 
both the model correlation and the damage detection for 
comparison. 

Choose 
parameters 

Model Correlation Theory 

The model correlation was performed using PEGA 
[4],[9] which utilizes the DS approach coupled to a ge- 
netic algorithm optimizer. The genetic algorithm is 
used because of the possibility of local minima in the 
solution space. Here, the DS approach uses the sensiti- 
vities of the eigenvalues with respect to the chosen pa- 
rameters to determine corrections to the parameters 
based upon the linear approximation 

Run - Nastran 
(dsa, Modal) 

where Qnew are the experimental frequencies, $0 are the 
frequencies of the FE model and p is a vector of parame- 
ters chosen to vary. The rectangular matrix (S@/dp) is 
known as the design sensitivity matxix and can be deter- 
mined by MSC/NASTRAN [lo], for example. 

PEGA uses Eq. (1) to approximate the new +O for the 
evaluation of the Fitness Index (F’I) which is defined as 

where the wf’s are used to weight the individual fre- 
quencies. 

Figure 1 shows a flow chart that describes the cor- 
relation procedure. The models are correlated by a com- 
bination of running PEGA which produces changes in 
the chosen parameters and running MSC/NASTRAN to 
update the model to the new parameters. A one to one 
correspondence between the analytical and experimen- 
tal frequencies is obtained by calculating the Modal As- 
surance Criterion (MAC) using the analytical and ex- 
perimental mode shapes. Although PEGA produces an 
estimate of the updated natural frequencies of the mod- 
el, these estimates are typically in error and a full run of 

MSCMASTRAN is necessary for an evaluation of the 
correlation. This cycle is repeated until the model has 
converged. As indicated in [4], when the model form 
has been properly defined, convergence requires less 
than ten iterations. 

Match Mode 
with MAC 

Figure 1 PEGA Correlation Flow Chart 

Damage Detection Theory 

The goal for the 1-40 bridge was to determine if 
damage was present and, if so, locate the damage, not 
estimate the extent. The objective was to reduce the 
work load of an inspection team. If the damage can be 
determined to lie withi a certain area, the inspection 
team can concentrate its efforts to that area. For this 
work, MRPT was used for the damage detection which 
uses modal characteristics of the assumed damaged 
structure and compares them with a baseline model 
which has been correlated with the bridge in some as- 
sumed healthy state. MRPT was used originally to cor- 
relate the model for the damage detection portion of this 
work. The mode1 was assumed linear although the dam- 
age was typically non-linear. 

The model correlation portion of damage detection 
is different from the definition given in the previous sec- 
tion. Here the updated model must match the “healthy” 
experimental data exactly so that errors in the model are 
not wrongly interpreted as changes in the structure’s 
health. A parameter based update, while powerful, will 
rarely allow the FE model’s response to exactly match 
the test data. Matrix methods, specifically MRPT, can 
exactly place the measured modes in the model. The 
form of the model must be at least approximately correct 
for successful damage detection. 

The damage detection correlation involves correlat- 
ing both the mass and stiffness matrix to the experimen- 
tal data. A brief discussion of the procedure will be pro- 
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vided here with the details being found in Zimmerman 
and Kaouk [6]. 

The measured test data is assumed to satisfy 

where Ma and Ka are the original m a s  and stiffness ma- 
trices, AM and AK are the perturbation matrices sought 
that correct the analytic model to match the experimen- 
tal response, V,, is the matrix of mass normaliied mea- 
sured mode shapes and 02- is a diagonal matrix of the 
measured frequencies squared. If the known informa- 
tion is grouped on one side of the equal sign and the un- 
knowns on the other, two matrices B, and Bk can be de- 
fined 

(4) 

If B can be decomposed into B, and Bk as follows 

B = B#LI + B, 
AMV,  = B,  
A K V ,  = B ,  

(5 )  

then Ah4 and AK can be calculated using h4RPT as 

The inversion is possible if B, and Bk are of full column 
rank. 

The AM and AK as calculated in Q. (6) have a few 
properties that make them attractive for damage detec- 
tion. One property is that the correction to Ma and K,, 
Eq. (0, will exactly place the experimental modes into 
the analytical model because they will satisfy Eq. (3). 
Another property is that the corrected mass and stiffness 
matrices (Ma-AM) and (Ka-AK) will be symmetric as 
shown in [6]. 

A very significant property is that the zero/no*zero 
pattern of B is reflected in AM and AK. Determining the 
location of damage requires the inspection of the zero/ 
non-zero pattern of the dynamic residual, B. If a degree 
of freedom is affected by damage, a non-zero value will 
be present at that DOF in B, If that DOF is not affected 
by damage, a zero will be at that location. Trpically 
noise and model errors will be present making each 
entry in B be non-zero, therefore ''large'' values are rak- 
en as damaged DOFs. 

A final property is that the rank of AM and AK will 
be equal to the number of modes used for the calculation 
of B. This rank constraint allows the adjustment of the 
rank of AM and AK by a choice of the number of modes 
to use. The rank constraint has been found to be consis- 
tent with many forms of damage that are typically en- 
countered. 

Clearly there is an infinite set of B,'s and Bk'S that 
satisfy 

(7) 

To arrive at a unique solution, physically meaningful 
constraints must be enforced. Two constraints come 
from the orthogonality conditions. The mass normal 
measured modal data must satisfy 

VL,(M,, - AM)V,, = Z 
VTet(K,, - A K ) V ,  = w:, 

By rearranging the Orthogonality equations as before, 
separating the known quantities and the unknown quan- 
tities and comparing the result with Eq. (5), Eq. (8) be- 
comes 

(9) 

The pseudo inverse could be used at this point to 
solve for B, and Bk, however, that would destroy the 
important zerolnon zero pattern of the resulting B, and 
Bk. To preserve the zero/non zero pattern, a formulation 
simiiar to the one used to derive Eq. (6) is used. A matrix 
P is to be found which satisfies 

P(VL$) = B 

which can be found by 

P = B(v:Jl)-l 

so the decomposition of B can be performed as 

The calculation of AM requires that the modes be 
mass normal. Measured modes can be mass normalized 
if the driving point of the structure in question is mea- 
sured. 

The damage inflicted on the 1-40 bridge consisted of 
making increasingly larger cuts in one of the two plated 
girders supporting the road bed (Fig. (I)). The first cut 
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was a 2 ft vertical Cut in the center of the web. The se- 
cond cut extended down to the top of the lower flange. 
The third cut was made through half of the lower flange. 
The final cut severed the lower flange. The cuts did not 
remove any significant mass and therefore can be mod- 
eled as only a decrease in stiffness. 

1- 423ft ,-/ 

Figure 1. Bridge Model Schematic 
Two definitions of the dynamic residual, which are 

used to locate damage, are used in this work. The first 
definition of the dynamic residual uses the assumption 
that the damage only affects the stiffness matrix and is 
defined as 

M h V y :  + KhVd = AKV, = B (13) 

where the subscript h refers to the model correlated to 
the healthy dataas described in Eq (6) and the subscript 
d refers to the modal data of the damaged structure. The 
second definition assumes that both the mass and the 
stiffness matrices change and uses Eq. (12) to define B, 
and Bb with Bk being used for locating damage. The 
thought here is that by separating mass and stiffness ef- 
fects the noise in B k  will be reduced. 

Areas that are very stiff relative to the rest of the 
structure also cause problems in locating damage. 
Noise in the measurements is magnified by the large val- 
ue associated with stiff elements which can swamp out 
the actual damage. For example, a suucture with a glob- 
al stiffness on the order of 106 may have a localized stiff- 
ness on the order of lo9. Assume anoise level of 2% and 
a damage level in the less stiff region of 20%. The 2% 
noise in the stiff region gives a stiffness variation of 
2x107 while the damage in the less stiff region only has 
a variation of 2x105. The damage would not be apparent 
unless some form of scaliig is present. In this work the 
scaling used for a. (12) is defined as 

and for Eq. (13) 

2% = wg, 

where 

and 

Equation (14) can be alteratively viewed as 

2 
where bit to the component of k in the j* row and i* 
column. The angle 8 is a measure of orthogonality of a 
modeshape to a row of the matrix &. A angle of 90" in- 
dicates an undamaged DOF and any deviation from 90" 
indicates damage. To make both measures of damage 
consistent, the angle 8 is subtracted from 90" as 

n cos - * (B) 
180 A = 9 0 -  

Noise and modeling errors in the measurements can 
mask damage in any one of the columns of either T1 or 
T2. In order to extract damage information from all of 
the modes and filter some of the noise a singular value 
decomposition can be performed on either T1 or T2 and 
the location of damage can be determined by inspecting 
the zerohon-zero pattern of the first left singular vector. 

In the bridge model, the pylons are areas of large 
stiffness when compared to the stiffness of the two plate 
girders. Without this weighting damage is always lo- 
cated at the pylons. 

Description of Models 

Two different models were used for this study. The 
only difference between the models used for correlation 
and rhe models used for damage detection was that the 
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damage detection models have the Y and 2 translations 
and the X rotations grounded to prevent out of plane mo- 
tion, whereas the model correlation models have the full 
6 DOF/node. The measurements were only in the X 
direction and the modes of interest have very small com- 
ponents in the Y and 2 translations and the X rotation. 
Sensors used for the collection of the experimental data 
consisted of 13 X direction accelerometers equally 
spaced between the pylons dong each of the main plate 
girders for a total of 26 measurements. Only the first six 
modes were measured. The number of DOF's for each 
model given below refer to the model correlation model. 

The large model (2844 DOFs) consisted of the 
roadbed as modeled with CQUAD4 elements, each of 
the two main plate girders divided into 48 CBAR ele- 
ments, and each of the three pylon assemblies are di- 
vided up into 3 CBAR elements. Springs connect the 
pylons to the two plate girders and connect the roadbed 
to the ground in the X and Y directions at the abutment. 

The small model (138 DOFs) consisted of one 
CBAR element between each of the sensor locations for 
the two plate girdes, a roadbed made up of 12 CQUAD4 
elements, crossbars between the two main plate girders 
at the sensor locations, and springs to ground to repre- 
sent the pylons and the connection of the roadbed to the 
ground at the abutment. 

Model Correlation Results 

The first six modes were correlated with PEGA. The 
parameters chosen to vary in the optimization are the 
modulus of elasticity and the thickness of the roadbed, 
a l l  the spring constants, the two principal area moments 
of inertia of the two main plate girders, the two principal 
area moments of inertia and cross sectional area of each 
of the pylons, the two principal area moments of inertia 
and the cross sectional area for the beams connecting the 
pylons, and an added mass term to account for crash bar- 
riers that were present on the roadbed for a total of 27 
design variables. All correlations are done using the 
data from the fmt damage case. 

The results for the large model are shown in Table 1. 
Four iterations were required to get convergence of the 
frequencies. Most of the frequencies show good cor- 
relation. The exceptions are modes four and five which 
are close in frequency. These two modes are closely 
spaced and tended to switch during the correlation pro- 
cedure. 

Table 1. Changes in the large model's frequencies 
W). 

Mode I Initial I Final I Exper- I Frequency Frequency imental 
1 2.2 1 2.45 2.5 1 
2 2.7 1 3.05 2.98 
3 3.29 3.66 3.56 
4 3 -47 4.17 4.12 
5 3.60 4.11 4.20 
6 4.17 4.67 4.66 

The results for the small model are shown in Table 
2. Four iterations were also performed on the small 
modeI. The second and third modes in the smaIl model 
were switched from the fmt iteration and never 
switched back. A poor frequency correlation resulted 
for most of the modes, however all the mode shapes 
were predicted in the model. Since the mesh is so 
coarse, only the general motion of the bridge could be 
predicted. 

Table 2. Changes in the small model's frequencies 
(Hz). 

Mode Initial Final Exper- 
Frequency Frequency imental 

1 2.08 2.21 2.5 1 
2 3.42 3.46 2.98 
3 3.18 3.37 3.56 
4 3.90 4.12 4.12 
5 5.00 4.74 4.20 

I 6 I 6.01 I 5.87 I 4.66 I 
Damage Detection Results 

The detection of the location of damage was per- 
formed using the MRPT detection algorithm presented 
above, The small model was reduced as depicted in Fig- 
ure 2 and the large model was reduced as depicted in 
Figure 3. Once the original model was reduced, the 
mass and stiffness matrices were updated using the first 
damage case as was done in the Model Correlation sec- 
tion. 

There were some problems identifying the modes 
from the experimental data. There were 11 other bridge 
sections of similar construction all within close proxim- 
ity of the test section. The dominate modes of the bridge 
were coupled lightly with the similar modes of the adja- 
cent bridge sections, complicating the modal extraction. 
The test bridge was in series with two orher bridges 
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Small Model 

136 DOF 

26 DOF 
s1 s2 s3 

Figure 2. Hierarchy of Small Model 

Large Model 
2844 DOF 

xtrans 
Yrot 
n o t  

1437 W F  

26 DOF 52 DOF 26 DOF 
L1 L2 L3 

Figure 3. Hierarchy of Large Model 

across the Rio Grande. These two were in the process 
of Wig demolished while the tests were being per- 
formed. This unquantifmble change in the boundary 
conditions affected the measurements. The frequencies 
went up about one percent from the pristine test to the 
fmt damage case. This is why the first damage case was 
used as the initial, undamaged data for the correlations. 

Four different methods of model reduction were 
used: two static reduction methods, Guyan [ 113 and Im- 
proved Reduction System (IRS) [12], and two exact re- 
ductions, Modat [ 131 and Hybrid [ 141 reduction. Guyan 
reduction produced the best results and all results pres- 
ented here were produced using Guyan reduction. 

Since only 26 X translations were measured, some 
form of modal expansion had to be performed to calcu- 
late the Y rotations for both models. The procedure used 
was a physically motivated method. A cubic spline was 

fitted through the measured modal displacements for 
each mode, one spline for each side of the bridge. The 
derivative of the spline was taken to calculate the Y 
translations. 

Figures Al-A3 in the appendix summarize the re- 
sults for the small model. The first left singular vector 
is shown for both methods T1 and T2. The vector has 
been scaled such that the maximum component is equal 
to one. Model S1 correctly locates case 4 using either 
detection method. Method T2 is able to correctly locate 
the damage for case 3 and shows indications of damage 
around DOF 20 for case 2. Case 2 is the hardest state of 
damage to locate as very little change in stiffness oc- 
curred. R e d  that case 2 consisted of cuaing through 
1/2 of the webbing of the plate girder. The webbing pro- 
vides little stiffness to the plate girder in the direction of 
loading. 

Model S2 in Fig. (A2) correctly locates damage case 
4 using method T1. With model S2 entries of the dam- 
age vectors corresponding to the translations at the py- 
lons were set equal to zero. This was necessary because 
the large values at these locations swamped out the actu- 
al damage. It is felt that this phenomena is due to errors 
in the expansion of the eigenvector as it only occurs 
when the modeshapes are expanded. The damage is 
only correctly located for damage case 4 using method 
T1. Method T2 gives an indication of damage for case 
3 in the correct location (DOF 40). 

The model consisting of Y rotations only (S3) does 
not correctly locate damage for any of the cases with ei- 
ther T1 or T2. Using method T2 damage is incorrectly 
located at DOF 13 (south western most pylon (Fig. (1)) 
for both case 3 and 4. The calculation of the spline used 
for expansion requires an assumption on the end condi- 
tions. The assumption used is the “not a knot” condition 
which chooses the slopes at the endpoint such that the 
first two interpolating polynomials are equal and the last 
two interpolating polynomials are equal [151. 

The results for the large model are shown in Fig. 
(A4A6). As with the small model the first left singular 
vector of both TI and T2 is shown. For model L1 (X 
translations only) damage case 4 is correctly identified 
using method T1 (Fig. (A4)). Method T2 shows large 
changes around the damage, however there are spurious 
larger changes around DOFs 1417 which correspond to 
the northern side of the bridge n e x  the abutment. Large 
changes are shown correctly around DOF 20 using 
method T2 for damage cases 3 and 4, however larger 
changes are indicated at DOFs 23 and 24. 

With model L2 damage case 4 is correctly located 
using method T1. There is no clear indication of dam- 
age in any of the other damage vectors. The components 
in the damage vector corresponding to the translations 
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at the pylons were once again set equal to zero as before. 

Using model L3 damage is incorrectly located at 
DOF 13 using method T2 for both cases 3 and 4. This 
error may again be due to the end condition assumed for 
the splie. Different end conditions were not tried. 

Discussion 

The model correlation process as used here varies 
design parameters such as density to adjust a finite ele- 
ment model to approximate an experimental response. 
The model remains a finite element approximation. 
Theoretically with finite element models, a finer mesh 
can result in a better correlation. A finer mesh can make 
the FE approximation more exact and there can be more 
design parameters from which to choose. 

The larger model of the 1-40 bridge, after correla- 
tion, did represent the experimentaI frequencies better 
than the small model, especially at higher frequencies. 
For a basic understanding of the characteristics of the 
bridge a coarse mesh model is sufficient while for any 
detailed work, the more refined mesh would be more ap- 
propriate. 

For damage detection, it is the fact that the small 
model can accurately represent the mode shapes that al- 
lows it to be useful. The model is first reduced then a r -  
rected using MRPT to place the measured modes in the 
model exactly. The corrections to the model are mainly 
to fix the frequencies since the mode shapes are well 
predicted. The larger models, however, can be cor- 
rupted by both the reduction process and the expansion 
technique used. The model reduction process tends to 
destroy the load paths present in the full model and 
thereby decrease the ability to locate damage. 

Conclusions 

Large and small models are compared from the 
viewpoint of model correlation and damage detection. 
For model correlation, large models are necessary to re- 
duce the effects of the discretization error inherent in the 
finite element method. For damage detection, a small 
model that captures the approximate nature of the struc- 
ture, such as mode shapes appears preferable. Using a 
large model for damage detection is complicated by tlie 
significant reduction problem wid1 matrix methods. 
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Appendix 

Figures AI-A6 use the following symbols: 

(1) S 1: Small model with X translations 
only. 

(2) S 2  Small model with X translations and 
Y rotations. 
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(5) L2: Large model with X translations 
and Y rotations. 

(6) L3: Large model with Y rotations only. 

(7) TI: Damage location determined by Eq. 

(8) T2: Damage location determined by Eq. 

(14). 

(15). 
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Figure A1 . Model S 1 Damage Detection Results (damage near DOF 20) 
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Figure A2. Model S2 Damage Detection Results (damage near DOF 40) 
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Figure A3. Model S3 Damage Detection Results (damage near DOF 20) 
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Figure A4. Model L1 Damage Detection Results (damage near DOF 20) 
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ABSTRACT Residual mass 

A technique is presented for estimating the resid- 
ual flexibility at non-excited structural degrees of 
freedom from experimental structural vibration da- 
ta. Using this method, more accurate flexibility ma- 
trices can be obtained for experiments with 
incomplete reciprocity, i.e. when the response and ex- 
citation measurement sensors are not fully collocat- 
ed. By including the effects of residual dynamics in 
the flexibility matrix, all of the information about 
structural flexibility contained in the data is used. 
This information is then augmented by assumptions 
about structural connectivity and element static dis- 
placement shapes. The residual ff exibility at the non- 
excited measurement degrees of freedom is estimat- 
ed from the residual flexibility at the excited degrees 
of freedom using assumptions about modal orthogo- 
nality. The resulting measured flexibility matrix is 
then scaled so that it is both statically complete and 
consistent with the measurements. The fully recipro- 
cal flexibility matrix can be used in applications such 
as free-interface component mode synthesis, struc- 
tural parameter identification, location of manufac- 
turing defects and structural health monitoring. 
Numerical and experimental results are presented 
which demonstrate the improvement in flexibility 
shape accuracy achieved by using this method. 

Residual function 

Generalized coordinate basis 

r @I Mode shape matrix 

Modal eigenvalue matrix (diagi OZ 1) 

Circular modal frequency 

Subscripts (Instrumentation Degrees of Freedom) 

Instrumented (“measured”) degrees 
of freedom 

m 

d Instrumented degrees of freedom 
which are driving points (excitation 
and response) 

Instrumented degrees of freedom 
which are not driving points (re- 
sponse only) 

S 

NOMENCLATURE 0 Non-instrumented (“omitted”) de- 
grees of freedom 

Subscripts (Component Mode Model Degrees of Free- 
. dom) 

Flexibility matrix 

Residual flexibility matrix 

Frequency response function matrix 
b Boundary degrees of freedom in com- 

ponent mode model 
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i Internal degrees of freedom in com- 
ponent mode model 

Subscripts (Modal Degrees of Freedom) 
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n 

r 

Measured modal set 

Residual modal set 

Superscripts (Solution Methods) 

0 Orthogonality solution 

C Static completeness solution 

INTRODUCTION 

The accurate modeling of static and dynamic 
structural response has been accomplished tradition- 
ally using both analytical and experimental methods. 
One versatile approach involves the use of both ex- 
perimental modal parameters and measured struc- 
tural flexibility estimated from vibration data. These 
parameters can be used to form a statically complete 
dynamic model of the structure, which can be com- 
bined with other analytical or  experimental models 
to predict the dynamic modes of a complex assembly. 
Such a procedure is termed experimental component 
mode synthesis (CMS). The flexibility influence coef- 
ficients can also be used to  directly assess the re- 
sponse of the structure to arbitrary static loading 
patterns. Finally, the measured flexibility can be uti- 
lized to estimate values of stiffness parameters in a 
set of structural superelements using a method such 
as structural disassembly [ll. 

Accurate estimation of the flexibility matrix from 
vibration data requires not only identification of the 
observable modes, mode shapes and force participa- 
tion factors, but also an estimate of the residual flex- 
ibility for each measured transfer function. The 
residual flexibility is a measure of the contribution of 
the unidentified flexible modes to  the measured re- 
sponse within the test bandwidth. These unidentified 
modes can be modes above the test bandwidth, or 
modes within the test bandwidth which are poorly 
excited or unobservable from the measurement de- 
grees of freedom (DOF). Inherent in all of the appli- 
cations of experimentally determined flexibility 
matrices is the need t o  estimate the residual flexibil- 
ities between all of the physical DOF to  be retained 
in the flexibility matrix. This requires a value for the 
residual flexibility between each physical DOF and 
every other physical DOF. To obtain these parame- 

ters using conventional identification techniques, the 
structure must be excited at each one of the physical 
DOF of the model. Such an experiment is known var- 
iously as “being fully reciprocal”, “having complete 
reciprocity,” or having a “collocated” set of measure- 
ment and excitation DOF. Such an experiment is 
usually impractical to implement on most aerospace 
and civil structures, due to the sometimes large num- 
ber of measurement DOF. One method to  bypass this 
problem is to use the measured partition of the resid- 
ual flexibility, while neglecting the remaining entries 
[21. However, in order to  obtain the diagonal entries 
in the measured partition (which are the dominant 
terms), excitations are still required at  all of the 
physical DOF. 

In this paper, a method is presented for expand- 
ing the measured partition of the residual flexibility 
matrix, computed using a limited number of experi- 
mental excitations, t o  compute an  estimate of the ful- 
ly reciprocal flexibility matrix. Thus, free-interface 
component mode synthesis can be applied without 
measuring residual functions at all boundary DOF, 
and more accurate flexibility shapes can be obtained 
for flexibility influence analysis and component stiff- 
ness identification. The method uses two primary as- 
sumptions about the character of the structure: First, 
the measured modes and residual modes are as- 
sumed to be stiffness-orthogonal to each other. It is 
shown that this holds in the limit that all system 
DOF are measured and the inputs span the residual 
modal space, and that it provides an adequate ap- 
proximation under testing circumstances. Second, a 
structural discretization is assumed which uses a set 
of elemental shape functions. The resulting flexibili- 
ty matrix is constrained to be statically complete 
with respect to  this shape function set. 

Another appealing factor about this method is 
that in using all identised modal frequencies, mode 
shapes and all measured partitions of the residual 
flexibility matrix, it utilizes all available information 
about the flexibility of the structure. This informa- 
tion is then augmented with assumptions about the 
structural connectivity and element-level models of 
each component to obtain the resulting flexibility ma- 
trix. Thus, the data is the primary source of informa- 
tion about the structure, and it is augmented with 0 
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modeling assumptions to compensate for the infor- 
mation that is missing due to incomplete reciprocity. 

The paper is organized in the following manner: 
An overview of the measured flexibility matrix is pre- 
sented, along with an example showing its physical 
meaning. Then, some applications of the measured 
flexibility are reviewed. The estimation of the residu- 
al flexibility from modal test data is presented, in- 
cluding both classical and new techniques. A general 
solution for the unmeasured partition of the residual 
flexibility matrix is derived, Then, the solutions for 
the measured flexibility based on modal orthogonali- 
ty and static completeness are presented. Finally, 
numerical examples and experimental applications 
are shown. 

THE MEASURED FLEXIBILITY MATRIX 

The response of a structure to  a static load can be 
expressed in terms of the structural flexibility ma- 
trix. The flexibility matrix [GI of a second order 
( N x N )  system is the inverse of the system stiff- 
ness matrix [K] . The flexibility matrix can be sepa- 
rated into a modal component, 
[G,] = [a,] [A,] -l [a,] T ,  and a residual compo- 

nent, [G,] . The response { u }  to an applied static 
force vector {F} c m  then be written as 

Where [a,] is the measured mode shape matrix, 
[A,] is the measured eigenvalue matrix, and [G,] 
is the residual flexibility. From the modal test data, 
[a,] , [A,] and a partition of [G,] corresponding 

to the driving point locations can all be directly iden- 
tified. Partitioning [G,] into the columns corre- 
sponding to driving point ( d )  and non-driving point 
(s ) DOF yields 

In this notation, [G ] is the partition of [G,] esti- 
mated from the test measurements. However, since 
the partition [G, ] cannot be estimated from the 

'd 
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test data, it is difficult t o  fully characterize the resid- 
ual flexibility matrix from an experimental data set. 

The columns of the flexibility matrix are the dis- 
placements associated with the imposition of a unit 
force on one structural DOF. This can easily be seen 
by inspection of Eq. (I). Thus, the response of the 
structure due to a static load at any DOF can be as- 
sessed. The flexibility shapes are thus very intuitive 
and provide a great deal of insight into the static be- 
havior of the structure. To illustrate the physical in- 
terpretation of the flexibility shapes, consider the 
4DOF cantilevered beam shown in Figure (1). The 
four static flexibility shapes (columns of [GI ) of this 
model are shown in Figure (2). Suppose the test exci- 
tation is applied at {u,} , so that { q d }  = {u,} . 
This DOF is third in the DOF list, so the third column 
of [ G] (flexibility shape 3) is known. Due to reciproc- 
ity, the third row of [GI is also known, so that the 
displacement at the third DOF, {v,} , is known for 
each flexibility shape. In the static completeness 
method described in this paper, this information is 
exploited to scale the unmeasured flexibility shapes 
to be consistent with the measured partition of the 
flexibility matrix. 

The source of residual flexibility can be seen by 
writing the structural frequency response function 
(FRF) and separating it into the components below 
and above the bandwidth of measurement. Suppose 
that there are n,  modes below the bandwidth (in- 
cluding rigid-body modes) and n, modes in the mea- 
surement bandwidth. The undamped inertance 
(acceleratiodforce) FRF for response at DOF i due to 
excitation at DOF j can the be written as [33 

For the first term, representing the modes below the 
bandwidth, the limit as o >> oh is 
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Since this is a constant term relating force t o  acceler- 
ation, the effect of these low-frequency modes is anal- 
ogous t o  a mass term, thus it is often referred to as 
‘residual mass’ 133. Writing a MacLaurin series ex- 
pansion of the third term and taking the limit as 
0 << yields 

The first term of this series approximates an inverse 
stifhess term, thus it is often referred to as ‘residual 
flexibility’. It should be noted that form of Equation 
(3) assumes that all modes within the test bandwidth 
are observable from the measurement dof. When this 
is not the case, the effects of these modes are ab- 
sorbed into the residual terms. 

APPLICATIONS OF THE MEASURED 
FLEXIBILITY MATRIX 

The most widespread use of measured flexibility 
is probably in the formulation of free-interface CMS 
models. Free-interface CMS is popular for building 
experimental or hybrid analytical-experimental mod- 
els because all of the necessary quantities can be 
measured using standard modal test techniques. 
CMS is also used to model fixed-based dynamic be- 
havior using data from a free-free modal test 121, [51. 
As described by Craig [61, the modal set for this meth- 
od consists of the free-interface normal modes and a 
set of attachment or inertia-relief modes, which are 
the columns of the measured flexibility matrix [GI . 
For a restrained structure, the attachment modes are 
the displacement patterns which result when a unit 
load is applied at each boundary DOF, while holding 
all other external applied forces to zero. For an unre- 
strained structure (i.e. one which has rigid-body 
modes), the inertia-relief modes are the shapes which 
result due to d’Alembert forces (inertial reactions) 
when a unit load is applied at each boundary DOF. 

Including the residual flexibility in the compo- 
nent mode model to account for the out-of-bandwidth 

structural response was first proposed by MacNeal 
171. MacNeal retains one term of the series expansion 
in Eq. (51, which approximates a flexible response, 
hence ‘residual flexibility.’ Rubin [SI also includes the 
second term in this expansion, which behaves as an 
inertia relief effect, hence “residual inertia”. Craig 
and Chang [91 derive a special form of Rubin’s meth- 
od based on the MacLaurin expansion of Eq. (5). 
However, the Rubin method presented by Craig and 
Chang does not explicitly retain the boundary DOF 
{ q b }  . Martinez, et. al., [lo] show that this method 

can be written as a Ritz transformation in terms of 
the boundary and generalized DOF, 

Since this transformation explicitly retains the 
boundary DOF { 4*} , the resulting mode1 has a find 
form similar to the Craig-Bampton fixed-interface 
CMS formulation which is widely used in analytical 
CMS 1111. Thus Eq. (6) is an attractive form for ex- 
pressing the free-interface CMS transformation. It is 
demonstrated by Kammer and Baker 1121 that Eq. (6) 
is statically equivalent to the Craig-Bampton trans- 
formation. A comprehensive review of component 
mode synthesis methods is presented by Craig [SI. 

Another application of measured flexibility is the 
direct assessment of static structural responses by 
observation of flexibility shapes. Recently, this tech- 
nique has been applied to a deployable truss struc- 
ture to  determine the effects of gravity preload on 
joint stifkess [131. The flexibility matrix is also used 
for direct assessment of structural load-carrying ca- 
pacity, e.g. for damage detection and health monitor- 
ing. One specific application the measured flexibility 
matrix has been used for is condition assessment of 
highway bridges [141. 

Measured flexibility can also be used for the as- 
sessment of structural component stiffnesses. This 
assessment requires the assumption of an underly- 
ing structural connectivity and strain energy distri- 
bution. Recent work by the authors ClJ presents a 

0 
I 

180 



method for decomposing the flexibility matrix to  de- 
termine the component stiffnesses of structural su- 
perelements. That method of “Structural 
Disassembly” is used in this research to obtain the 
initial estimates of the structural parameters for the 
computation of the statically complete flexibility ma- 
trix. 

e 

A method for creating minimal order mass and 
stiffness matrices presented by Alvin, et. al., [151 also 
depends upon having an accurate structural flexibil- 
ity matrix. As shown in that paper, the inverse of the 
measured flexibility matrix converges to the system 
stifihess matrix Guyan-reduced to the measured 
DOF. Thus, the improved convergence of the flexibil- 
ity matrix introduced by using residual flexibility in- 
creases the accuracy of the structural stiffness and 
mass matrices computed using that method. 

ESTIMATION OF RESIDUAL FLEXIBILITY 
FROM TEST DATA 

The computation of residual flexibility is general- 
ly done using “Residual Functions”, which are com- 
puted by subtracting the reconstructed response of 
the identified modes from the measured FRF. If 
[a 3 are the measured mode shapes at the re- 
sponse DOF, [a, ] are the measured mode shapes 
at the excitationdDOF and [A,] is the measured 
structural eigenvalue matrix, and only the first order 
terms of the high-frequency modes are retained, Eq. 
(3) can be rewritten as 

,m 

where the residual flexibility term is 

and the residual mass term is 

,l T 
@kd 

The residual function is then computed by rewrit- 
ing Eq. (3) and subtracting the reconstructed FRF 
from the data. Thus the residual function R (a) is 

So substituting in the identified modal set [a, ] 
and [A,] yields a value for R (0) . Curve-fitl&g 
R (a) over the higher frequencies yields an estimate 
for the residual flexibility, and curve-fitting the low 
frequency asymptote of R (0)  yields an estimate for 
the residual mass. 

However, it is demonstrated by Peterson and 
Alvin [41 that more accurate modal vectors and resid- 
uals can be obtained by simultaneously solving for 
the output mode shapes, the residual mass, and the 
residual flexibility. This involves a least-squares fit 
for the parameters? which can be formulated by re- 
writing Eq. (7) as 

H ( w )  = ( 11) 

Thus, from Eq. (111, the quantities [a, 1, [Gr,l 
and [M ] can be estimated to  fit the da&in the fre- 
quency &main. This can yield more accurate results 
for both modes and residuals than using residual 
functions, since the effects of residual mass [ M ,  I , 
and residual flexibility [Gr 3 , are both identiffed 
concurrently with the output mode shapes. It should 
be noted that while the residual mass does not con- 
tribute t o  the identified flexibility shapes, its effect is 
still in the FRF data, and thus it should be estimated 
to avoid biasing the mode shape and residual flexibil- 
ity estimates. As previously noted, the effects of 
modes which are in the bandwidth but are unobserv- 
able are also absorbed into the residual mass and 
flexibility terms. 

d 

181 



GENERAL SOLUTION FOR RESIDUAL 
FLEXIBILIN AT NON-EXCITED DOF 

A problem with the estimated residual flexibility 
matrix [ G, 3 is that it is only known with respect to 
the excited 56OF set { 4 d )  , i.e. [G 3 has dimensions 
(rn x d )  . Therefore, a driving point response must be 
obtained at every DOF at which a column of the re- 
sidual flexibility matrix is desired. For an experimen- 
tally derived free-interface CMS model, this means 
exciting a t  every DOF in (46) , such that 
{ q d }  = {Qb} . For the minimal-order experimental 
stifiess matrix, this means exciting at  every DOF in 
{qm}  , such that { q d }  = {4m} . These constraints 
generally add time and cost to  the experimental im- 
plementation of these methods, due to the sometimes 
large number of excitations required. 

'd  

The need to  use residual flexibility to obtain ac- 
curate local flexibility at the CMS interface DOF is 
explicitly noted by Rubin 181, but the need t o  excite 
all interface DOF has placed major test design con- 
straints on measuring the residual flexibility. The 
conventional constraint requires the boundary DOF 
to be a subset of the excited DOF, 

With the new method, however, the boundary DOF 
are only required to be a subset of the instrumented 
DOF, 

The selection of the excitation DOF { 4 d }  will deter- 
mine, in part, the accuracy of the estimated residual. 
The effects of input selection on the estimated resid- 
uals is discussed by Doebling [191. 

To see the form of the residual flexibility and un- 
derstand its physical relevance, it is important t o  
write a parameterization of the general solution for 
the unmeasured residual flexibility in terms of the 
measured quantities. Suppose the full structural 
mode shape matrix at the response DOF, [a,] , is 
partitioned into excitation and response DOF, and 
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measured and residual modes. The resulting parti- 
tioning looks like 

Likewise, the eigenvalue matrix can be partitioned 
as 

( 15) 

Substituting Eq. (14) and Eq. (15) into the expression 
for total flexibility at the sensor DOF yields 

The second term in Eq. (16) is the residual flexibility, 
and can be written 

As shown in the previous section, [G, 3 and 
[G, 3 can be estimated from the measured FRF 

S d  matnx H (a) , but the remaining partition [G, ] 
cannot. As shown in Eq. (171, this partition can be Ea- 
rameterized by the residual eigenvalues and the par- 
tition of the residual modes corresponding to  the non- 
excited DOF { q S )  as 

dd 

0 Using the expression for [ G, 3 from Equation (171, 
we can state without loss of generality that 

dd  



where [TI is some unknown orthonormal transfor- 
mation ([TI [TI* = [T3T[T] = [I] 1 and 
[ Grdd] 1'2 is a symbolic Cholesky factorization of 
[ G, 3 . Then, using Equation (19) together with the 

expression for [G dd J from Equation (171, we have 
' s d  

where [XI is an unknown matrix of dimension 
(s x r )  . Thus, the general solution for [G,] is given 
as 

Finally, equating Equation (21) and Equation (17) 
yields the expression 

This general solution for the unmeasured partition of 
the residual flexibility matrix effectively parameter- 
izes all possible solutions in terms of the unknown 
symmetricmatrix [XI [X]*.Taking [XI [XIT = 0 
leads to  a basic rank d sohtion which satisfies cer- 
tain key orthogonality conditions, as demonstrated in 
the following section. 

ORTHOGONALITY SOLUTION FOR 

EXCITED DOF 
RESIDUAL FLEXIBILITY AT NON- 

This section shows how the condition of stiffness 
orthogonality between measured and residual modes 
can be exploited to obtain an estimate for [G, 3 . 
First, a statement is made about the orthogonaffty, 
followed by a proof of the statement. 

For [G,] as written in Eq. (171, a solution for 
[ G, ] which satisfies modal orthogonality is 

ss 

provided that the driving point DOF {qd}  span the 
residual space {q,} defined by [a,] . Furthermore, 
this solution satisfies modal orthogonality through 
the static reduction of the global stiffness matrix to  
the instrumented DOF {q,} , provided that the 
measured modal vectors [@,, 3 in question are pre- 
served by the static reduction.%q. (23) is thus termed 
the 'Orthogonality Solution' for [ G, ] . 

ss 

proof: 

If [ C P ]  is the set of eigenmodes for a system stiff- 
ness matrix [a , normalized such that 

then for i # j ,  { ei) and { Qj} are stifiess-orthog- 
onal, such that 

If [a] is then partitioned into measured and residu- 
al modes, by Eq. (25) these modes must be stiffness- 
orthogonal. This condition can be written 

Pre-multiplying Eq. (26) by [a,,] [A,,]-l and post- 
multiplying by [ A,] -l [ @,] * yields the condition 

Partitioning [K] into columns corresponding to the 
driving point DOF, { q d }  , and non-driving point 
DOF, (4,) ,yields 

and substituting Eq. (17) and Eq. (28) into Eq. (27) 
yields 

Statement: 
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The equations in the left and right partitions can be 
expanded to get 

(30) 

Assuming {4d}  spans (4,) , then [G, 3 is invert- 
ible, so Eq. (30) can be solved for [G,] fkd] to get 

Substituting Eq. (32) into Eq. (31) yields 

(33) 

Clearly, a particular solution satisfying Equation 
(33) is 

(34) 

which is the basic term of the general solution for 
[G, ] developed in the preceding section. This re- 
sultSSalso implies that the unknown contribution 
[XI [XI to the general solution Equation (22) must 

lie in the right null space of [G,] [K,] . Unfortunate- 
ly, since [ G,] [K,] is itself unknown, we cannot di- 
rectly use this condition to construct [XI [XI * . 

Now consider the reduction of the system stiff- 
ness matrix [K] to the measurement DOF set 
{ 4,) . The modal matrix is first partitioned into in- 
strumented DOF { Q ~ }  and omitted DOF {q,} , as 
well as measured modes { 4,) and residual modes 
{a,) . The resulting partitions are 

(35) 

In this representation, the upper partition [a,] is 
the same as in Eq. (14). The upper-left partition, 

184 

[a, ] is the matrix of measured mode shapes iden- 
tifidfrom the test data. 

0 Likewise, the system stiffness matrix [K] can 
be partitioned into measured and omitted DOF to get 

(36) 

Substituting Eq. (35) and Eq. (36) into Eq. (26) yields 
an orthogonality condition for the partitioned matri- 
ces: 

Multiplying this equation out yields 

Now, assume that the measured modes are preserved 
by static condensation [161, such that 

[a, 1 = - [KO,] -I [Km,1 * [a 1 
,rn 

(39) 

Substitute Eq. (39) into Eq, (381, and the result is 

(40) 

Re-multiplying and post-multiplying Eq. (40) by the 
appropriate factors gives the ‘reduced‘ orthogonality 
relation 

(41) 

This form of the orthogonality constraint is impor- 
tant, because it corresponds to the measured parti- 
tions of the modal and residual flexibility. Thus Eq. 
(41) is the form of the orthogonality constraint which 
is applicable t o  the experimentally measured quanti- 
ties. 



As shown by Alvin, et. al. [151, the inverse of the 
measured flexibility is equivalent to the Guyan-re- 
duced system stiffness matrix a 
and thus each term in Eq. (41) can be identified (ide- 
ally) from the experimental data. Because of the as- 
sumption of static condensation, however, Eq. (41) is 
only satisfied t o  the extent that Eq. (39) is, i.e. 
[G, ] must consist of modes which are well - pre- 

served by static condensation. This condition can 
sometimes be satisfied when the modes have low fre- 
quency, and when all DOF of significant mass excited 
by that mode are instrumented. Since the flexibility 
and stiffness matrices in Eq. (41) are measurable, 
this reduced orthogonality condition can form the ba- 
sis of an iterative approach to determining other par- 
ticular solutions for [XI [XI ’ in [G, I . 

ss 

End of Proof 

STATIC COMPLETENESS CONSTRAINT 
FOR MEASURED FLEXIBILITY 

In order to ensure that the flexibility model 
stores energy in a manner consistent with the as- 
sumed underlying connectivity and shape functions, 
it must demonstrate static completeness. Static com- 
pleteness is satisfied when the deformations of the 
structure can be discretized as a superposition of a 
number of shape functions. The stiffness matrix of 
the structure, which is the inverse of the flexibility 
matrix, can then be formed from the shape functions 
such that the strain energy of the structure can be ex- 
pressed as 

In the formulation of the method of structural disas- 
sembly [ll, it is shown that the stiffness matrix can 
be parameterized as a decomposition into a matrix of 
singular values, [PI , which are functions of the stiff- 
ness parameters of the structure, and singular vec- 
tors [A] ,  which are functions of the assumed 
element shape functions and the structural connec- 
tivity. The stiffness matrix can then be written 

e 

Using a parameterization in terms of complementary 
strain energy, it is shown that an equivalent condi- 
tion applied to the flexibility matrix can be written as 

A method of solving Eq. (44) and Eq. (45) for the 
structural parameters [PI , known as “structural 
disassembly,” is presented and discussed in detail by 
Peterson, et. al., [l]. 

It is possible to parameterize the flexibility ma- 
trix in a similar way so that a statically complete w- 
ordinate basis for the flexibility matrix is known. For 
a statically complete flexibility matrix, this parame- 
terization can be written as the singular value de- 
composition 

= [VI [XI [VI’ 

Where diag ( [ Z] ) are the singular values and [VI 
are the singular vectors. Thus, [VI determines the 
coordinate basis for the flexibility matrix and [Z] 
determines the scaling. Since the partition of the 
flexibility matrix corresponding to the driving point 
DOF, [G,] , is known, this parameterization can be 
exploited to scale the u n k n o w n  partition of the mea- 
sured flexibility matrix such that the known parti- 
tion is consistent with the measurements. 

The procedure for obtaining the statically com- 
plete flexibility has the following steps: First, expand 
the measured partition of the residual flexibility us- 
ing the orthogonality solution, Equation (231, to get 
the orthogonality-based estimate of the flexibility 
matrix, [Go] . This estimate serves as an ‘initial val- 
ue’ for the flexibility matrix. Next, substitute [Go] 
into Equation (45) and solve for the parameter vector 
{i)} using structural disassembly. Then, recon- 
struct a statically complete [& by substituting 
[A] and { f i }  into Equation (44). Then the corre- 
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As shown in the experimental example, the static 

sponding statically complete flexibility can be com- 
puted using 

[GI = [ B ] +  (47) 

(The use of pseudo-inverse rather than inverse in 
Equation (47) will work in the general case that the 
structure contains rigid body modes.) Assuming that 
[Go] is not statically complete, then [ G]  # [Go] . 

Now the singular value decomposition of [ &] can be 
written as in Equation (46) to get 

completeness expansion is limited by the accuracy of 
the measured partition of the flexibility matrix, 
[Gd] . Thus the completeness solution [Gc] should 

be considered to contain at least the same level of er- 
ror as [Gd] . 

(48) NUMERICAL EXAMPLES 

"he application of this flexibility estimation tech- 
nique is demonstrated for the cantilevered beam 
models and properties shown in Figure (1). The 
modes for these examples were generated using the 
continuous solution to the fourth-order boundary val- 
ue problem for a Bernoulli-Euler beam [171. 

The decomposition of Equation (48) provides the co- 
ordinate basis [PI for the statically complete fl exi- 
bility matrix. It should be noted that since the 
flexibility matrix [GI has dimension (rn x m) , solv- 
ing for the SVD in Eq. (48) is not computationally 
burdensome. 

"he known partition of the measured flexibility 
matrix, [Gd] , can be written as a decomposition, us- 
ing the coordinate basis generated in Equation (48). 
This decomposition is written as 

ExamDle 1: 2 DOF Cantilevered Beam 

Consider the 2-DOF model with an input at the 
vertical tip DOF, so that the dof sets are defined as 

EGdI = IC] [T?,lT 

where [ v d ]  are the columns of [VI corresponding 

[Gdl i j  = (ViB) (V j$  (zp) (50) 

which can be solved using a standard least-squares 

B 

1.80 -1.65 10-3 [G,l = [ ] 
-1.65 1.52 

[ G r j  = [ 5-45 ] x 105 
-20.2 

(54) 

technique. Then the static completeness solution to 
fie down fl&bility can Then the orthogonality solution [Go] , the complete- 
computed as ness solution [ G"] , and the exact solution [ GI are 

[GCs,1 = [ P S I  [El P S I  

so that the static completeness solution for [GI is 
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1.85 -1.85 x103 [Go] = [ ] 
-1.85 2.27 

1.85 -1.85 x103 . [Gel = 1 1 
-1.85 2.47 

(55) 

r - 
1.85 -1.85 x l o a  [GI = 1 1 

-1.85 2.47 

So the error in [ G,,] is 39% for modal flexibility, 8% 
for the orthogonality solution and zero for the com- 
pleteness solution. Thus, for the one element cantile- 
vered beam, the full flexibility can be found exactly 
using one mode and one input DOF. 

Figure (4). Using this error indicator, the statically 
complete solution [Gc] is once again clearly the best. 
It is interesting to note the value obtained using the 
orthogonality solution [Go] is not always better 
than that obtained from the modal flexibility I. G"] . 
This is because the beam parameter E1 depends on 
off-diagonal terms in [GI as well as on-diagonal 
terms, and the off-diagonal terms do not converge 
monotonically as the number of measured modes in- 
creases. 

EXPERIMENTAL APPLICATION 

In this section, the computation of flexibility 
Examde 2: 4 DOF Cantilevered Beam shapes is shown for an experiment on a simple struc- 

ture with a non-reciprocal instrumentation configu- 
ration. Consider the cantilevered beam test shown in 
Figure (5). The beam was tested using a modal im- 
pact hammer applied vertically near the tip. Due to 
the low fundamental frequency of this beam (4 Hz), 
the sample window was set at 32 seconds. The data 
were sampled at 500 Hz so that the first 4 bending 
modes could be identified. The driving point FRF is 
shown in Figure (6), overlaid with the 4-mode recon- 
struction (including residual flexibility). The recon- 
struction is so close t o  the data that the only 
difference can be seen above 200 Hz, which is where 

The modal flexibility [G,] , the orthogonality solu- the test bandwidth cutoff is set. A modal model con- 
tion [ G o ]  and the completeness solution [@] are sisting of mode shapes, modal frequencies, residual 
then computed for an increasing number of measured mass and residual flexibility was identified from the 
modes. For this example, [G,,] is not a scalar, so the data Using an ~fkient Variant Of the EigensYstem 
error in [ G,,] is expressed in terms of the percent er- lhdization Algorithm (ERA) [I81 and the P r e ~ o ~ b '  
ror in the 2-Norm, //AG,,~//~~Gss~/ . The convergence of deScribed frequency domain m d a h s i d u a l  estima- 
this error as the number of measured modes increas- tion technique 141. 

Consider the 2-elementY 4-DOF model shown in 
Figure (1). Assume that there is one test excitation at 
the vertical DOF of node 2. Thus, the DOF sets are 

{ q d I  = c u p  I 
V l  

{Q,l = [ "1 { q m }  = I ;; j 
02 

es is shown in Figure (3), which also includes an ad- 
ditional constraint to  keep the parameters of each 
beam element equal. This measure of error indicates 
that the orthogonality solution [Go] is always better 
than the modal flexibility, and that the completeness 
solution [GC] has the minimum error for any num- 
ber of measured modes. The physical meaning of this 
error criterion is difficult to interpret, however. 

The flexibility shape obtained using the first four 
measured modes plus residual flexibility is shown for 
the reciprocal input degree of freedom in Figure (7) 
and Figure (8). The flexibility shape in Figure (7) cor- 
responds to the translational displacements for an 
applied vertical force at the tip of the cantilevered 
beam. Since this is the actual input location, the mea- 
sured partition of the modes and residual flexibility 

For a more physically meaningful enor indicator, 
consider the beam stiffness parameter El , which is 
computed from the measured flexibility using S ~ C -  

tural disassembly. The convergence of E1 as the 
number of measured modes increases is shown in 

are sufficient to determine the complete flexibility 
shape. The orthogonality solution, therefore, uses 
just the partition of the residual flexibility [ G, J di- 
rectly estimated from the measured response fun0 
tions. The completeness solution, on the other hand, 

d 
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is slightly different as it reconstructs both the mea- 
sured and unmeasured partitions of the flexibility 
matrix using assumed static shapes with a scaling 
determined from the directly estimated flexibility. 
Both flexibility shapes which use the residual flexi- 
bility show only minor differences as compared to the 
modal flexibility [G,] of the measured modes, re- 
flecting the fact that the residual flexibility has a 
small magnitude. 

As shown, the modal test-estimated flexibility 
does a poor job of fitting the analytical prediction. 
This error between the ‘kxact” solution and that esti- 
mated from testing can be due to differences between 
the assumed and actual material and cross-sectional 
behavior (i.e. modeling errors). It should be noted, 
however, that the flexibility shape obtained from the 
test data is also an estimate because it is reconstruct- 
ed from parameters estimated using acceleration 
measurements at offset sensor locations. Thus, er- 
rors in the identified frequencies and errors in the 
scaling of the estimated modal shapes and residual 
flexibilities (i.e. modal parameter estimation errors) 
may also contribute to the total error seen in Figure 
(7). 

The flexibility shape at the rotational DOF for 
the same vertical force input is shown in Figure (8). 
These DOF are actually estimated by a finite differ- 
ence approximation of the variation of longitudinal 
acceleration across the vertical dimension of the 
beam cross-section, a process which may engender 
additional measurement errors. These DOF exhibit 
more significant error with respect to the assumed 
“exact” solution. Again, the orthogonality solution for 
residual flexibility contributes little to  the total flex- 
ibility. Significant improvement is seen, however, 
with using the static completeness solution. This 
may indicate that systematic errors in the estimation 
of the beam rotations from translational DOF can be 
mitigated somewhat by the assumed static mode 
shapes provided in the static completeness solution. 

The remaining error in the static completeness 
solution of both the displacement and the rotation 
DOF is at least partially attributable to  the fact that 
the measured flexibility partition [ G ] is itself not 
consistent with the static shapes assumed through 
disassembly. Since this partition is not statically con- 

’a 

sistent, the estimate of the full statically complete 
flexibility matrix is also erroneous. Thus, static com- 
pleteness is insufficient to get accurate flexibility es- 
timates when the measured partition is not 
consistent with the assumed structural connectivity. 
This problem underscores the need for highly precise 
experimental results. Further experimental studies 
are in progress to improve the results for the mea- 
sured flexibility, so that a fair validation of the 
present procedure for estimating unmeasured flexi- 
bility partitions can be completed. 

e 

CONCLUSION 

A method for expanding the residual flexibility to 
account for incomplete measurement reciprocity has 
been presented. It incorporates a modal orthogonali- 
ty condition to estimate the unmeasured partition of 
the residual flexibility matrix. The resulting flexibil- 
ity matrix is adjusted using a static completeness 
constraint to ensure that the resulting flexibility 
shapes are consistent with the measured flexibility. 
It is shown that the method works well on numerical 
data, and to a limited extent on experimental data. 
Further studies are underway to improve the experi- 
mental application of the method, and to derive crite- 
ria for determining the best set of test input locations 
c193. 
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Figure 1. : 2-DOF and 4-DOF Models of Cantilevered 
Beam 
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Figure 2. The Flexibility Shapes of a 2D Beam with 4 
DOF - Load Applied Vertically at Tip 
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4DOF Cantilevered Beam Model 
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Figure 5. Test Configuration for Cantilevered Beam 
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ABSTRACT 

A new method is presented for identifying the lo- 
cal stiffness of a structure from vibration test data. 
The method is based on a projection of the experi- 
mentally measured flexibility matrix onto the strain 
energy distribution in local elements or regional su- 
perelements. Using both a presumed connectivity 
and a presumed strain energy distribution pattern, 
the method forms a well-determined linear least 
squares problem for local stifhess eigenvalues. 
These eigenvalues are directly proportional to  the 
stiffhesses of individual elements or  superelements, 
including the bending stiffnesses of beams, plates, 
and shells, for example. An important part of the 
methodology is the formulation of nodal degrees of 
freedom as functions of the measured sensor degrees 
of freedom t o  account for the location offsets which 
are present in physical sensor measurements. Nu- 
merical results are presented which show the appli- 
cation of the approach t o  example problems. 

INTRODUCTION 

An important facet of state-of-the-art structural 
technology is the ability to determine and monitor 
the mechanical condition of an aerospace structure 
during both manufacture and operation. Such a capa- 
bility would lower fabrication costs and ensure that 
both performance and safety are maintained during 
the structural lifetime. Such technology enables the 
measurement and identification of the localized stiff- 
ness of manufactured components, as well as the de- 
tection of errors, flaws, and damage due t o  
fabrication. This technology also enables the develop- 

1. ks i s t an t  Professor, Senior Member A I M ,  
Associate Member ASME 
Idpeter@Colorado.EDU 
(303) 492-1743 

2. Graduate Research Assistant, Student Member ALtU 
3. Structural Dynamics Research Fellow, Member AIAA 
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ment of high fidelity finite element models early in 
the design cycle by allowing validation of local struc- 
tural stiffness values at the junctions and interfaces 
within prototype structural hardware. 

The diagnosis of the mechanical condition of a 
structure is primarily a problem of determining the 
mass and stifhess distribution within the structure, 
using a few discrete measurements of the vibration 
response. This issue remains largely unsolved prima- 
rily because it is an inverse modeling problem. Ordi- 
narily, structural analysis begins with the 
mechanical properties, fiom which the dynamic re- 
sponse is simulated. In the current problem, howev- 
er, the known quantity is the dynamic response, from 
which the mechanical properties must be extracted. 

A significant amount of research in this area has 
focused on the use of a detailed dynamic finite ele- 
ment model to determine the local mechanical prop- 
erties. In these methods, the error between modal 
test data and predicted finite element modal behav- 
ior is minimized by adjusting the parameters which 
determine the finite element model stiffness and 
mass distribution. While these methods are general- 
ly successful at updating the dynamic model, they or- 
dinarily involve the minimization of a nonlinear 
error norm, and, consequently, are not suitable for 
on-line, real-time data analysis. 

A set of algorithms more suitable for on-line mon- 
itoring can be found in References Ill,  I21, 131. In 
these methods, the deviation of the stiffhess and 
mass from a preexisting k i t e  element model is indi- 
cated by residual modal force errors at nodes in the 
model. These methods indicate the degrees of free- 
dom (DOF) associated with error or damage, and, us- 
ing appropriate elemental projections, can determine 
the magnitude of stiffness errors within the struc- 
ture. They still, however, rely exclusively on a subset 
of measured modal parameters. This shortcoming 
has discouraged the widespread use of these other- 

195 

mailto:Idpeter@Colorado.EDU


wise attractive methods. Because the modes them- 
selves may change significantly when the stiffness 
changes, the comparison will be biased by the selec- 
tion of modes to include in the comparison set. There 
is little physical intuition available for the selection 
of these modes. Also, these methods find the magni- 
tude of naEally concentrated errors and stiffness 
changes, so it is difficult t o  use them to  localize the el- 
emental stiffness errors and changes when the struc- 
ture has load-path redundancy. 

Recently, the authors have developed a wholly 
different approach that measures structural stifiess 
from test data without the use of an intervening fi- 
nite element model [41,[51. The basis of this approach 
is the determination of a stiffness matrix for the 
structure in which the model DOF are the DOF of the 
response sensor set. As shown in [51, the measured 
flexibility matrix is formed from the measured modal 
vectors, modal eigenvalues, and residual flexibilities 
as: 

The resulting flexibility matrix is the inverse (or 
pseudo inverse) of the structural stiEness matrix 
statically reduced t o  the sensor DOF: 

[KI = [GI’ 

Efficient, reliable methods for measuring per- 
haps 60 to 100 modes of a structure has made it pos- 
sible to determine structural stiffness matrices using 
Equation (1) and Equation (2) reliably, although the 
success is largely dependent on the quality of the ex- 
perimental configuration and the system identifica- 
tion algorithm used in the data analysis 161. 
Reference 151 presents methods for estimating the 
stiffness matrix using a reduced set of modes aug- 
mented by the residual flexibility, a procedure which 
improves convergence even for measurement sets 
with incomplete reciprocity, i.e. when the excitations 
and responses are not fully collocated. It is those re- 
sults that provide a basis for accurate measurement 
of flexibility matrices. 

The ability to measure [GI from vibration data 
motivates the possibility of extracting information 
about the local stifbess properties of the structure. 
However, the elements of [GI or [K] themselves do 
not directly indicate the local stiffness. They indicate 
the stiffness associated with individual DOF, not in- 
dividual elements. Reference 171 attempted to use a 
static condensation of the global stiffness matrix onto 
the DOF bounding a particular element. While this 

works perfectly in statically determinate structures, 
in a redundant structure multiple load paths prevent 
the element stiffnesses from being determined 
uniquely. A more complete theory, using all the load 
paths of the structure, is required to obtain local stiff- 
ness measurements from the flexibility matrix. 

It is important to note that the flexibility matrix 
[GI is directly computed from the identified model, 

and then inverted to get [K] . This is an important 
consideration because the error in [GI tends to be 
concentrated in specific partitions, particularly those 
associated with non-excited DOF. The isolation of the 
error allows the results to be interpreted appropri- 
ately. The inversion process tends to spread the error 
throughout all the stiffness matrix entries, so that it 
is difficult to  isolate the specific elements which have 
a high error content. 

This paper presents such a generalized method, 
based on the decomposition of the measured flexibil- 
ity matrix into the stiffness of an assumed set of su- 
perelements within the structure. The presumption 
is that the load paths of the structure are known 
within superelements whose boundaries are defined 
by the measurement sensors. Using the presumed 
connectivity and strain energy distribution pattern, a 
solution of the “flexibility matrix disassembly prob- 
lem” is presented for which it is possible t o  always 
find a unique solution for the stiffness parameters of 
the superelements. 

The key to this procedure is the fact that any 
structural superelement can be presumed to be a 
combination of elemental stiffness eigenvectors (not 
to  be confused with the structural [MI and [KI 
eigenvectors). A well-determined linear problem is 
then defined, which can be solved for the stiffness pa- 
rameters (eigenvalues) of the presumed superele- 
ments. One choice of superelements are the finite 
element stiffness matrices. For example, for 2DOF 
bar elements, the stiffness parameters are the longi- 
tudinal spring stiffness; for beams they are the exten- 
sional stiffness, the torsional stiffness, and the two 
bending stfiesses; and for plates they are the corre- 
sponding bending and extensional sti-esses. More 
general elements, including those for orthotropic ma- 
terials and shells, are also included within this 
framework. It should be noted that any superelement 
can be included provided there is an underlying set of 
shape functions or other parameters which define the 
elemental strain energy distribution. 

The practical implementation of the flexibility 
disassembly method requires the consideration of 
how measurement degrees of freedom at the sensors 
correspond to  the nodal degrees of freedom used in 
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the corresponding superelement discretization. This 
consideration compensates for the fact that the global 
DOF measurements are generally inferred from 
translational sensor measurements made at several 
locations which are physically offset from the node. 
Two cases are considered. In the first, the measure- 
ment sensors are presumed to fully determine or 
overdetermine the nodal degrees of freedom at a 
point by rigid body connections. This case results in a 
well-formulated linear algebra problem for the stiff- 
ness parameters. In the other case, the sensor DOF 
underdetermine the nodal DOF at a point, and sever- 
al interpolation methods are described, including a 
Guyan reduction onto the measured DOF. This latter 
problem results in a (slightly) nonlinear problem for 
the stiffness parameters, the solution of which is not 
investigated in the current research. 

0 

The paper is organized as follows: The first sec- 
tion presents the theory whereby the flexibility ma- 
trix is disassembled into the stifikesses of local 
superelements by projection onto the stiffness energy 
shape vectors. An equivalence of complementary and 
ordinary strain energy is used to formulate a square, 
invertible linear algebra problem for the local stiff- 
ness parameters. Next, a projection of the nodal DOF 
onto the measurement DOF is considered, both in the 
well-determined and the underdetermined cases. 
The paper concludes with numerical application of 
the technique t o  a cantilevered beam. 

The elemental-to-global DOF transformation matri- 
ces [TI a incIude coordinate rotations from the ele- 
mental fiames to the global frame, the table lookup 
for the correspondence between elemental and global 
DOF, and the effect of constraints such as pinned or 
fixed connections. 

It is important to  note that Equation (4) is not a 
minimum rank definition of the disassembly prob- 
lem. This means that khe unknowns in all the ele- 
mental matrices [K  3, are not independent. 
Besides being symmetric, each elemental stiffness 
matrix is always rank deficient. Because [K 1, is 
symmetric, it has (n, (n, + 1)) /2 unknown ele- 
ments, but because of its rank, only a few of these are 
actually independent unknowns. Consider as an ex- 
ample a simple spring element connecting two nodes, 
each of which includes three h,y,z> displacements as 
DOF. Because this elemental stiffness matrix is 6x6, 
it potentially has 21 unknown elements. However, 
the rank of the elemental stiffness matrix is only 1 
because of the stifbess connectivity, and therefore 
the stiffness of the element is completely specified by 
the value of 1 u n k n o w n  parameter, which, in this 
case, is the longitudinal stiffness of the spring. 

E 

In general, then, it is necessary t o  decompose the 
rank ra elemental stiffhess matrix [K 3, into its 
static eigenvalues and eigenvectors so that: 

E 

THEORETICAL BASIS OF DISASSEMBLY 

This section presents the formulation of the 
quantities necessary for the disassembly of the mea- 
sured stiffness and flexibility matrices. Begin by pre- 
suming that the global stifiess of the structure can 
be modeled using an assemblage of ne ki te  ele- 
ments or superelements, connecting n, global DOF, 
{qG} . Each of the ne elements itself connects n, el- 
emental DOF, { q  , a = Z...n,. The correspond- 
ing n,xna elemen31 stiffness matrix in this 
coordinate basis is [K ] a .  If the elemental DOF are 
related by a rectangular transformation t o  the global 
DOF according to: 

E 

then the global stiffness matrix can be formed by as- 
sembling all the elemental matrices according to: 

(4) 

in which [IC] , is the n, x ra matrix of static eigen- 
vectors for the a-th element, and [ p ]  a is a diagonal 
matrix of the nonzero static eigenvalues { p ) ,  for 
the a -th element. Physically, the columns of [IC] 
are the distinct, statically-equilabrated deformation- 
a1 shapes of the element which have nonzero strain 
energy. They are normalized to  have unit magnitude, 
so that: 

This static decomposition can be substituted into 
Equation (4) to get: 

This expression can be further simplified to: 
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where the “connectivity matrix” [A] is a sparse ma- 
trix defined by: 

yields the corresponding stiffness eigenvectors and 
parameters are: 

and [PI is a diagonal matrix of the elemental stiff- 
ness eigenvalues { P} where: 

The columns of [A] mathematically embody the 
connecti~ty of the structure by defining how a partic- 
ular superelement stiffness parameter Pi influences 
the stiffness at the structural DOF. It is important to 
note that Equation (8) do%s not imply that the { P }  
are the eigenvalues of [K 1 . This is because, in gen- 
eral and in practice, the columns of [A]  do not form 
an orthogonal basis. 

Elemental stiffness DecomDosition for 
Rearesentative Elements 

Most generally, the [IC,] can be considered to be 
the eigenvectors of the static condensation of a super- 
element’s stiffness matrix onto its boundary DOF. In 
this sense, they can be derived from a solution of a 
partial differential equation or a large order finite el- 
ement model. The only constraint is that the result- 
ing stifkess parameters { p a }  must have a physical 
interpretation in terms of the stiffness of the super- 
element. This is most directly done by using an ordi- 
nary finite element interpolation function for the 
element. However, it should be noted that any num- 
ber of alternative shape functions can be used. 

Consider as a first example a bar element with 
stif€ness k connecting two nodes, as shown in Figure 
(1). For this element, the stiffness matrix is 

E 

Performing a singular value decomposition on [ R E ]  

As a second example, consider a beam element 
connecting two 6 DOF nodes, as shown in Figure (2). 
For this element, the elemental DOF are: 

and the corresponding stiffness eigenvectors and pa- 
rameters are listed in Appendix A 

It should be noted that the unusual mixed units 
of length and radians in the beam element eigenvec- 
tors is a consequence of the orthonormality of [IC] , 
and it does not affect the units of the resulting stiff- 
ness matrix. Notice also that for each beam bending 
stiffhess, there are two corresponding parameters. In 
any calculation for the parameters, each pair of bend- 
ing eigenvalues are constrained through their linear 
dependence on the corresponding El. 

DISASSEMBLY IN GLOBAL 
COORDINATES 

In this section, the implementation of the disas- 
sembly procedure is outlined. First the disassembly 
of the global stiffness matrix is presented, and then 
the disassembly of the flexibility matrix. 

Now conside5the situation where the global stiff- 
ness matrix [K ] and a connectivity matrix [A] 
are known, and the stiffness parameters {P) are to 
be determined. The corresponding problem state- 
ment contained in Equation (8) includes as un- 
knowns the np elements of { P }  . The number of 
equations is equal to the number of unique elements 
in [KG] . Because of symmetry, there are therefore 
(n (n + I )  ) /2 equations and y p  unknowns. Except 

for the pathological case in which the assumed con- 
nectivity has precisely redundant load paths in its el- 
ement definitions, there can never be more 
unknowns than equations. An example of such a case 
is a pair of springs in parallel between the same DOF. 
In this case, there is insufficient independent data 
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about the elements, so two columns of [A] are iden- 
tical. Even for a completely redundant structure the 
solution is overdetermined, because in a completely 
connected structure there is a virtual spring from 
each DOF to each other DOF and from each DOF to 
ground for a total of ( n  ( n  + 2)  ) /2 unknown ele- 
ments of {P} . Thus, it will be true that for any 
structure with a non-pathological presumed connec- 
tivity that: 

n(n+Z)  
2 np S 

Consequently, the above disassembly problem al- 
ways has fewer unknowns than equations, and a 
unique least-squares solution always exists.  

To mathematically compute the solution to  this 
problem, however, it is necessary to recast the above 
matrix formulation in a form amenable to linear 
equation solvers by writing down each element in 
Equation (8). This is accomplished using a summa- 
tion (tensor) notation, in which repeated indices indi- 
cate a s u m  over the values of that index. D e h e  Kg 
to be the tensor equivalent of [KG] , define Ai$ to be 
the tensor equivalent of [A] , and define Pg to be the 
tensor equivalent of {P} . In this notation, 
i, j~ {Z ... n }  and p E {l  ... n,} . Then, Equation (8) 
can be written as: 

(15) 

This tensor equation is equivalent to  the following 
linear algebra problem: 

(16) 

( n  + '1 unique el- in which {BE is formed from the 
ements of Ku by cycling i from 1 to n a n d j  from i t o  
n. The corresponding (i, j )  row of [C] is given by: 

2 

Note that the matrix [C] is a tall, rectangular ma- 
trix, so Equation (17) can be solved uniquely. As a 
practical matter, [C] is a sparse matrix, and so 
Equation (17) is solved using sparse linear algebra 

Disassemblv of the Global Flexibilitv Matrix 

In many cases the above formulation of the disas- 
sembly problem is impractical, since it requires the 
numerical inversion of [GI to get [KJ , as shown in 
Equation (2). For many data sets, this is problematic 
because there are usually fewer modes than DOF, so 
[GI is singular. This is true even using the reciproc- 

ity completion algorithms presented in Ref. [51. The 
following alternative algorithm avoids this problem, 
and has other advantages described below. 

First note that for a given deformation of the 
structure with DOF values { q }  , the total strain en- 
ergy is: 

(18) 

and the complementary strain energy for the corre- 
sponding nodal force vector { Q} is 

For a linear structure, the nodal forces and displace- 
ments are related as 

(20) 

Due to  energy conservation in a linear structure, 
U = U, , so the following must always hold: 

Denoting the columns of [A] by {As} , Equation (8) 
can be written as 

This implies via Equation (22): 

(22) 

subroutines (such as those available in MATLAB [81) 
instead of forming its pseudo-inverse. 

Since this must apply for any force pattern {&I , a 
well-posed problem can be formed for [PI by choos- 
ing n different force vectors which span the possible 
compfementary strain energy states ofthe structure. 
The columns of [A] satisfy this requirement be- 
cause they include as a coordinate basis the elemen- 
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tal eigenvectors [K] . Applying this force vector to  
Equation (24) yields 

So, as with stiffness disassembly, the problem is of 
the form 

where now the (a, p) row and column element of 
[cl is 

and the rows of { B }  are 

This formulation in terms of the flexibility matrix 
has several advantages over the stiffhess disassem- 
bly formulation in Equation (17). First, it avoids the 
formation of [R] by inverting the possibly reduced 
rank [GI . Second, the matrix [C] can be shown to 
be positive definite. This means that the stiffness pa- 
rameters { P} are positive so long as the elements of 
{ B }  are positive. Physically, each row of { B }  is the 
complementary strain energy associated with the ap- 
plied force vector {A,} , which must be positive by 
definition. Finally, this set of equations is square and 
generally invertible, unless the connectivity matrix 
[A] is improperly formed to allow internal rigid 

body modes in the structure. 

ADdication to a SimDle SDrine Svstem 

To illustrate and clarify the above notation, first 
consider the simple 2 DOF spring system shown in 
Figure (3). The global DOF are defined to be 

CqG> = {I;} 
For each of the three elements, the corresponding 
stiffness eigenvalue is the value of spring stiffness. 
Therefore, for Element 1: 
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and for Element 2: 

P2 = 2k, 

and for Element 3: 

E 
( 4  l 3  = -Q2 [TI3 = [o -11 

P3 = 2R, 

So the resulting connectivity matrix is: 

and the global stifiess matrix is given by: 

= P+" -k2 k2 -k2 + k3 3 
(33) 

This means that the unknown springs can be solved 
from the elements of [KG] using Equation (17) as 
follows: 



(34) 

Note that the resulting [a matrix is full rank and 
invertible; therefore, this problem can be solved ex- 
actly. 

DISASSEMBLY IN SENSOR 
COORDINATES 

Although the above formulation is sufficient to 
solve the disassembly problem when the connectivity 
is exact, it is insufficient for most practical problems. 
The reason for this is that the measurements used to  
form the stiffness matrix are not typically located 
conveniently with respect to the nodes of the discrete 
model. A common case in which this occurs is shown 
in Figure (4). Although a beam element has 6 DOF at 
each node, these are never directly measured, so it is 
necessary t o  consider the effect of correlating mea- 
surement and model DOF in the formulation of the 
flexibility disassembly. 

As a consequence, it is necessary to modify the 
above theory to make a distinction between the mea- 
sured and nodal models. The underlying global ele- 
mental model’s s t i p e s  matrix will continue to be 
refeped to  as [K ] , and a measured set of DOF 
{ q  } is introduced which can be related to  the glo- 

bal DOF by: 

In Eq. (36), [L]  is an n x nM transformation matrix 
with n M 2 n .  The selection of [A] is critical and 
problem dependent, and is discussed in the sections 
below. Also required is an inverse transformation 
that relates the global DOF to the measured DOF: 

(36) 

in which [LJ can be computed from [HI using: 

G I  = [HI’ (37) 

which is a unique pseudo-inverse since nM 2 n . 

Using Equation (36), the measured stiffness ma- 
trix can be related to the global stiffness matrix by: 

This means that the disassembly problem of Equa- 
tion (8) becomes: 

Note that the product [L] [A] has the role of a mod- 
ified connectivity matrix which generally is fully pop- 
ulated, depending on the transformation [L] . A 
similar transformation exists for flexibility disassem- 
bly. 

One method to solve for the global displacements 
and rotations given an underdetermined sensor con- 
figuration is by the using of statically condensed 
mode shapes. The static condensation approach is 
motivated by the fact that it results in a matrix re- 
duction which exactly solves the static load problem 
for forces applied at the measurement DOF. The glo- 
bal DOF are divided into a set of measurement DOF 
{p} and a set of unmeasured (“omitted”) DOF 
{ qo} , so that the global stiffness matrix cazl be par- 
titioned as: 

A static reduction of this matrix implies that 

Under the assumption of Equation (42), the transfor- 
mation [L]  can be written as 

Although this formulation is theoretically attractive, 
it is 1im;ted by the fact that the global stiffness ma- 
trix IK ] is unknown until the disassembly problem 
is solved. For this reason, the resulting disassembly 
equation is a nonlinear least-squares problem. 
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An alternative to static condensation onto the 
measured DOF is to develop global interpolation 
functions for the entries of [L] . If 3 dimensional in- 
terpolation functions are used which are C1 continu- 
ous, then the measurement set can be expanded to  
include all 6 displacement and rotation DOF at each 
measurement node. The result is equivalent to ex- 
panding the modal vectors before performing the 
stifiess matrix synthesis. 

-0.7071 -0.2483 0.7071 -0.2483 
0 0 0.6622 [AI = 

NUMERICAL EXAMPLES 

(49) 

In this section, the disassembly of measuredflex- 
ibility is demonstrated for a %-element, 4DOF canti- 
levered beam. All intermediate quantities are shown 
and some pertinent issues are discussed. To illus- 
trate disassembly in this case, consider the measure- 
ment of the bending stifiess of the beam shown in 
Figure (5). The global and measured DOF are related 
by: 

This implies that the [L] and [HI matrices are: 

0 0 0 4  
0 0 1 0  :"" 01 

Using the element [K] and { p }  for a beam from 
Equation (141, and removing the parameters and cor- 
responding columns of { K} that do not include EI,, 
(since that is the only parameter of interest) yields 

Jz 
J L T 4  

0 -  

1 L 

-& 
n 4  { p }  = - 1  L 

(45) 
2*I,z 
L 

L 
6EIz, - 1  (L2 + 4)  

1 

Suppose that the geometric and material properties 
are 

EI = 607Nm2 
pA = 1.75kg/m 

L = 0.75m 
d = 0.02m 

(46) 

Then the expressions of Equation (46) can be evalu- 
ated to get 

r 0.66211 
-0.7071 0.2483 

[KI = I = 1.62x103 }(47) 
3.94~10' 0.7071 0.2483 

The transformation of T for each element is then 

0 0 0 2  0 2 0 0  [T1l = 1 1 V21 = 1 1 (48) 
0 0 0 0  0 0 1 0  
Lo 0 0 01 10 0 0 11 

so [A] is formed using Equation (9) to get 

r 0.6621 -0.66211 

0 -0.7071 -0.2483j I I 

I 
and { P )  is formed using Equation (10) t o  get l 

3. 94x104 

3 . 9 4 ~  lo4 

= 1 1 . 6 2 ~ 1 0 ~  J ( 5 0 ) ~  
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Now the measured flexibility matrix will be sim- 
ulated and disassembled to show that the extracted 
parameters are the same as in Equation (51). Using 
the continuous solution for a Bernoulli-Euler beam 
C91, the first modal eigenvalue and mode shape at the 
measurement DOF are 

[W] = 

1.23 

AI = 847.8 (51) 

"he mode shape is converted to  the global coordinate 
system using Equation (36) t o  get 

[@GI = 

So the modal flexibility is 

4.2 9x10-1 
9.58~ lo-' 
1.23 
2.13 1 (52) 

[G,] = [QG] [QG] = 
(53) 

The residual flexibiIity matrix (which can be simulat- 
ed by summing a large number of continuous modes 
or subtracting the modal flexibility from the analyti- 
cal stiffness matrix) is then 

Summing the residual and modal flexibility yields 
the measured flexibility matrix: 

[GI = [G,1+ [G,l = 

2.32~10~ 4.63~10~ 5.79~10~ 4.63~10~ 
4.63~10~ 2.24~10~ 2.39~10~ 1.24~10~ 
579x10" 1.39~10~ 1.85~10~ l.85~10~ i 4.63~10~ 1.24~10~ 1.85~10~ 2.47~10~- 

- (55) 

Substituting Equation (56) and Equation (50) into 
Equation (25) and solving for { P} yields 

3.94~10~ 
2.62~10~ 
3.94~10~ ' 

(56) 

Comparing Equation (57) and Equation (51) demon- 
strates that the proper parameters are recovered 
from the simulated flexibility matrix. 

CONCLUSIONS 

A new theoretical method has been developed 
which makes it possible to measure local structural 
stiffness by disassembly of a measured stifbess ma- 
trix. The method presumes a connectivity pattern for 
the structure and solves for the eigenvalues of the el- 
emental stiffness matrices. It was shown that a 
unique solution of this problem exists for all struc- 
tures, except when redundant elements are pre- 
sumed in the connectivity pattern. The method has 
also been extended to solve the more practical prob- 
lem of a mismatch between the measured DOF and 
the nodal DOF of the presumed connectivity pattern. 
Research is currently underway to apply the tech- 
nique to experimental results. 
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Figure 1. A 2DOF spring element 

u2%* 

Figure 2. General 12 DOF Beam Element 

Figure 3. Simple 2DOF spring system used to illustrate 
the disassembly problem solution. 
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6 !E=F DOF 6 DOF 

APPENDIX A: ELEMENTAL 
EIGENSOLUTION FOR BEAM ELEMENT 

The parameters [K] and { p }  for the 4-th order 
Bernoulli-Euler beam element are: 

Beam Element 
Figure 4. An illustration of measured DOF offset from 

elemental DOF locations. 

M 4 v n  
M 4 v .  

Figure 5. 2 D Cantilevered Beam to Illustrate the Effect 
of Sensor Offsets 
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ABSTRACT 

Translational and Rotational Error Checking - 
STRECH and MAtriX COmpletioN - MAXCON) are 
described and applied to operational structures. The 
structures include a Horizontal h i s  Wind Turbine 
(HAW blade undergoing a fatigue test and a 
highway bridge undergoing an induced damage test. 
S m C H  is seen to provide a global damage indicator 
to assess the global damage state of a structure. 
STRECH is a€so seen to provide damage localization 
for static flexibility shapes or the first mode of simple 
structures. MAXON is a robust damage localization 
tool using the higher order dynamics of a structure. 
Several options are available to allow the procedure to 
be tailored to a variety of structures. 

Two techniques for damage localization (Structural 

INTRODUCTION 
Today's society depends upon many structures 

(such as aircraft, bridges, wind turbines, offshore 
platforms, and buildings) which are nearing the end of 
their design lifetime. Since many of these structures 
cannot be economically replaced, techniques for 
damage detection and health monitoring must be 
developed and implemented. Modal and structural 
dynamics measurements hold promise for the global 
nondestructive inspection of a variety of structures 
since surface measurements of a vibrating structure can 
provide information about the health of the internal 
members without costly (or impossible) dismantling of 
the structure. Advanced signal processing, non- 
contacting and embedded sensors, and analysidtest 

correIation technoIogies combine to make this a 
promising approach for the health monitoring of 
operational structures. 

An operational structure is defined to be one which 
can perform, is performing, or has performed its 
intended function as opposed to a laboratory test article 
or a computer model. Operational structures are often 
geometrically complex and may be too large to test in a 
laboratory. These structures are rarely truss-like and in 
fact tend to be more plate-like. Also, the boundary 
conditions associated with such structures are not 
known as well as a laboratory test structure or a 
computer model. And finally, the environment 
associated with an operational structure (e.g. weather, 
traffic patterns, or location) is usually changing and 
has a serious impact on the measured structural 
response. Therefore, it is desirable to perform health 
monitoring research and development on structures 
possessing such characteristics. This work discusses 
damage detection studies using three different 
operational structures. 

Three bodies of research have been instrumental in 
the development of a health monitoring capabiliv at 
Sandia National Laboratories. The work of 
Zimmerman, Simmermacher, and others at the 
University of Houston [ 1-7 1; the research team at the 
University of Colorado at Boulder (Alvin, Doebling, 
Park, and Peterson) [8-13]; and Mayes, James, 
Hansche and others at Sandia National Laboratories 
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[ 14-18]. The work presented herein draws heavily off 
these works. 

The paper begins by describing the approach used 
to locate damage. A technique (Structural Translation 
and Rotation Error CHecking algorithm or STRECH) 
used for damage localization and calculating a global 
damage indicator is described [ 18 1. Another new 
technique (MAtriX COmpletioN or MAXCON) for 
damage localization which is an extension of 
Zimme~man's [7 3 and the UC-Boulder [ 121 work is 
then d e s c n i .  These techniques are applied to two 
data sets including a fatigue test of a wind turbine 
blade and a bridge undergoing an induced damage test 
1191. 

STRECH 
STRECH originated as a static concept to locate 

soft or stiff areas of a finite element model by 
comparing the lowest cantilevered mode shapes from a 
modal test with the Finite Element Model (FEM). A 
description of the algorithm utilizing static 
displacements from a two degree of freedom system 
has been provided in reference [18]. Although this 
concept is a static one, success has been realized by 
application to the first cantilevered mode shape when 
the mode shape Iooks a great deal like the static 
displacement shape [ 141 or to static flexibility shapes 
as estimated from dynamic mode shapes [ 181. 
STRECH has been utilized for FEM error localization 
on a cantilevered robot arm, a cantilevered missile 
payload, and a cantilevered third stage of a missile 
with payload. In each case sigmficant stiffness 
differences between a finite element model and a 
modal test mode shape were identified, enabling the 
analyst to identify critical parameters to update in the 
finite element model. STRECH has been extended to 
perform damage detection using experimental results 
before and after damage has occurred [ 181. In this 
mode, STRECH has been applied to highway bridge 
[18], a simulated aircraft panel [20], and to a 
cantilevered wind turbine blade, as will be reported 
herein. 

The user of STRECH defines a series of load paths 
which connect the sensor locations of the structure 
under test in a physically meaningful sense. This 
usually entails linking a sensor to its nearest 
neighbors. The STRECH Ratio (SR) between two 
sensors (denoted by subscripts i and j) is calculated as 
follows: 

d 
Xij . SR, =- 
Xij 

where xij are measured relative displacements. 

The superscript indicates data itom the potentially 
damaged state. Data with no superscript is the 
baseline data which is considered undamaged. The 
summations are for all displacement differences 
defined along the load paths by the engineer. This 
basically defines the displacement difference xjj as a 
fixtion of the sum of all displacement differences 
measured for the structure's specific state. This 
normalization has been applied to handle problems 
such as global scaling errors which often occur in 
acquiring and fitting experimental data. 

Although the average SR is not always exactly 
equal to one, it is generally very near one. This makes 
the interpretation of the data much easier, as a value 
much greater than one will indicate an area of the 
structure that has been significantly reduced in 
stiffness (i.e. damaged). The highest SR should 
correspond to the part of the structure most likely to be 
damaged. In practice, x is usually a displacement 
Werence between two points on the structure, each of 
which has three coordinates. The algorithm calculates 
the square root of the sum of the squares of the three 
coordinate displacement differences, so that all x 
quantities shown in equation 1 are positive values. In 
many applications, not all accelerations are measured, 
however the accelerations in unmeasured coordinate 
directions are considered zero. 

From equation 1 it can be seen that if x -  is very 
small, the SR can become very uncertain. ?ince all 
experimental data has noise associated with it, and 
data fitting algorithms are not perfect either, a false 
SR that is very large (because of a small  denominator 
corrupted significantly by noise) may be calculated. A 
small value of xij in the denominator means that the 
structure is not being exercised between points i and j 
in the baseline structure. If this is the case, the true 
response should be insensitive to damage between 
those two points. Therefore, the engineer establishes a 
minimum denominator value for x -  below which the 
SR is not calculated at all. In the dgorithm, the 
minimum denominator value is set as a percentage of 
the largest displacement difference for the baseline 
structure. 
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Experience has shown that SRs based on 
differences in rotational coordinates can provide more 
information than those based on translationai 
coordinates. Field measurements are most often 
measured accelerations in the translational directions. 
Estimates of the rotations can be obtained from 
displacement shape data by passing a parabola through 
three adjacent displacements on the structure. The 
slope of the parabola at the middle point can be 
utilized as the estimate for the rotation of that point. 

In some applications, SR calculations are more 
successll in detecting the location of damage when 
applied to a static deflection shape. An estimate of the 
static flexibility (the static deflection shape due to a 
unit load) can be obtained from the modal parameters 
by use of the following well known formula for the 
frequency response function based on real modes: 

where x(o)  is displacement as a function of frequency, 
Aw) is an applied point force as a function of 
frequency, is the mode shape at the response point 
for the rth mode, y k r  is the mode shape at the driving 
point for the rth mode, mr is the modal mass, 5; is the 
damping ratio, o is the frequency in radidsecond, 
or is the rth natural frequency and the summation is 
for all modes. An estimate of the static flexibility is 
achieved by evaluating equation 2 at zero fiequency. 
In this case a truncation is made using only n modes: 

x.. - x.. 
1J IJ 

(4) 
ij dl 

Damage Indicator (Do = c xg 
'J 

where the terminology is the same as in equation (1). 
A procedure for establishing a noise floor for the 
damage indicator has been to extract the modal 
parameters two or more times using different 
exmction methods. The damage indicator variation 
calculated from these cases can provide an indication 
of the noise level to be expected. 

The following sections details another damage 
detection approach which estimates mass and stiffness 
matrices directly from data and uses that 
representation to localize changes in the structure from 
subsequent tests. 

MAXCON 
Zimmem's  approach to damage detection 

involves using modal frequencies (cor"> and mass- 
normalized mode shapes (Y:) measured on the 
damaged structure as well as undamaged mass and 
stiffness matrices (M and K - typically from a FEM 
reduced to the test degrees of freedom or some 
intermediate value) [6,7l. An error vector B, can be 
calculated for each mode and subsequently collected in 
matrix form: 

(3) 

It should be noted that the engineer is free to chose 
any measured output location as the input location for 
these calculations. The SR calculated with damage 
location as the input has the greatest sensitivity to 
damage. Unfortunately, this location will not be 
known a priori in real applications. 

Displacement differences can be combined to 
calculate a global damage indicator for the onset of 
recognizable damage. A threshold value for that 
quantity needs to be established which is high enough 
to discount the effects of noise, but low enough to 
sense significant damage. A quantity which has been 
developed to perform this function: 

where all of the above quantities are matrix quantities 
containing information &om all of the measured 
modes. The matrix wz is a diagonal matrix with the 
squares of the modal frequencies from the damaged 
test on the diagonal. Note that B would be a matrix of 
zeros if the undamaged modal properties are used. In 
theory, the zerolnon zero pattern of the dynamic 
residual, B, will provide the information as to the 
location of the damage when damaged modal 
properties are used. In actuality, noise and modeIing 
issues will corrupt this zerohon zero pattern. Also, 
FEM reduction procedures will tend to mask the true 
location of the errors [6,7]. 

Also, areas of the structure which are very stiff will 
tend magnify noise measurements in the data and 
provide false indications of damage. Therefore, a 
scaling can be performed to reduce this effect: 
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where 

+ K. 

Analyzing the dynamic residual matrix, By to 
determine the damage locations can be difficult. 
However, the most important information can be 
extracted by performing a Singular Value 
Decomposition (SVD) on the matrix and viewing the 
first left singular vector. 

To avoid the problems associated with reducing a 
FEM to the test degree’s of freedom, this work uses 
mass and stiffness matrices which are calculated from 
data as Alvin, Peterson, Park, and Doebling have done 
[ 1 1 , 121. The inverses of these matrices can be thought 
of as sums of the measured parameters: 

(7) 

If the test data contains as many modes as sensor 
locations then these matrices could be inverted directly. 
However, the typical situation in testing is to acquire 
data from many more sensor locations than the number 
of extracted modes. Therefore the inverse matrices are 
rank deficient and not invertable. A pseudo-inverse 
can be used to calculate rankdeficient mass and 
stiffness matrices [12]. Another approach is to 
augment the measured mode shapes with the null space 
of the rankdeficient M? matrix similar to the 
approach used in reference [ 1 11. The null space (UN) 
of this matrix can be calculated using the SVD: 

The null space will be scaled by replacing diag(0) 
with a diagonal matrix of non-negative entries, denoted 
by diagw’), chosen to have the final mass matrix M 
meet some prearranged criteria. The final mass matrix 
will then have the following form: 

M=[UR i U N  

This then allows the matrix to be completed (hence 
the acronym MAXCON) in spite of the rank- 
deficiency. The criterion used in this work is to 
attempt to force certain elements of M to be zero to 
reflect an assumed model of the structure. This 
requires the user to select load paths similar to that 
done for the STRECH algorithm. The work reported 
herein assumes springs are connecting each sensor to 
its nearest neighbor as well as additional springs to 
ground. This allows the elements of X to be chosen in 
a least squares sense to drive the required elements of 
M toward zero. It should be noted that the problem 
must be constrained if any elements of X are less than 
zero. The problem as posed above will not produce 
any zeros in the mass matrix as there is noise in the 
measurements and the simple underlying model will 
not usually capture the dynarmcs of the full system. 
Also, no attempt has been made in this work to 
constrain the selection of the values in X to match any 
other known quantities such as total mass or total 
inertia of the system. Adding such constraints should 
be included in future research. 

The stiffness matrix is then calculated from the 
mass matrix as follows: 

K = M Y C D ~ Y ~ M +  
(10) 

MU Ndia Xx diag (Y)diag (XX)U NT M; go 
where d i a g o  is chosen to reduce the elements of K 
which are expected to be zero based on the load paths 
chosen by the engineer. This calculation is 
complicated by the fact that the elements in Y must be 
larger that all the elements in co2 to avoid the 
completion procedure placing UDIealiStic modes in the 
measured frequency band. Therefore additional 
inequality constraints are required. As with the mass 
matrix completion, no attempt has been made in this 
work to constrain the elements of Y to reproduce the 
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measured stiffness residual terms 121 1. This physical 
constraint should also be added to the procedure. 

Since a mass and stiffness representation of the 
structure can be provided for each damage case tested, 
equation (5 )  can be rewritten as follows: 

where AM and AK are perturbation matrices formed 
by differencing the respective matrices before and after 
damage. 
Therefore, if the matrices capture enough of the major 
dynamics of the system, an indication of whether a 
mass or a stiffness change occurred may be possible. 

Additionally, since a simple underlying model of 
the structure has been assumed, a “disassembly” may 
be performed to further understand the source of the 
changes in the system [22]. Therefore, the mass and 
stiffness matrices may be written in the following 
expanded form: 

M 1‘ = CTMeC = C:M,,C, + C;Me,C,; and 
K = CTK,C = C:K,C, + CfKe1C2 

_ _  

; ’>I ., ’ , 
where C is a connectivity matrix of 1 ’s and O’s, M, and 
K, are block diagonal matrices of the local mass and 
stiffness elements, ly, and l& are matrices containing 
only the elements associated with the assumed simple 
model of the structure, K2 and k2 are matrices 
containing only the additional elements modeling the 
load paths that are not contained in the simple model, 
and C1 and C, are the connectivity matrices for the 
corresponding submatrices. 

With this separation, the B matrix can be written as 
the sum of a part that is due to changes in the simple 
model of desired load paths and a part due to changes 
in the extra load paths. This can be very useful, 
especially when the model errors are pronounced. It 
should be noted that no attempt has been made to 
assure that all of the resulting spring elements 
represented in M, and K, have a physically realizable 
spring constant, although the bulk of the elements are 
signed correctly. This is an additional constraint 
which could be applied to the problem. 

The following section applies STRECH and 
MAXCON to a fatigue test of a Horizontal Axis Wind 
Turbine (HAW) Blade. 

H A W  BLADE FATIGUE TEST 
A fatigue test to failure of a composite wind turbine 

blade was performed at the National Renewable Energy 
Laboratory. Periodic modal tests were performed 
during this test as well as acoustic emissions tests. 
This data will be utilized to further study the 
application of health monitoring techniques. When 
coupled with a non-wntact transducer such as a 
scanning laser vibrometer, this technology could be 
applied in the field to periodically monitor a field of 
wind turbines and estimate remaining life in the 
blades. 

DeSCnDtiOn of Test 
The blade was constructed of fiberglass and 

incIuded a tapered fibergIass airfoil on a tapered 
fiberglass spar. The blade was bonded to short steel 
rod used to cantilever the blade to a stifback. The final 
visible failure was a bond M u r e  between the fiberglass 
blade and the steel connecting rod. A hydraulic 
actuator was used to fatigue the specimen at 1 Hz. 

The fatigue test of the blade was periodically 
stopped to allow modal testing to be performed. The 
hydraulic actuator was removed and impact excitation 
with a three pound instrumented mallet was used for 
the modal tests. Accelerometers were placed at 30 
locations on the 32 foot long blade and data was 
acquired to 64 Hz. Approximately eleven modal 
frequencies are consistently present in this band. 
National Renewable Energy Laboratory personnel 
performed the modal tests using Sandia Lab equipment 
and consulting. There were 5 1 days of testing and 32 
modal tests spread over a four month period. 

The test data included some unexpected 
phenomena. Following an initial drastic drop in all 
modal fiequencies, most of the modaI frequencies 
stayed constant until failure. At failure, most of the 
frequencies increased. The static stiffness also seemed 
to increase. One would expect the stiffness and 
therefore the frequencies to decrease with damage. An 
explanation for these phenomena has not been found at 
this wriwg. However, the test fixture was reoriented 
and hydraulic actuators changed at least three times 
during the test. Also during the four months of testing, 
a broad range of environmental changes were seen. 
These changes may have contributed to the 
unexplained phenomena seen in the data. 

STRECH 
The STRECH approach was applied to this data to 

determine the global extent of damage and to localize 
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the data. The data set included a series of thirteen 
accelerometer locations along the center line of the test 
item. All sensors measured motion in the most flexible 
direction. Additional sensors were placed at the root to 
monitor that most critical area. The chosen load path 
treated the blade as a simple cantilever beam. 
Therefore only sensors along the centerline were used 
and each was assumed connected to its nearest 
neighbor. Along the blade, rotations were estimated by 
the parabolic fit approach At the root, sensors were 
provided above and below the shaft in the axiaI 
direction. This allowed rotations at the root to be 
estimated by differencing two sensors. The eleven 
modes were used to calculate the static flexibility 
shape, which was used in analyzing this data set. 
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Figure 1 provides the global damage indicator 
calculated using SRs estimated from translation 
sensors only. The reader should realize that only 13 
tests (1,3,4,5, 6, 10, 15,20,25,29,30,31, and 32) 
have been analyzed to date. It can be seen that a sharp 
drop occurs between test 10 and test 15. Work is 
underway to attempt to correlate the large variations in 
this factor to changes in the test set-up. 
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and test 3 is a result of the initial changes that caused 
the frequencies to drop. As with the previous data, 
further study is needed to attempt to explain the 
characteristics of the data in terms of identifiable 
changes in the test set-up. Also since the input 
location was moved to the known damage location, this 
analysis would require a certain amount of engineering 
insight to use in a field application. 

TRANSLATIONAL DAMAGE FACTOR - TEST#? BASELINE 

O3 : 
0.251 

U l i  

Figure 1. Damage Factor Using Actual Input 
Location 

Figure 2 provides the same translational damage 
factor, however the static shape calculations use a 
sensor location near the root of the blade (and near the 
failure point) as the simulated input. The data is much 
more consistent, due to the lack of extreme local 
variations, than that shown in the previous plot. In 
fact, after test 15 the trend is as would be expected 
which is constantly increasing until final failure. 
However, the initial rise and steep drop after test 10 is 
still present in the data. The sharp rise between test 1 

Figure 2. Damage Factor Using Simulated Root 
Input 

MAXCON 
The MAXCON analysis utilized the same beam- 

like load path as used in STRECH. Translations and 
rotations calculated as with STRECH were aIso used. 
Scaling (as described in equation (6)) was found to be 
unnecessary and in fact detrimental. The 
masdstifhess separation as d e s c n i  in equation (1 1) 
was found to be necessary to achieve success. 
Disassembly, as described in equation (12), has not 
been attempted to date. All eleven modes were used in 
the analyses presented herein. 

Figure 3 provides the absolute values of the first 
singular vector for both the mass and the stiffness parts 
of the dynamic residual using test 1 as the undamaged 
case and test 3 as the damaged case. Therefore, these 
plots reflect the changes which caused the initial drop 
in modal frequencies. It should be noted that there are 
thirteen sensor locations used in this analysis. Each 
location has a measured translational and a calculated 
rotational Degree Of Freedom @OF). In Figure 3, the 
odd-numbered DOF's are translations. The rotational 
DOF's are even-numbered in Figure 3. The Cantilever 
is at DOF's 25 and 26. The final visible damage is 
between DOF's 19 and 24 as shown in the stiffness 
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plot marked BK. Hence, this plot shows an initial 
StifEness change in the expected failure region and at 
the cantilever. The plots also show large mass changes 
at several locations closer to the free end of the beam. 
Since no significant mass changes are expected, they 
might be associated with errors in the model due to the 
matrix completion procedure. Constraining the mass 
matrix completion to maintain the known mass 
quantities might alleviate some of these discrepencies. 
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Figure 3. Test 1 To Test 3 Damage Localization 

Figure 4 provides the same damage localization 
analysis as Figure 3. However, the undamaged or 
baseline test is Test 3 and the damaged or comparison 
test is Test 32. The stifmess changes are shown to be 
at DOF’s 21 and 23. This is the final failure area. It 
should be noted that this is the region of highest 
stiffness in the structure and hence the most sensitivity 
to stiffness changes and/or noise. However, the mass 
changes also show large changes at the same locations. 
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Figure 4. Test 3 To Test 32 Damage Localization 

Complete analysis of this test series wil l  require a 
more complete understanding of the test procedures 
and any test anomalies which may have occuned 
during the experiments. However, the results for 
damage detection from this structure are encouraging. 
The nex? section will apply STRECH and MAXCON 
to an induced damage test of a highway bridge. 

140 Bridge Test 

Albuquerque, New Mexico was a fracture critical 
bridge which means it was constructed without 
structural redundancy. Figure 5 provides a schematic 
of this structure. The primary structural members were 
two 10’ deep plate girders which ran the length of the 
bridge. If one of these members failed, the bridge 
could be expected to collapse. Since many similar 
bridges are st i l l  in operation, the Federal Highway 
Administration and the National Science Foundation 
provided funds to New Mexico State University 
(NMSU) to develop and test new nondestructive 
inspection techniques. NMSU was supported by both 
Los Alamos [19] and Smdia National Laboratories 
[15] as well as Texas A&M University [23]. All three 
support institutions have performed some form of 

The Interstate 40 bridge over the Rio Grande in 

z e  
damage detection on the data [18, 19,231. 

Figure 5. Rio Granden40 Bridge Schematic 

DescriDtion of Test 

induced damage tests performed on the 
decommissioned structure. Before demolition of the 
bridge, a series of progressively more serious cuts were 
made in one support beam of the bridge [ 191. Los 
A m o s  performed a series of modal tests on the bridge 
as well as extensive modeling. Modal tests were 
performed in the initial condition and after each cut. 
Los Alamos personnel also applied the Sandia- 
developed Natural Excitation Technique (NEXT) [24] 
to the bridge data which allowed extraction of modal 

The Rio GrandefI40 bridge tests were a set of 
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parameters during traffic excitation. A new type of 
non-contact sensor based on microwave interferometq 
was also used on the bridge by Los Alamos-personnel. 
Sandia designed and operated the exciter system for 
the dynamics tests. Sandia personnel also acted as 
consultants for the application of NEXT and provided 
some logistics support during the modal tests. 

A series of four cuts were made in the plate girder 
after the bridge was closed to all traffic. The fourth cut 
completely severed the lower half of the plate girder I 
section. Random excitation was provided from 2-12 
Nz with a peak input of 2,000 Ibs. Uniaxial sensors at 
26 locations were used as the primary instrumentation 
set. All sensors and the force input were in the vertical 
direction. Six vertical modes were extracted. Power 
spectral density data from 10 additional sensor 
Iocations for the Texas A M  work were also acquired. 
Also, stepped sine testing was provided for the Los 
Alamos microwave sensors. 

modes after each cut. Notice the slight increase in 
frequency after the first cut. This inconsistency is 
believed to be due to mass being removed fiom an 
adjacent bridge which shares the same pylon. 
However, analysis using MAXCON points to a major 
change at only one side of the bridge, and has tended to 
point to a stiffness change. In general the changes in 
frequency become obvious only after the fourth cut. 

Table I lists the modal frequencies for the first six 

Case 

Undamaged - Extraction 2 
Undamaged - Extraction 3 
cut 1 
cut  2 
cut  3 
cut  4 

Table 1. Modal Frequencies vs. Damage Case 

Damage 
Indicator 

9 Yo 
8% 

14 O/o 

28% 
40 Yo 
33% 

DAMAGE CASE 

MODE 0 1 2 3 4 
rn) 

1 2.48 2.51 2.52 2.46 2.29 
2 2.96 2.99 2.99 2.94 2.84 
3 3.54 3.57 3.52 3.48 3.49 
4 4.09 4.12 4.10 4.04 3.99 
5 4.16 4.21 4.19 4.14 4.15 
6 4.64 4.67 4.66 4.58 4.52 

STRECH 
The most successful STRECH calculations used 

static flexibility and estimated rotations. The first 
extraction of undamaged modal parameters was used 
as the baseline for the STRECH calculations. The 
results for the global indicator are printed in Table 2. 
The first two rows are the damage indicators for the 
undamaged bridge where the same data was used, but 
different modal extraction techniques were utilized to 
form the static flexibility. Then the damage indicators 

are calculated for each cut. Although this is not a 
statistically conclusive study, it appears that the 
damage indicator begins to rise significantly enough at 
cut 2 to indicate the presence of damage. 

Table 2 - Damage Indicators 

For the damage localization CaIcuIations, a minimum 
denominator value of only one percent (of the 
maximum rotation difference in the undamaged case) 
was used to filter the most noisy calculations. The 
location of damage was correctly identified for the two 
worst damage cases, cuts 3 and 4. For cut 1 the 
damaged location was the second choice of the 
algorithm. For cut 2 the damaged location was the 
fourth choice, The fidelity of the cut 1 data was higher 
than for cut 2. This would provide a better signal to 
noise ratio in the FRFs which could lead to a more 
accurate static flexibility shape for cut 1 than for cut 2. 
Even though the signal to noise ratio might not have 
been as good for cut 4, the damage was so significant 
that the noise did not matter so much. Note that the 
SR increases with increasing level of damage in the 
actual damaged element (number 107-108). Table 2 
lists the results. 

Table 2 - Predicted Damage Locations for Static 
Flexibility 

*Note: Element 4-5 was adjacent to a pylon in the same 
span as the shaker. Elements 10-1 1 and 12-13 were on the 
opposite end of the bridge from the shaker where static 
responses were low. Elements 1-2 through 12-13 were on 
the south side (shaker side) of the bridge moving from east to 
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west. Elements 101-102throu& 112-113 wereonthe 
damaged north side of the bridge moving from east to west. 

MAXCON 
For the MAXCON analysis both rotations and 

translations were used. The load paths were defined 
assuming simple springs connected each sensor to its 
nearest neighbors. This included the sensors directly 
and diagonally across the bridge. The rotations and 
translations were connected as one could expect fkom 
beam-type elements. Additional springs to ground 
were also assumed. It was not useful to separate mass 
and stiffness properties as seen in equation (1 1). 
However, to obtain successful results the model had to 
be separated to allow changes only in the assumed 
model form as described in equation (12). Scaling, as 
described by equation (6) was also required. 

Figure 6 provides a bar chart of the entries in the 
first singular vector of the scaled B matrix which is the 
dynamic residual associated with the assumed model. 
This data set was calculated using the undamaged data 
set as the baseline and cut-1 as the comparison case. 
Note that there are 26 translation DOF’s with 13 on 
each si& of the bridge. These are the odd-numbered 
DOF’s. The 26 rotations are the even-numbered 
DOF’s. The expected damage location is between 
DOF 39 and DOF 42. This data shows the largest 
indication of damage at DOF 39 with large changes at 
DOF 37 and DOF 41. Also another large indication of 
damage is seen at the end of the bridge at DOF 51. 
This may be indicative of the changes that caused the 
modal frequencies to increase after the first cut. 
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Figure 6. Pristine To Cut 1 Damage Localization 

Figure 7 provides the same information for cut 2 
with similar results as seen in Figure 6. Figure 8 
provides the information for cut 3, again with similar 

results. And finally, Figure 9 provides the cut 4 data. 
One can see that the known damage location @OF 39) 
is starting to increase relative to the phenomena at the 
end of the span. 

SUMMARY AND CONCLUSIONS 
Initial studies on damage detection and health 
monitoring have been performed using two techniques 
for damage localization. These techniques have been 
applied to two operational structures: a HAW blade 
undergoing a fatigue test and a bridge undergoing an 
induced damage test The STRECH algorithm 
provides a damage localization as well as a global 
damage indicator. It works best on static data, which 
may include static flexibility shapes estimated fkom 
dynamic mode shapes or the first mode of simple 
system. The global indicator is fairly consistent, 
however more work needs to be performed to define a 
noise floor consistently. The MAXCON approach 
appears to be more robust for damage localization, but 
does not include a global indicator. Several 
measurable physical quantities are available to act as 
further constraints during completion of the matrices. 
Also, choosing the scaling on the null space to 
simultaneously zero the expected entries in the mass 
and stiffness matrices would be a much more desirable 
approach. 
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Figure 7. Pristine To Cut 2 Damage Localization 
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I EXON PRODUCTION RESEARCH COMPANY 
PCXT OFFICE BOX 2189. HOUSTON, TEXAS 77252-2189 

August 28, 1995 
e 

API BUSINESS 

To: API Task Group 92-5 on Assessment of Existing Platforms to Demonstrate 
Fitness for Purpose 

~ 

Sandia National Laboratom - Offshore Oil Industrv Information Meeting 

Summan 

At the March 2, 1995 meeting of API Task Group 92-5, a presentation was made by 
representatives of Sandia and Los Alamos National Laboratories related to technology 
that might be applicable to health and condition monitoring of aging offshore structures. 
As a result of this meeting, an invitation was extended to visit Sandia to discuss these 
issues in firther detail and to see demonstrations of relevant technology. In response to 
this invitation, Brad Campbell (Exxon), Denby Momson (Shell), and Ward Turner 
(Exxon) visited the Sandia National Laboratory on July 11-12, 1995. 

As a result of these meetings, several areas were identified where Sandia and Los Alamos 
National Laboratories are performing work with potential application in the oil industry. 
The Laboratorys’ next step will be to identify potential internal fbndmg sources and to 
propose a few focused topics to pursue in pilot studies on a joint-industry basis. Such 
studies would likely be highly leveraged through the internal funds that have been made 
available to the National Laboratories. 

Overview 

On July 11 and 12, 1995, a series of meetings and demonstrations was held at Sandia 
National Laboratory (Albuquerque, NM) related to technologies that could possibly be 
applied to inspection and assessment of aging offshore platforms. In addition to Sandia 
personnel, presentations were also made by representatives of the Los Alamos National 
Laboratory and two professors, one &om the University of Houston and one from the 
University of Colorado. 

The National Laboratories are faced with changing policies and strategic directions. Until 
recently, they have focused their efforts principally on national defense and in providing 
technical support to other governmental agencies. Recently, however, they have been 
charged with making relevant technologies available to U. S .  Industry. As a result of 
these changes, Dr. George James of Sandia contacted Kris Digre of Shell, who is leader of 
the API task group on the assessment of existing platforms. During a regular API task 
group meeting held in New Orleans on March 2, 1995, a special time was set aside for a 
presentation by Sandia and Los Alamos. The technologies that they discussed included: 
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0 Non-contact vibration monitoring 
0 Aging aircraft inspections 
0 

0 Acoustic monitoring technologies 
0 Special time-domain analysis methods 

Calibration of dynamic analytical modeling with experimental data 

Based on the technology that was presented at the New Orleans meeting, it was suggested 
that a more detailed follow-up meeting be held at Sandia where a full range of related 
topics could be discussed in greater detail. This would also allow for demonstrations and 
tours of the Laboratory facilities. Such a meeting was then held on July 1 1-12, 1995 and 
is the subject of this documentation. 

National Laboratory Initiatives 

Historically, the Los Alamos and Sandia National Laboratories have principally focused 
on the development of nuclear weapons, with Los Alamos performing scientific 
development and Sandia performing engineering development. During the past decade, 
both laboratories have been expanding their focus to include work for other governmental 
agencies, and more recently, to perform work on behalf of civilian enterprises. The 
principal strengths that the National Laboratories bring to such work is a very diverse 
group of engineers and scientists backed by laboratory testing facilities that are among 
the best available in the world. 

Over the last several years, the U. S. Defense industry has been shrinking and questions 
have been raised at the national level regarding the h c t i o n  and purpose of these 
laboratories. One response has been the allocation of tax funding to the National 
Laboratories to initiate joint programs with industry. In general, these programs are 
heavily h d e d  by tax dollars, but are mixed with industry participation through joint 
industry funding, payments in kind, etc. In particular, Sandia and the oil industry have 
participated together via the “Advanced Computational Technology Initiative”, also 
known as ACTI funding. At this time, however, it is not known whether there will be a 
continuation of the ACTI program. 

Another funding avenue for such joint projects is the “Oil & Gas Partnership” with 
funding via the U. S .  Department of Energy (DOE). At the meeting, we were told that 
this program is likely to be changed to include an offshore component; although at this 
time, the specifics of the new program are uncertain. 

Finally, there is often an academic component pursued in National Laboratory / Industry 
projects. This is often through collaborative research at U. S. Universities, which may be 
supported by the National laboratories and fiom other university funding sources. 
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Meeting Objectives 

The objectives of Sandia and Los Alamos for having the meeting were primarily to 
discuss issues with oil company representatives that could become common ground for 
research initiatives with the oil industry. Although several other oil industry 
organizations (petroleum companies and contractors) had expressed various degrees of 
interest, only Exxon and Shell were represented at the meetings. A fundamental 
assumption by the representatives of both companies going into the meetings was that 
any future work would likely be in the form of joint industry projects (JIPs) rather than 
individual corporate contracts. 

At the initial meeting presentation, Sandia Laboratories expressed their objectives for the 
meetings as follows: 

1. To give us a broader view of the National Laboratories. 

2. For them to learn more about our technical issues. 

3. To determine a “next step” that could lead to future work initiatives. 

Presentations by Sandia 

The agenda for the meetings is given in attachment I. The morning of the first ~ a y  July 
11) focused on overview presentations. This was followed by laboratory visits in the 
afternoon. The morning of the second day (July 12) focused on presentations of technical 
procedures that are relevant to the analysis of aging structures. The meetings were then 
concluded with a discussion led by the industry representatives on the technical 
challenges being faced. This then led to the identification of potential studies that could 
be proposed within this framework. 

A summary of the detailed presentations and laboratory demonstrations is given in 
Attachment 11. 

Kev Technical Issues 

Part of the motivation for attending the meeting was the hope that significant technical 
advances had been made in other structural engineering fields that might have direct 
application to aging offshore platform integrity issues. In particular, OUT interests 
included methods that might be used to detect structural damage via inspections or 
through the analytical interpretation of structural vibration data. 

Early on in the presentations, it became apparent that strides have been made in the 
analysis and interpretation of data. However, with reference to the underwater data that 
would be required to assess an offshore platform, the fundamental problem of how to cost 

225 



effectively obtain the data remains the si,&ficant issue. In particular for offshore 
platforms, the placement of an-adequate number of accelerometers, the cost of running 
electrical conduits, and the required robustness needed to assure the long term integrity of 
the system still remain the major hurdles to the instrumentation of platforms. 

Although many technology components were identified that would help reduce the costs 
of such data collection systems on platforms, there did not appear to be any 
breakthroughs that could immediately lead to substantial changes in current technology or 
costs. 

Identification of “Next Steps” 

In the wrap-up meetings, the participants attempted to develop a strategy that would best 
allow for the transfer of National Laboratory technology to the offshore oil industry. The 
guiding principles of this strategy are as follows: 

1. 

2. 

3. 

4. 

5. 

Focus on Breakthroughs Any participation with the National Laboratories should 
be focused on non-routine, breakthrough technology. Such work would typically 
be characterized as having a high benefit to industry, but may have only a low 
probability of success. This concept is also in line with the National Laboratory 
guidelines that they should not be competing with industry, which in this case 
would be the many vendors and contractors who supply technology to the 
petroleum companies. 

JJ Initial projects should have 
relatively well defined goals and a nmow focus. If such initial projects are 
successfd, then more general topical issues could follow. 

W o r k A g e e m e n t s  All work should be done through 
industry groups, such as through joint industry projects (JTPs) or the American 
Petroleum Institute (API). This is consistent with the National Laboratory 
funding guidelines which typically require the showing of “broad” industrial 
support. The industrial sponsors must also be prepared to provide some support 
via funding or payments in kind, such as through manpower devoted to the 
project, providing data, or providing access to offshore facilities for trials, etc. 

Include Academic Research Input Where appropriate, academic support through 
parallel research programs should be supported andor funded via the projects. 

Seek Fundin? Through National Laboratory S ources As part of the changing 
focus of work at the National Laboratories, funding sources are being allocated to 
support projects as envisioned. Likely sources include the ACTI funds or the Oil 
& Gas Partnership. As a result of these fundmg sources being added to the 
participant contributions, the leverage factors per industrial participant would be 
very high. 
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Identification of Potential Pro-iects 

Several projects were identified during the meeting as being possible technology areas to 
pursue with Sandia and Los Alamos National Laboratories. These projects meet the 
objectives outlined for small pilot type studies mentioned in item No. 2 above, but are not 
necessarily all related to the aging offshore structure topic that was the original focus of 
the meeting. They are listed as follows: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

TLP Tendon Inspection Methods The industry TLP project teams have 
recognized that inspection techniques for TLP tendons are not presently cost 
effective. From a data interpretation perspective, this item was identified as 
having a higher likelihood of success since each tendon is structurally non- 
redundant. One potential avenue of study that could be applied includes acoustic 
emissions. 

Pile Penetration Detector A key parameter for the assessment of any old offshore 
platform is knowing the pile penetrations. Unfortunately, due to poor record 
keeping, the pile penetrations are unknown for many old platforms. The goal of 
this study would be to develop a device that would use reflected sound pulses to 
travel along the length of piles to determine their driven penetration. Known 
technical difficulties include the effects of grouting, binding shims, variable soil 
conditions, etc. 

Floater Inspections Floating structures typically have a very large number of web 
stiffeners, which complicate inspection procedures. The goal of this study would 
be to develop sensor technology that continuously monitors a structure for the 
development of fatigue cracks. Additionally, the data transmission difficulties 
associated with transmitting data through bulkheads would be addressed. 

Corrosion Mapping One of the more costly inspection problems is mapping areas 
of known corrosion in both platform braces and in pipelines. The focus of this 
study would be to develop methods that would simplify how this data is currently 
obtained. 

Mapping of Ice Features With the many special non-contact sensing devices that 
were shown, it is possible that there may be better methods than currently used for 
the mapping of ice features. 

Inspection of Concrete Structures It is well known within the industry that 
concrete platform inspection techniques are not very well developed. The focus 
of this study would be to improve the technology associated with this problem. 

Detection of Hydrates and Wax Deposits Methods associated with the detection 
of hydrates and waxes in subsea connections to host platforms are a problem that 
could be worthy of study. 
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Work Plan 

With the completion of this initial survey of National Laboratory technology related to 
aging offshore structures, the next step will be for Sandia and Los Alamos to determine 
their likely internal funding sources. We were told by George James of Sandia that they 
will have a better understanding of likely direction by this fall. At that time, they will 
retum to the oil industry to see if any viable projects could be proposed. 

Closure 

Assistance in the preparation of this document was provided by Brad Campbell, George 
James, and Denby Morrison. If you have any questions, please call Ward Turner at 713- 
965-73 14. 

8 
J. Ward Turner 

File: 3683 
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Sandia NationaI Labwa tories 

Albuquerque, NewMexiw 87185 

&e: July7, 1995 

so: Distribution 

fium G. K James, 2741 MsO557 

mbjcct: Updated Agenda and Directions for Omore Oil Industry Information Meeting 

This memo p d d e s  an updated schedule for thc mcetjngs scheduled on July 1 I and 12: 

JUIV 11 - Blda. 860. Room 212 
9:30 - 1O:OO Mcct at Badge Office - Bldg. 800 

1O:OO - 10130 Irmaduaions and Opening Discussion -James, Red-Hose, & Farrar 
I0:3 0 - 1 I :oc) S v  of Presentatiorrs to AH TG 92-5 - Fan-ar, James, & Red-Horse 
1 1;OO - 1 1 :30 Oil & Gas Programs at Smdia - Dave Northrop & &e Gorham (SNL) 
11:30 - 1200 Aging Aircraft NDI Validation Center - Shurtl&(SNL) 
12100 - 1100 Lunch 
1 :OO - I :45 Tour ofBldg. 860 Labs - Mayes & James 
1 :45 - 2:30 Tour of Metaliurgy & Corrosion Labs - CiesIak 

3:15 - 5:OO Tour of AANC - Shurtie Hansche, Meza, & Robinson 
2:3 0 - 3 : 15 TOU OCNDE Labs - ShaefF 

6~30- 8~30 I>&= 

Julv 12 - Bldg. 860. Room 212 
8;30 - 9:OO Stnrctural LleaIrh Moniroring & Tdentiication - Zimmerman 0 
9:OO - 9:30 Advanced Mbdeling and Processing -Hunter (LANL) & Paez (SNL) 
9:30 - I0:OO Dhssem’bly, FlexibZfy, & Wavelets - Park (CU) & Alvin (SNLJ 

1O:OO - I0:30 T i  - Frequency Analysis Methods - E‘arrar (LAN.,) 
1030 - 10:45 Br& . 
10% - 11:OO A d v a d  Measuremenrs - Hansche (W) 
11:OO - 12:30 Indrrstry Driven Uisarssions - All 

1:30 - 4:30 Individual Disuissions @‘desired) 
12:30 - 1 ~ 3 0  lxuzctt 

The foblIowhg mcndcd direction$ are provided to canect a minor error: 
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Atfnclzmenf II 

Summary qf Presentations by Sandia 

Tuesdav Julv 11. 1995 

1. Health Monitoring (David Martinez) 

The aging of weapon systems has become increasingly important to the Defense 
Department. Issues being faced include aging components and materials (seals, etc.), 
a moratorium on the development of new weapon systems, weapons approaching and 
exceeding 20-year design lives, etc. Where possible, when modifications are made, 
they attempt to put intelligent systems into replacement parts. This allows for the 
continual monitoring of the system “state of health”. 

One relevant aspect of this technology is the use of microelectronic sensors to help 
monitor structures. This includes the identification of optimum locations for the 
placement of sensors. An additional aspect of this technology is to use sensors to 
calibrate analytical models with experimentally derived dynamic properties. 

2. Modal Calibration of a Large Civil EnPineering Structure (Chuck F m )  

Los Alamos recently performed a field test of technologies to examine the dynamic 
behavior of varying degrees of damage on a large highway bridge. Tests were 
performed on the Interstate 40 bridge over the Rio Grande River, that was being 
removed and replaced by a wider bridge. The project consisted of first developing an 
analytical model to determine the dynamic behavior of the bridge. Model calibration 
was then performed by means of ambient measurements and forced excitation. 

One unique aspect of the dynamic measurements was that many were taken by means 
of non-contact sensors. The system used a microwave technique that is capable of 
measuring dispIacements on the order of ambient structural vibrations at a distance of 
over 100’. 

The tests then focused on using the sensors to detect changes in the dynamic response 
of the bridge for varying degrees of induced damage. The damage was induced by 
first cutting a “crack” at the midpoint of one of the two 10’ deep longitudinal girders 
at the midpoint of the web. The crack was then gradually expanded downward until it 
reached the lower girder flange. The flange was then gradually cut outward until 
there was final separation. During this process, dynamic measurements were taken to 
determine the changing nature of the modal shapes. 

Using standard dynamic model interpretation procedures, it appeared that differences 
in the modal shapes became apparent when the web cut reached the lower flange. 
However, more sophisticated damage identification procedures indicated changes for 
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smaller cuts. In this case, the analytical model used linear FEM approaches. Based 
on their assessment, they believe that most damage scenarios, with the exception of 
fatigue crack growth, can be-modeled using linear approaches. 

3. Interactions With Oil Industry (Dave Northru~) 

A presentation was made regarding how Sandia is working with the oil industry. The 
two main avenues have been via the Advanced Computational Technology Initiative 
(ACTI) and the broader Oil & Gas Partnership. Presently, it is questionable whether 
the ACTI funding will be renewed by Congress. However, there is some belief that 
either it or some other similar program will be funded. The Oil & Gas Partnership 
has heretofore not had any offshore component. However, this Department of Energy 
(DOE) program is being restructured and it is believed that it will have an offshore 
component that might be applicable to programs supporting the offshore industry. 

4. ACTIPro-rn With DeepStar (Elaine Gorham) 

Sandia is presently supporting the DeepStar project in the area of riser vibration 
analysis and bonding between composites and metal. For risers, their focus is in the 
area of fluidstructure interaction. 

Unfortunately, Sandia acknowledges that there have been some problems in the riser 
portion of the workscope due to lack of directiodintegration with the DeepStar 
steering committee. Some of the DeepStar partners are pushing for Sandia to develop 
a stand-alone program for analyses that would duplicate the technologies in Shell’s 
Cosmos program. Others would prefer that Sandia use their capabilities to enhance 
the Cosmos routines. Sandia is concerned if they are asked to pursue the former 
approach since they are under general directives to be “non-competitive” with 
commercial enterprises. 

As a result of these discussions, a special meeting was scheduled on the afternoon of 
the second day to focus on this specific issue. It was attended by Brad Campbell and 
Denby Momson (Shell). Documentation of the resolution of this issue is outside the 
scope of this memorandum. 

5, Non-Destructive Evaluations (Bill Shurtleffl 

Sandia administers the Federal Aviation Administration (FAA) aging aircraft Non- 
Destructive Inspection (NDI) Validation Center. They have a large facility at the 
Albuquerque airport containing the airframes of an old Boeing 737, DC 9, and Falcon 
jet. Their program develops and validates technologies that can be used to inspect 
airframes. Their customers include the FAA, airline industry groups, airplane 
manufacturers, and third party inspector associations. 
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The primary motivation for their efforts came as a result of the 1988 Hawaii Air 
incident where a large section of fuselage came off during a flight as a result of 
fatigue cracking. Some of the technologies that they have developed for airframe 
inspection include: 

Non-contact inspection techniques such as coherent optics (measures 
displacement in a fuselage due to internal vacuum or thermal loading) and 
shearography (measures derivatives of displacements). 

An area eddy current device that can scan rivet areas rather than lines of rivets 
(this device is about the size of an electric 113 sheet sander and scans a similar 
size area). 

Representative panel defects that can be used to qualify inspection techniques and 
personnel. 

6. T I )  andvMa e .  

This laboratory has a vibration isolation table that is typically used to test the 
vibration characteristics of weapon payloads. It is composed of a 15 ton block of 
steel isolated on air bags. Payloads are then placed on the steel block and are excited 
to determine their dynamic properties. In general, the issue for them is to correlate 
the measured dynamic response with the analytical models. 

7. Tour of Metallurg-v and Corrosion Laboratorv Rudv Buchleit) 

This laboratory is used to accelerate corrosion and aging effects. One oil industry 
related study that they have in progress is determining the likely life of concrete lined 
piping used at the Strategic Petroleum Reserves. 

The airline industry association has a contract with Sandia to develop an improved 
method to inspect Halon fire extinguishing container bottles. The method that they 
are applying is to use acoustic emissions. This is done by heating the bottle, causing 
the internal pressure to rise. When the bottle expands, the sound induced by any 
internal cracks is detected. This technology will save the airline industry 
approximately $2MYyear in inspection costs. 

9. T ~~1 r mce Hanche 

We were shown an optical holographic laser system that was being used to visualize 
operating shapes on a model of a compressor turbine ring. The model was excited 
with an oscillator and the surface was lighted by a laser. By means of optical 
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interferometry, the surface displacements caused by the vibrations were measured and 
global vibration patterns were visually displayed. 

Tour of the Aircraft Inspection Facility (Bill Shurtleffl 

Demonstrations of aging airframe inspection techniques were shown to us at the 
Albuquerque airport facility (see item No. 5 above). Also, an internally funded 
research project to develop techniques for damage detection using structural vibration 
measurements was discussed. 

1 1. Structural Health Monitoring and Identification (Dave Zimmerman of U of €€) 

Dr. Zimmerman made a presentation on recent system ID work he is performing at 
the University of Houston for the NASA space station. His work shows that with 
approximately 100 sensors, up to 85% of the planned structural inspections would not 
be required. One relevant structural issue that he did discuss was that sensor 
placement is important and that sensors placed for damage identification are often not 
ideally located for model verification and vice-a-versa. 

12. Advanced Modeling and Processing. (Tom Paez) 

This session focused on neural networks, probabilistic pattern recognition, and 
bootstrapping methods. The neural network methods focus on detecting patterns in 
data and training the system to recognize these patterns. Probabilistic pattern 
recognition is a methodology to assess data of unknown origins to judge whether it is 
consistent with the original system or is an outlier. The bootstrapping techniques are 
used to determine if sparse data measurements meet statistical bounds related to 
underlying assumptions, such as whether a structural response is linear or not. 

13. Analyses Approaches fK. C. Park of U of C) 

Dr. Park made a presentation on analyses approaches he has developed in his program 
at the University of Colorado (Boulder). He believes that the measurement 
technology has developed much faster than structural modeling techniques in recent 
years. Dr. Park also presented material on the use of the force method of structural 
analysis for determining substructural flexibilities from experimental data, and the use 
of wavelet transforms for determining impulse response functions from dynamic 
measurements. 
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14. Error Localization and Finite Element Model Updating. (Ken Alvin) 

Dr. Alvin made a short presentation on identifying the locations of modeling errors 
(or unknown damage) using modal parameters. He also reported on recent results in 
finite element model updating and the predictive accuracy of the identified models. 

15. T U )  

This presentation presented results of methods being used to interpret dynamic 
systems. The simple system presented was a plastic block with a crack half way 
through its thickness. The structural system was then “rung” and dynamic properties 
were measured. The focus of the effort was to interpret the data via several analytical 
approaches including power spectral densities, wavelets, spectrograms, and Wigner- 
Ville. Of the approaches used, the spectrogram method seemed to demonstrate the 
best capability of indicating the damage (opening and closing of the crack) in the 
block. 

16. Non Contact Sensors (Bruce Hanche) 

This presentation was a follow-up to the laboratory visit the day before (see item No. 
9 above). One of the areas that Sandia has made great progress in is with non-contact 
sensors for the measurement of vibrations. The three principal types of devices and 
their applications are as follows: 

a) Optical 

Optical devices typically employ lasers. Depending on their design, they can 
cover a wide array of applications, such as measuring very small deflections at a 
short distance (as was shown during the laboratory visit described in item No. 9) 
to measuring larger deflections at a large distance (as would be applied to a civil 
engineering type structure). 

Some of the systems use optical triangulation, which is a method of determining 
displacements by measuring how much the angle of the reflected light signal 
changes. Other methods employ the interaction of light fiinges. Some methods 
do not measure displacement directly, but instead measure the derivative of 
displacement (shearography). Some methods employ holographic images. 

As of yet, none of these systems could be directly employed underwater since 
murky water would interfere with the signals. Although not strictly optical, 
LIDAR systems, which use a laser radar, could be a system that possibly would 
work underwater. 
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b) Acoustic 

Acoustic pulse echo technology could be employed underwater. Although Sandia 
admitted that they are not experts in sonar technology, they believed that sonar 
type systems could be developed that might be applicable for offshore 
measurement systems. 

c) Microwave 

Microwave systems can be used to measure displacements on civil engineering 
type structures. This was one of the technologies used to measure the 
displacements on the I40 bridge project’(see item No. 2 above). It is capable of 
measuring over large distances and can resolve displacements on the order of a 
tenth of a millimeter to meters. In our discussions, we determined that such a 
system could be applied to measuring vibrations on a structure such as a drilling 
mast, but it would not work underwater. 

17. Down Hole Acoustic Research Doug Drumheller) 

This presentation described work that has been done related to the use of acoustic 
methods to transmit data aiong drill strings. In general, the goal is to eliminate the 
need to place electrical signal wire for the obtaining of down hole pressure and 
temperature data. As part of their testing program, Sandia has a test facility of several 
thousand feet of casing laid out horizontally that is used to test acoustic transmission 
techniques. Essentially, these units would be battery powered and would transmit the 
data along the pipe to a receiver located at the well head. 
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ROBUST MODEL ERROR LOCALIZATION FOR DAMAGE DETECTION 
AND FINITE ELEMENT MODEL UPDATE 

Kenneth F. Alvin 

ABSTRACT 

A new method for identifying the location of finite element model errors given test-identified 
frequencies and mode shape data is presented. The new method builds on the concept of the 
modal force error vector, which is the undamped impedance of the given finite element model 
at each identified frequency multiplied by the corresponding identified mode shape. In order to 
mitigate the problems associated with reducing analytical models to the set of measurement de- 
grees of freedom, a mode shape projection algorithm is utilized. The projection algorithm is a 
linear least-squares method which can be controlled to minimize bias caused by model errors. 
The localization indicator is then defined by the modal force error and a degree of freedom-de- 
pendent normalization based on the variance of the identified frequencies and mode shapes. The 
performance of the method in localizing structural damage is examined using experimental data. 

INTRODUCTION 

The development of accurate predictive analytical models for structural dynamics traditionally 
involves the problem of model reconciliation to dynamic testing. This is because, despite ad- 
vancements in finite element theory, model construction (e.g. meshing algorithms), visualization 
and high performance computing, there are still significant modeling errors introduced by as- 
sumptions of uniform material behavior, joint compliance, element formulations, etc. In order 
to address the reconciliation of analytical models to dynamic testing, efficient testing methods 
and algorithms have been developed to adjust model parameters to “fit” the test identified modal 
parameters. These algorithms can be interpreted as optimization methods; that is, an objective 
is minimized or maximized with respect to a set of variable parameters. 

When the model being adjusted has the correct mathematical form, but inaccurate parameters, 
parameter estimation algorithms yield excellent results, with the following caveats. First, there 
must be a sufficient number of test-identified parameters upon which a least-squares estimate of 
the parameters can be based. Second, the parameters which are in error must be among those 
being estimated. Finally, the parameters being varied must be as independent as possible in terms 
of their sensitivity to the data. Unfortunately, these requirements are at odds with one another. 
For example, if all primary model parameters are allowed to vary, there will not be a sufficient 
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number of test-identified parameters available to obtain a least-squares estimate. Furthermore, 
there will likely be a high degree of correlation between the parameters, further limiting the con- 
fidence in the estimate. Therefore, we are usually limited to the variation of a few key model 
parameters to account for the observable errors. The process of selecting these parameters can 
be termed model errur lucalizatiun. In this context, the problem of updating models is a two- 
stage iterative approach. The frs t  stage is localization or selection of model parameters to be 
estimated; the second stage is the estimation of those parameters to optimize a particular metric. 

Similarly, in detecting damage in structures using dynamic response data, these two tasks are 
generally described as finding the Zucatiun and extent of the damage. Damage detection usually 
involves determining location and extent indicators for a structure relative to some baseline con- 
dition of the structure, represented either by a previous set of dynamic response data or by the 
response parameters of an analytical model of the structure which is assumed to be accurate and 
reflects a particular condition of health. Using damage localization, problem areas can be iden- 
tified in order to direct more detailed structural inspections. Similarly, in adaptive structures tech- 
nology, damage or error localization indicators can be used to monitor adaptive structural 
systems for health or to identify sensor systems which are no longer functioning properly. 

In this paper, a new method for identifying the location of finite element model errors, or equiv- 
alently damage, given test-idenflied frequencies and mode shape data is presented. The present 
model error localization approach is based on the Sensitivity-Based Element-B y-Element (SB- 
EBE) model update theory (Farhat and Hemez, 1993). This algorithm determines parameter es- 
timates by a minimization of modal force errors for a set of modes. The modal force error vector 
is the undamped impedance of the given finite element model at each identified frequency mul- 
tiplied by the corresponding identified mode shape. The minimization leads to both a mode shape 
projection algorithm and physical model parameter update using the projected mode shapes plus 
the experimental frequencies and the nominal stiffness and mass matrices of the analytical model. 

A key component of this model update procedure is the so-called “zooming” feature, whereby 
a small number of potential model parameters are chosen for updating based upon the degrees 
of freedom (d.0.f.) exhibiting the largest modal force errors, and the parameters which are lo- 
calized to those degrees of freedom. Clearly, the “zooming” feature is an example of model error 
localization for finite element updating. Kaouk and Zimmerman use a similar approach in de- 
fining a “damage vector,” which is again the modal force error generalized to utilize the damped 
modal parameters (Kaouk and Zimmerman, 1994). This common concept of using the modal 
force error vector for localization was proposed in earlier work (Ojalvo and Pilon, 1988). 

The present technique builds on the same concept of the modal force error, but introduces ad- 
ditional algorithmic components to increase robustness of the localization in the presence of 
model errors, differences in localized stiffness, and uncertainty in the identified parameters. In 
order to compute the modal force error with respect to the d.0.f. of the model, a mode shape pro- 
jection algorithm is utilized. The projection is formulated as a least-squares problem using the 
model and the equations of motion at the identified frequency to solve for the displacements at 
the unmeasured d.0.f. A key component of the present technique, however, is control of the errors 
introduced by the projection algorithm. This is accomplished by partitioning out rows of the an- 
alytical model matrices associated with the largest modal force errors. An alternative approach 
investigated is the use of a normalization of the functional underlying the projection algorithm. 

The model error localization indicator is then defined by the modal force error vector and a 
d.0.f.-dependent normalization based on the variance of the identified modal parameters. This 
normalization is critical to understanding the localization effects caused by random errors in the 
identification process and the relative dynamic stiffness of the model. That is, areas of the model 
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at which forces tend to localize due to sensitivity in the model formulation itself will be normal- 
ized so that they do not mask errors in less sensitive locations. This normalization allows for 
statistical confidence in the identified modal properties to be incorporated into the localization 
analysis, such that model parameters sensitive to the most uncertain test parameters will be de- 
emphasized. Finally, this paper investigates the trade-off between dynamic model reduction and 
mode shape projection within the context of model error localization. This is an important con- 
sideration as traditional approaches have considered only a choice between these techniques, 
rather than a judicious combination to minimize the ambiguity of the results. 

The remainder of the paper is organized as follows. The general theory for error localization 
via computation of the modal force error is first presented, followed by details of the projection 
algorithm and techniques for controlling bias due to localized model errors. The present error 
localization indicator is then defined using a statistical normalization of the modal force error. 
The variance of common model correlation measures such as the Modal Assurance Criteria are 
also examined, so that the variance measures for the indicator normalization can be properly in- 
terpreted. Finally, the performance of the present method is examined using experimental data. 

THEORETICAL DEVELOPMENT 

We define the modal force error vector X i  for mode i as 

where K and M are the stiffness and mass matrices from the model, respectively, oE, is the 
identified radial frequency for mode i (rads), $:i is the identified mode shape at the sensor 
d.o.f., and $oi is the partition of the mode shape corresponding to the unmeasured d.0.f. in the 
model. If the correct stiffness and mass matrices are given as 

K ,  = K + A K  
M, = M+AM 

we have 

Thus, the modal force error vector Ri contains information on both magnitude and location of 
the model errors [AK, AM]. 

Unfortunately, the d.0.f. at which the mode shape is sampled in test is typically much smaller 
than the number of d.0.f. in the finite element model which defines K and M . Therefore, to apply 
Eqn. 1, either the model must be reduced to the measured d.o.f., or the measured portion of the 
mode shapes must be expanded to the displacement d.0.f. basis of the model. 
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PROJECTION OF EXPERIMENTAL MODE SHAPES 

There have been many algorithms proposed for expanding experimental mode shapes into the 
d.0.f. of a finite element model (see Imregun and Ewins, 1993, for reviews of various techniques). 
The algorithm presented in this paper is based on the Sensitivity-Based Element-By-Element 
(SB-EBE) model update theory (Farhat and Hemez, 1993), which incorporates a mode shape 
projection theory based on a minimization of the modal force error given in Eqn. 1. 

PROJECTION ALGORITHM 

We seek a estimate of the unmeasured partition of the mode shape $oi which minimizes the 
magnitude of the impedance residual, viz. 

2 where Zi = K - mEiM is the impedance of the model for experimental mode i. This leads to 
the following least-squares solution for $oi : 

I- 

where Pi is the mode shape projection for mode i . 
It is known, however, that when the model is in error, Ri should be nonzero even when @oi 

is correctly determined; in fact, Ri should hopefully have a small number of (possibly) large 
nonzero entries. We can partition Eqn. 1 as 

where A and B refer to a partitioning of the equations into the highest and lowest magnitudes of 
the entries of Ri . Then, a least-squares estimate for qOi is given by 

so long as the number of B equations is greater than the number of unmeasured d.0.f. in Z. The 
choice of the equation set B upon which the least-squares solution is defined is not trivial. The 
primary motivation for partitioning the equations is to improve the solution for qo1 over that ob- 
tained using the full set of equations, given the assumption that the errors in the model are not 
distributed uniformly among the d.0.f. but rather are localized. It should be noted that delegating 
the equilibrium equation for a particular d.0.f. to set A does not impede our ability to find model 
errors associated with that d.0.f. Indeed, it will tend to enhance the modal force error at those 
d.0.f. in set A since the projection matrix will not be "designed" to minimize those errors. 

A generalization of the above partitioning can be obtained by introducing a weighting function 
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to the optimization given by Eqn. 4. In the spirit of statistical estimation, we can select an inverse 
weighting by the variance of the modal force error X i .  This variance reflects the uncertainty of 
the modal force error as a linear function of the errors in the identified modal parameters used 
to compute R j .  If we define the covariance matrix of Ri as Qi ,  and the covariance matrix of 
the measured mode shape $mi as Q, , , then 

mr 

Using Eqn. 8 and Eqns. 4 and 5, we obtain 

Note that a nonlinearity has been introduced, because the modal force error covariance matrix 
Qi is a function of the projection matrix Pi.  This can be handled in a cursory manner by pre- 
dicting Qi based on only the measured partition of Zi , computing an estimate of Pi,  correcting 
Qi , and finally computing a new projection Pi based on the corrected covariance matrix. 

MODEL REDUCTION 

An alternative to the mode shape projection algorithm detailed above is to condense the model 
d.0.f. down to the set of measured d.0.f. There are a number of established techniques for model 
reduction, such as Guyan reduction (Guyan, 1965) and the Improved Reduced System (IRS) 
model (O'Callahan, 1989). The difficult trade-off in model reduction, given that the set of re- 
duced d.0.f. are given as a consequence of the experiment design, is between the accuracy of the 
reduction and the sensitivity of the transformation to model errors. 

Areasonable compromise is to reduce the model to the measurement d.o.f., assess the accuracy 
of the reduced model in terms of its ability to predict the modal parameters of the full-order mod- 
el, and then add a minimum number of additional d.0.f. to the reduction in order to ensure that 
the reduced model predicts the analytical modes to within the uncertainty of the experimental 
parameters. The best choices of additional d.0.f. are either other displacements which would be 
useful in localizing model errors, or generalized d.0.f. such as the fixed interface modes (FIM) 
of the Craig-Bampton component mode synthesis technique (Craig and Bampton, 1968). 

The computation of the impedance residual can now be written as 

COMPUTATION OF THE LOCATION INDICATOR FOR MODEL ERROR 

an gaussi 

E 
Rj = ZiPi@mi 

and an estimate of the variance of the entries in Ri due to assumed zero-m 
on each of the entries of $mi is given by E 

o;(Xi) = ZiPiq)Pi T T  zi (1 1) 
where the noise covariance matrix for the elements of the measured mode shape @ f i  is given by 
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. In addition, we can consider additional variance due to uncorrelated frequency uncertainty, 
although the frequency uncertainty is typically smaller than the mode shape uncertainty, relative 
to their nominal values. It can be reasonably expected (subject to the noise models assumed 
above and knowledge of the modal parameter variances) that an accurate analytical model will 
have impedance residuals R < 3 cr(Ri) . 

We define the indicator as the impedance residual estimate vector Ri normalized by the stan- 
dard deviations of the estimates o(Ri), 

cr(R,(j)) = JZ,(j, :)Piz,P:zi(j, :f 
Therefore, Rj can be viewed as a normalized modal force error vector, which indicates degree 
to which the estimated modal force error from the actual modal data exceeds the normal level 
of force error due to uncertainty in the modal parameters. 

MODAL, PARAMETER VAFQANCE BASED ON RECONCILIATION CRTTERIA 

Since we have accepted standards for model update convergence (e.g. level of Modal Assur- 
ance Criteria, error in frequency estimates), these can be used to determine the modal variances 
which in turn are used to arrive at the Model Error LocaIization Indicator Rj . 

We can determine the variance of the mode shape error C, by determining the expected value 
of the Modal Assurance Criteria (MAC) as a function of E@. The MAC is defined as 

Now assume that the two mode shapes are identical, except for added noise to I)j. It can be 
shown that, if the noise is random and of equal ma nitude across the measured d.0.f. such that 
the covariance matrix of the mode shape is Cq = on(# and the dimension of I) is N, , then 4 

This relation can then be used in reverse, by supposing the expected value of the MAC given an 
ensemble of tests, each of which yields an estimate of the mode shapes. For example, if we as- 
sume the expected value of the MAC is 0.99, then 

EXPERIMENTAL RESULTS: INTERSTATE 40 RIO GRANDE BRIDGE 

The model error localization algorithm detailed in the present paper has been implemented 
and checked on numerical data. Due to space considerations, those results will not be given here. 
Instead, the results below detail the application of the algorithm to damage detection of a highway 
bridge. The bridge in question is one span of Interstate 40 over the Rio Grande in Albuquerque, 
New Mexico. As part of a research effort by Los A m o s  National Laboratory and New Mexico 
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State University, with the support of Sandia National Laboratories, an older section of the bridge, 
slated for destruction, was instrumented and modal tests performed while one of the supporting 
beams of the roadbed was intentionally damaged. A total of 5 modal tests were performed, with 
the bridge in its “pre-damage” condition and at progressively stages of damage. In each test, the 
first 6 modes of the bridge were identified using 26 accelerometers equally spaced on the roadbed 
above the two I-beams which provide the longitudinal bending support. 

The corresponding modes of a finite element model of the bridge are shown in Figure 1. This 
model, composed of beam and plate elements, has 2027 displacement degrees of freedom. Be- 
cause the number of model d.0.f. exceeds the test measured d.0.f. by almost two orders of mag- 
nitude, a sign5cant amount of model reduction and/or mode shape projection is necessary to 
compute an error indicator. In this case, model reduction alone will not suffice. This can be seen 
in Table I. Here the modes of two reduced-order models are compared to the full-order model. 
The Guyan-reduced model, which includes just the 26 measured d.o.f., exhibits considerable er- 
rors, to the point where some modes of the full-order model are not present in the reduced model. 
A second model, using a Craig-Bampton d.0.f. basis comprised of the 26 measured d.0.f. aug- 
mented by 50 fixed-interface modal displacements (modes of the full-order model with the mea- 
sured d.0.f. fmed-to-ground), is sufficient to capture the lower modes of the full-order model. 
To utilize this model, however, mode shape projection must be employed, to determine the dis- 
placements of the experimental modes for the unmeasured fixed interface d.0.f. 
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z r  

I 2 

MODE NUMBER = B FREQUENCY z 4.4215627E+OO 

6 

3 

Figure 1: 1-40 Rio Grande Bridge: Finite Element Modes 

The results of the mode shape projection analysis for the undamaged modal test vectors is giv- 
en in Table II. These tables compare and contrast the basic mode shape projection and the gen- 
eralized weighted least-squares projection proposed in a preceding section of this paper. These 
results are determined for both the full-order model (i.e. projecting the 26 sensor d.of. to the 2027 
model d.0.f.) and for the reduced-order Craig-Bampton (C-B) model using the 50 fmed interface 
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TABLE I: COMPARISON OF MODEL, MODES FOR TWO LEVELS OF MODEL REDUCTION 

Guyan Reduction to Sensor d.0.f. C-B Model to Sensor d.0.f. + 50 FIM Full-Order 
Model 

% % 
Freq MAC Mode Frq Freq MAC Mode Freq Mode Freq 

(Hz) Error (Hz) Error # (Ha # 

1 2.384 1 2.419 1.46 1.0000 1 2.384 0.01 1.0000 
2 2.914 2 2.980 2.28 1.0000 2 2.918 0.16 1 .OOOO 
3 3.483 5 4.499 29.14 0.9848 3 3.483 0.00 1.0000 
4 3.523 3 3.680 4.45 1.0000 4 3.523 0.02 1.0000 
5 3.910 4 4.118 5.31 1.0000 5 3.919 0.23 1.0000 
6 4.046 3 3.680 -9.06 0.9993 6 4.046 0.00 1.0000 
7 4.358 5 4.499 3.23 1.0000 7 4.359 0.03 1.0000 
8 4.422 6 4.812 8.83 0.9999 8 4.433 0.26 1.0000 
9 5.077 1 2.419 -52.36 0.9283 9 5.077 0.00 1.0000 

10 5.504 6 4.812 -12.57 0.9132 10 5.504 0.01 1.0000 

TABLE II: MAC MODEL, VS. PROJECTION OFUNDMGED VECTORS 

C-B Model (n=67) Full-Order Model n=2027 
Mode# MAC Basic Weighted Basic Weighted 

Projection Projection Projection Projection 
1 0.9974 0.0002 0.8454 0.0001 0.9975 
2 0.9928 0.0141 0.9146 0.031 4 0.9931 
3 0.9933 0.01 01 0.741 5 0.031 5 0.9942 
4 0.9778 0.01 90 0.0665 0.2887 0.0806 
5 0.9855 0.01 85 0.9842 0.01 65 0.9756 
6 0.9823 0.0536 0.9882 0.0158 0.9853 

Measured 

modal displacements (i.e. projecting the 26 sensor d.0.f. to 76 total model d.0.f.). One problem 
in evaluating the projections using experimental data is that we do not know the correct responses 
for the unmeasured d.0.f. One method of evaluation? however, is to compare the MAC between 
the projected experimental mode shape and model mode shape to the MAC determined by just 
the measured portions of the two mode shapes. It can be supposed that, if the measured d.0.f. of 
the model are a reasonable sample of the full mode shape, then the MAC determined by the mea- 
sured partition will be representative of the MAC between the full mode shapes. Based on this 
supposition, we can make the following observations. 

First, note that the weighted projection is crucial in determining projected mode shapes which 
are reasonable with respect to the analytical mode shapes. Furthermore, the mode shapes pro- 
jected into the d.0.f. of the C-B model are more reliable than the projection into the full-order 
finite element model. This can be seen particularly with the undamaged vector case. Here the 
MAC between the measured partition of the model’s modes and the test modes are quite high, 
indicating that the model can accurately predict the experimental mode shapes, at least from the 
point of view of the measured d.0.f. The projected mode shapes for the full-order model, how- 
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ever, have significantly lower modal assurance criteria, which would be indicative of either sig- 
nificant modeling error or significant error in the experimental mode shape. The C-B model, on 
the other hand, retains the higher MAC of the measured partitions. Since both models are equiv- 
alent in terms of their ability to predict these modes (as was seen in Table I) it is reasonable to 
attribute these differences to our ability to project the mode shapes into these different displace- 
ment sets. Finally, note that the project of mode 4 for all of the models is significantly in error. 
The cause of these errors is not evident in either the data or the model, but it is likely these is 
some model form error which is not observable from the measured d.0.f. 

The results of the model error localization are shown in Figures 2 through 4. In Figure 2, a 
comparison of the modal force error vector and the error indicator, which is the force vector nor- 
malized by its standard deviation, is shown for the undamaged and full damage cases for mode 
1. The measured d.0.f. showing large force errors for both cases are at sensors 1 and 14, which 
are at the supported ends of the bridge and far away from the actual damage. The error indicator, 
on the other hand, shows that none of the d.0.f. have a significant level of error in the undamaged 
condition, while in the damaged condition many d.of. exhibit indications of damage. In fact, d.0.f. 
20, associated with sensor 20, shows the highest error indicator and is directly above the location 
on the support beam where the structural damage was introduced. Figure 3 shows a composite 
error indicator (root-sum-square of the 6 modess) for the undamaged condition and for damage 
cases 2 through 4. Note again the clear error indicator associated with d.0.f. 20 in damage case 
4. Also, there is a consistent indicator of damage or model error associated with d.0.f. 10-12 for 
all of the cases. This is associated with the undamaged support beam and is not in the same area 
of the bridge as the damage. Finally, Figure 4 shows the composite model error indicator for the 
4 damage cases divided by the pre-damage error indicator. This gives the best indicator for the 
damage, and shows that the damage is not detectable in any of the prior partial damage conditions. 

Undamaged Case 

20 40 60 80 
DOF 

5 
ili2 
-0 

81 
0 
0 20 40 60 80 

Damage Case 4 
2 I 

DOF 

6 ,  

0 20 40 60 80 
nc)F DOF --. 

Figure 2: Comparison of Modal Force and Indicator: Results for Mode 1 
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CONCLUSIONS 

A method for localizing modeling errors using experimental modal parameters has been pre- 
sented. The method is robust in the sense that it incorporates the variance of the experimental 
data used in the localization indicator, and can find errors which would otherwise be masked by 
stiff areas of the structure. The method can utilize a mix of model reduction and mode shape 
projection, and a new mode shape projection algorithm is derived which also incorporates sta- 
tistical measures to reduce bias caused by imperfect experimental data. The method has been 
successfully applied to damage detection in a highway bridge and is currently being implemented 
for use as a pre-processor in test-analysis model reconciliation. 
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ABSTRACT 

Two methods for detecting the location of struc- 
tural damage in an aircraf€ fuselage using modal test 
data are presented. Both methods use the dynamical- 
ly measured static flexibility matrix, which is assem- 
bled from a combination of measured modal vectors, 
frequencies, and driving point residual flexibilities. 
As a consequence, neither method requires a mode- 
to-mode correlation, and both avoid tedious modal 
discrimination and selection. The first method de- 
tects damage as a softening in the point flexibility 
components, which are the diagonal entries in the 
flexibility ma&. The second method detects damage 
from the disassembled elemental stiffhesses as deter- 
mined using a presumed connectivity. Vibration data 
from a laser vibrometer is used to measure the modal 
mechanics of a DC9 aircraft fuselage before and after 
induced weakening in a longitudinal stringer. Both 
methods are shown t o  detect the location of the dam- 
age, primarily because the normal stifjkess of the re- 
inforced shell of the fuselage is localized to  a few 
square centimeters. 

INTRODU CTlON 

In the development and maintenance of aero- 
space and civil structures, the ability to  evaluate the 
integrity of the structure is an increasingly impor- 
tant technology. Commercial aircraft, for instance, 
are remaining in service long past their designed life- 
time because replacement costs are impractical. For 

this reason, structural inspection must be done at 
regular intervals but with minimal impact on the op- 
eration of the aircraft. Consequently, inspection tech- 
niques which require little or perhaps no dissection of 
the aircraft are important to maintaining their safe- 
ty- 

Assessing the strvctural condition without re- 
moving the individual structural components is 
known as non-destructive evaluation W E )  or non- 
destructive inspection (NDI). Many NDE methods 
have been developed, and a good overview of the var- 
ious techniques is presented by Witherell 113. Exam- 
ples of these techniques include visual inspection of 
cracks and dye-penetrant inspection of cracks. W e  
techniques such as these directly detect damage as 
discontinuities in the physical properties of the struc- 
ture, they are time consuming and labor intensive be- 
cause they are highly localized measurements. To 
address these problems, researchers have been re- 
cently developing an entirely different set of tech- 
niques based on the interpretation of measured 
changes in the global mechanical properties of the 
structure. These more global methods of damage de- 
tection can potentially reduce the required number of 
locations which must be inspected by the highly local- 
ized direct NDE methods. 

The use of modal test data to locate structural 
damage is one approach for determining changes in 
the global mechanical properties of a structure. This 
is primarily because modal techniques for data re- 
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duction and analysis are well developed for other ap- 
plications, so existing modal test facilities and 
methods can be utilized for NDE. Also, modern data 
acquisition systems allow the acquisition, processing, 
storage, and analysis of hundreds or thousands of 
channels of data. Since it is desirable to assess the 
condition of a structure in its operating environment, 
the ability to make modal measurements remotely 
and quickly minimizes the impact on the operation of 
the structure. 

One particular method for detecting damage us- 
ing optimal matrix update is called Minimum Rank 
Perturbation Theory (MRPT). This technique models 
the changes to the structure as rank-one updates of 
the mass, damping and stiffness matrices. This 
method was developed by Zimmerman and Kaouk 
[2], [3], [41, and has been used extensively for damage 
detection, primarily in truss structures. For exam- 
ples of applications of this technique to NDE prob- 
lems, see Zimmerman and Simmermacher [51, 
Zimmerman, et. al. [61, and Kim and Bartkowicz [7]. 

Another class of methods for FEM update which 
has been used for NDE is known as sensitivity-based 
matrix update. A sensitivity-based method which 
computes the sensitivity of the global structural 
mass and stiffness matrices at the structural element 
level has been developed by Hemez and Farhat [$I, 
[9] and applied by Doebling, et. al. [lo], Ell]. Also, a 
method that was originally developed for control de- 
sign, known as the eigenstructure assignment ap- 
proach, has also been applied to NDE using modal 
test data. This technique has been applied to the 
damage detection problem by Zimmerman and 
Kaouk [12] and Lim and Kashangdki [131’,E141,[151. 

The above techniques share a common problem 
in that in some form they all require the correlation 
of modal vectors from one damage condition to anoth- 
er. This can sometimes lead to ambiguous results, es- 
pecially when the damage causes very large changes 
in the modal vectors. The research described in this 
paper is attempting to avoid this problem through 
the use of the measured static flexibility matrix. By 
combining all of the measured modes, frequencies, 
and residual flexibility coefficients, it contains a com- 
plete set of data to describe the static behavior of the 
structure. Thus, there is no need to find a correspon- 
dence between the measured modes of Meren t  data 
sets, since all the modes are used in each case. The 
theoretical basis for this approach to measuring flex- 
ibility is presented in References 1163 and 1171. 

In this paper, the dynamically measured static 
flexibility matrix is used with two different tech- 
niques to  find damage in a stringer of a DC9 aircraft 
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fuselage. In the first method, damage is indicated by 
changes in the point flexibility of the structure. Point 
fleAbilities are the diagonal components of the flexi- 
bility matrix, and they are physically the deflection 
in a measured degree of freedom (DOF) due to  a unit 
force at the same DOF. The second method uses an 
algebraic disassembly of the flexibility matrix along 
a presumed finite element connectivity pattern. Both 
of these techniques are shown to indicate the location 
of the damage in the aircraft fuselage structure. 

This paper is organized into three additional sec- 
tions. The theoretical development section explains 
how the measured flexibility matrix and the calculat- 
ed residual flexibility are collected into a complete 
flexibility matrix. Then, the experimental configura- 
tion and procedures are explained, followed by a pre- 
sentation and discussion of the results. 

THEORETICAL DEVELOPMENT 

Experimental Measurement of Static Flexibilitv 

The flexibility matrix, [ G] , relates the static dis- 
placement vector’, {u} , of a structure to the static 
force loading vector, { F} , according to 

For a restrained structure, the columns of [GI repre- 
sent the displacements of the structure under a static 
unit load applied at that column’s DOF. For an unre- 
strained structure, the columns of [ G] are inertia re- 
lief modes of the structure due to a static unit load at 
the corresponding DOF. 

Measuring the flexibility matrix using static test 
methods is impractical because of dEculties apply- 
ing static loads under the proper boundary condi- 
tions. It has long been recognized that modal data 
can be used to form an approximation t o  the static 
flexibsty using the measured modes. In this man- 
ner, [ GI ’, may be approximated as, 

where [A,] and [an] represent the measured eigen- 
value and mass-normalized eigenvector matrices, re- 
spectively, and [G,] is the residual flexibility of 
modes outside the test set. In some situations, [G,] 
wi l l  be small. However, as shown in 1161 and [171, 
this depends on the richness of the test set and also 
the subspace spanned by the input locations. When 
the residual flexibility is significant, References [161 



and 1171 provide several methods for approximating 
[G,I * 

Damage Detection Using Measured Point 
Flexibili ties 

Once the complete flexibility matrix is approxi- 
mated, the point flexibilities can be used to find dam- 
age locations. Point flexibilities are the diagonal of 
the flexibility matrix: 

{G,} = diag[G] . (3) 

Physically, point flexibilities are the static deflection 
in a measured DOF caused by a unit force input at 
the same DOF. Damage is located by a “softening“ in 
the point flexibility of a DOF. This method is most ap- 
plicable to plate-like structures with simple (Le. lo- 
calized) connectivity. 

Damage Detection Using Disassembled Elemental 
Flexibilities 

Another method for finding the damage in the 
aircraft is to use the algebraic disassembly of the 

. flexibility matrix. A connectivity must be assumed to 
apply this method, and its success largely depends on 
the accuracy of that presumed connectivity. The flex- 
ibility matrix is disassembled using the algebraic di- 
rect disassembly formulation given in Reference [181. 
In this approach, the following linear algebra prob- 
lem is solved for unknown elemental stiffnesses: 

in which A, are elemental stiffness eigenvectors cor- 
responding t o  elemental stiffness parameters p a .  
Damage is detected by averaging the disassembled 
p a  over individual elements and then compared be- 
fore and after damage. Again, a “softening” of the av- 
eraged stiffness of an element indicates damage. 

EXPERIMENTAL CONFIGURATION AND 
PROCEDURE 

Test Article and Data Acauisition Svstem 

many of the experimental uncertainties and no&- 
earities seen in practical field modal testing (see Fig- 
ure (1)). A Zonic LAZON system was used to acquire 
and process the test data for all tests. This system 
consisted of two major hardware components: an 
Ometron Scanning Laser Vibrometer and a Zonic 
Workstation 7000. The Workstation 7000 is a multi- 
channel, real time, FFT-based analyzer and data ac- 
quisition system. The system also included the 
following software: Zonic A&D Engineering and Test 
Analysis (ZETA) and LSI. Zeta is a general data ac- 
quisition and real time analysis package. LSI is a 
user interface t o  ZETA written specifically for use 
with the scanning laser vibrometer. 

The Workstation 7000 used three analog output 
channels. Channels one and two were used to drive 
the x and y position of the laser beam. Channel three 
provided a random output signal to drive a 501b elec- 
trodynamic shaker. An accelerometer and load cell 
were place at the force input location to allow a driv- 
ing-point Frequency Response Function to  be mea- 
sured. Three analog input channels were also used. 
The first channel acquired data from the load cell. 
The second acquired all driving-point accelerometer 
data. Redundant driving-point data sets were ac- 
quired for each laser scan point. The third input 
channel acquired all laser data. 

The force was input to the skin of the DC9 fuse- 
lage through an aluminum pad and dental cement. 
The force was continuous, random excitation with a 
lower frequency bound of 5OHz and an upper fie- 
quency bound of 1250Hz. The maximum force inputs 
were 5 pounds or less. Data was acquired from a grid 
of 38 inches by 14 inches on a 1 inch spacing for a to- 
tal of 585 measurement points. The laser head was 
positioned on a tripod at a working distance of 75 
inches from the surface. The System 7000 calculated 
FRFs and coherence functions in real-time and saved 
these functions for detailed post-test analysis at a 
later time. A Hanning window was used in the band 
of 0-1250 Hz with 10 measurements ensembles and a 
block-size of 1024. The acquisition mode was contin- 
uous with a 50% overlap. The data acquisition took 
approximately 1.5 hours for a complete scan. 

The laser scan area covered a stringer which had 
been previously cut, as shown in Figure (2). For the 
“undamaged” data collected in this paper, the string- 
er was “repaired” using metal plates as shown in Fig- 
ure (3). 

The forward fuselage of a DC9 aircraft was used 
as the test article for a series of induced damage tests 
on an actual structure. This test article contains 
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Figure 1. Photograph of DCSTest Article and Data Acquisition System 

Figure 2. Photograph of Damaged Stringer 

a 
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Undamaged Configuration 

Damaged Configuration 

Figure 3. Repair of Previously Damaged Stringer to Simulate Damaged and Undamaged Configuration 

RESULTS 

Modal Analvsis Procedure 

The F ” s  were estimated using IDEAS. The 
ERA/DC method of analysis was applied to a 23,400 
x 500 Hankel masix. Details of the particularly effi- 
cient algorithm used in this procedure can be found 
in Reference [191. A frequency domain m e  fit was 
performed on the data, as described in Reference 
[ZOI. The m e  fit obtained for the undamaged driv- 
ing point FRlF is shown in Figure (4). The model in- 
cludes approximately 80 modes, which means that 
the data is ((over identified,” meaning there are more 
modes identified than actually exist in the measured 
frequency spectrum. This was done to save time on 
modal identification, and to  demonstrate the insensi- 
tivity of the measured flexibility matrix to  spurious 
noise modes remaining in the modal set. Total modal 
analysis time was less than twenty minutes. 

Damape Detection Usinp Point Flexibilities 

The flexibility matrix was calculated from the 
data as explained above. In the first method exam- 
ined in this research, damage was indicated by a local 
softening of the aircraft skin as measured by the 

a 

point flexibilities. The damage is located on a hori- 
zontal stringer midway between two vertical l imes.  
Figure (5) shows that the point flexibilities found the 
damaged area of the aircraft structure. Frames are 
located on the right and le& sides and also down the 
middle of the test section. Stringers are located on 
the top, bottom, and middle of the test section. Notice 
that the reduced flexibility over the stringers and 
frames reflects the geometry of the structure. Also 
note that the skin between stringers and frames is 
much more flexible. The two plots on the right side of 
Figure (5) plot the point flexibility as a vertical dis- 
placement. In both figures, the vertical scale is the 
same, and the measurement DOF over the skin pan- 
els have been omitted for clarity. 

Damage Detection Using Disassembled Elemental 
Flexibilities 

In this approach, only nodes along the damaged 
stringer were used for the connectivity. Nineteen six 
piece spring elements were used (see Figure (6)). The 
damage is located at element ten. As shown in Figure 
(71, the element stiffness of element ten is much low- 
er for the damaged case than for the undamaged 
case. 

287 



i 

I 
200 400 6M) 600 loo0 1200 1400 

f Mr) 
Data 

Figure 4. FRF for the Undamaged Driving Point Curve Fit 
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1 19 
Figure 6. Six-Piece Spring Element Connectivity Distributed Along Damaged Stringer 
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Figure 7. Element Stiffness Plot for Undamaged and Damaged Data 

CONCLUSIONS 

Two methods for damage detection in aircraft fu- 
selages using modal test data have been introduced 
and experimentally applied. Both methods use the 
dynamically measured static flexibility matrix, 
which is assembled &om a combination of measured 
modal vectors,'f?equencies, and driving point residu- 
al flexibilities. As a consequence, neither method re- 
quires a mode-to-mode correlation, and both avoid 
tedious modal discrimination and selection. This 
leads to a tremendous savings in modal analysis 
time, because semi-automated modal discrimination 
can be applied. Any remaining noisy or numerical 

L 

modes apparently have little impact on the final flex- 
ibility matrix. 

The f&st damage detection method detects dam- 
age as a softening in the point flexibility components, 
which are the diagonal entries in the flexibi3ity ma- 
trix. The second method detects damage h m  the dis- 
assembled elemental stiffnesses as determined using 
a presumed connectivity. Vibration data from a laser 
vibrometer was used to apply these methods to a DC9 
&cr& fuselage in which damage was artificially in- 
duced in a longitudinal stringer. In these results, the 
point flexibility method successfully and unambigu- 
ously locates the damaged stringer. The disassembly 
results are less successful. This is largely due to the 
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inadequ cy of the presumed elemental connectivity 
used in applying the disassembly method, and be- 
cause the measured flexibility is not statically com- 
plete. 
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Abstract 

This paper discusses ongoing work to develop strucNal health monitoring techniques for composite aerospace 
structures such as aircrafl control surfaces, fuselage sections or repairs, and reusable launch vehicle fuel tanks. The 
overall project is divided into four tasks: operational evaluation, diagnostic measurements, information condensation, 
and damage detection. Five composite plates were constructed to study delaminations, disbonds, and fluid retention 
issues as the initial step in creating an operational system. These four square feet plates were graphite-epoxy with 
nomex honeycomb cores. The diagnostic measurements are composed of modal tests with a scanning laser vibrometer 
at over 500 scan points per plate covering the frequency range up to 2000 Hz. This data has been reduced into 
experimental dynamics matrices using a generic software package developed at the University of Colorado at Boulder. 
The continuing effort will entail pedorming a series of damage identification studies to detect, localize, and determine 
the extent of the damage. This work is providing understanding and algorithm development for a global NDE 
technique for composite aerospace structures. 

Introduction 

Composite materials are used in a variety of aerospace applications including aircraft control surfaces, fuselage 
sections and repairs, and reusable launch vehicle fuel tanks. Composite mctures offer numerous advantages over 
metallic structures including light weight, high strength, corrosion resistance, elimination of rivets, and time savings 
in installation. While composite structures are used extensively in military applications, their use in commercial 
aviation has encountered design difficulties associated with application, subsequent inspection, and long-term 
endurance. Also, it has been generalIy accepted that composite fuel tanks wiII be a critical element in the development 
of reusable launch vehicles, however rapid and reliable field-inspection&chniques will be required to verify the flight 
status of these structures. This determination of the current state of health and/or assurance of installation requires that 
flaws such as disbonds, interply delaminations, fluid ingress, and adhesive failure must be located and evaluated. 
Because of the increasing use of composites on commercial aircraft and the potential economic impact of reusable 
launch systems, it appears that the demand for composite health monitoring techniques will increase. 

Most composite inspections are perFormed with the human eye or using the non-scientific tap test. Inconsistencies in 
these inspection results have prompted industry to look at more advanced NonDestructive Inspection (NDI) 
techniques. Also, the desire to revolutionize the efficiency of these inspections has driven the recent work to develop 
wide area or global inspection techniques which can rapidly monitor large structures in the field. Structural dynamics 
provides a well understood and global set of properties to utilize in such a development. The field of Structural Health 
Monitoring utilizes structural dynamics properties to inspect, monitor, and assess operational structures for continued 
service. Development work is being performed in four areas: operational evaluation, diagnostic measurements, 
information condensation, and damage identification. The current status of this work and its specific application to a 
set of composite test articles will be the subject of this paper. 

Operational Evaluation 

Operational Evaluation is the process of evaluating the expected damage types, determining realistic accumulation 
models, and developing the appropriate test procedures for the operational structure and its environment throughout 
the service life. Engineered-flaw specimens, resonant fatigue testing, and ambient excitation testing have been the 
major developments for this aspect of the work. Only engineered-flaw specimens have been used to date in the work 
reported herein. Final application of structural health monitoring to structures in the wil l  require damage 
accumulation studies from fatigue tests and operational evaluation tools such as ambient exciation testing. 
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For this work, a series of five plates have been designed and built with a series of flaws engineered into the 
construction. The effects of these flaws can then be studied by comparing the response of different plates. The plates 
are 24 inches by 24 inches constructed of a .5 inch thick Nomex honeycomb core sandwiched between four ply T300 
plain weave graphite cloth panels. The graphite lay-up is [-45,0,90,45]. A layer of hysol film adhesive bonds the 
graphite panels to the honeycomb core. Plate #1 has no engineered flaw and is considered the undamaged specimen. 
Plate #2 has a four inch diameter disbond (created with a teflon disk) in the geometric center of one graphite panel. 
Plate #3 has a four inch diameter region of the honeycomb core (located in the geometric center of the plate) lUed 
with fluid. The individual honeycomb cells surrounding the fluid are potted to contain it. Plate #4 uses a teflon insert 
to produce a four inch diameter delamination between plies 2 and 3 at the geometric center of one graphite panel. 
Plate #5 contains two of the four inch diameter disbonds located at the geometric centers of opposing quadrants of a 
graphite panel. A four inch diameter dehn.ination, and a four inch diameter fluid ingress section are at the geometric 
centers of the two remaining quadrants. Figure 1 shows a schematic for plate #2. Initial results from this plate wilI be 
shown in a later section. These three types of flaws in the plates represent common flaws seen in composite aerospace 
structures. 

4" Dia Disbond in Geometric Center Outer Plates 
(4 plies each) 

I\ '(- of Composite Honeycomb Panel 

I 

L A  

01 Fiirn Adhesive ----- 

4" Dia Circle of Fiim 
Adhesive Removed and 

d with a Teflon Insert 
-__--  

Nomex Honeycomb Core 
----- 

Configuration GH-2 

Section A-A 

Figure 1. Plate #2 with Four Inch Diameter Disbond in Center 

Diagnostic Measurements 

Diagnostic Measurements which can monitor large areas (from several to hundreds of square feet) on realistic 
structures (such as aircraft fuselages) with a large number of measurement points (up to 2000) over a large fiequency 
band (up to 2000 Hz) are required for performing structural health monitoring via dynamics. Noncontact techniques 
such as scanning laser vibrometry and laser holography have been used to perform these functions. Zonic MD's  
LAZON system was used as the data acquisition system for the diagnostic measurements discussed in this work. This 
system consists of two major hardware components: an Ometron Scanning Laser vibrometer and a Zonic Workstation 
7000. The Workstation 7000 is a multichannel, real time, FET-based analyzer and data acquisition system. The 
System 7000 uses three analog output channels. Channels one and two are used to drive the horizontal and vertical 
positions of the laser beam. Channel three provided a random output signal to drive a Wilcoxin hybrid 
piezoelectric/electro-mechanical shaker. Force was input to the panel via an acrylic stinger, a 5 lb load cell, an 
aluminum pad, dental cement, and aluminum tape. Three analog input channek were also used on the Workstation 
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7000. The first channel acquired information from the load cell. The second channel acquired information from a 
driving point accelerometer. And the third channel acquired all velocity data from the vibrometer. 

A measurement grid of 23 by 23 scan points (529 total points) on one inch centers and a .5 inch border was used on 
the pIate. The scanning vibrometer allows an order of magnitude increase in the number of measurement points over 
traditional discrete sensors with a marked decrease in set-up time. This makes it a unique device for obtaining high 
density (both spatial and frequency) measurements for structural health monitoring applications. A velocity over force 
Frequency Response Function (FRF) and the associated coherence function were calculated and saved for each scan 
point. The data set discussed herein utilized a bandwidth of 0-2500 Hz which is much broader than is typically 
acquired by traditional accelerometers. A block size of 1024 with 10 averages and 50% overlap were used for FRF 
calculations. The data acquisition for each plate takes about 1.5 hours. Figure 2a provides a photograph of the test 
setup used for the composite plates as seen from the side. The plate is seen suspended in a fiee-free fashion and 
covered with white dye penetrant to enhance the laser reflectivity. The shaker and stinger are also seen. Figure 2b 
shows the same configuration as seen from the rear. The scanning laser vibrometer is seen facing the plate. 

Figure 2a. Experimental Configuration for 
Composite Plates (Side View) 

Figure 2b. Experimental Configuration for 
Composite Plates (Rear View) 

Information Condensation 

The amount of data which is generated from 530 measurement points (counting the driving point accelerometer) in the 
range of 0 to 2500 Hz with up to 100 significant modes is staggering when conventional processing techniques are 
applied. Therefore, more automated and robust techniques are needed to process the data and provide the necessary 
parameters to perform damage identitication. Also, techniques which use mode-to-mode comparisons for damage 
identification are not inherently automatable. Hence, numerical manipulations which combine all the modal 
information are most useful. One such manipulation entails collecting the modal information into experimental 
dynamics matrices (mass, damping, and sti.€€ness matrices) [1,2]. These entities combine the modal information into a 
form which is amenable to more detailed analyses by damage identification algorithms as will be mentioned in the 
next section. The data is currently being processed into such forms. 

Another class of mathematical entities have proven extremely useful for rapid visualization of changes due to damage 
and have been applied to this data set. Flexibility shapes are a linear combmation of all modes in the data and are 
more robust and sensitive to the damage than individuaI mode shapes [3]. This idea has been expanded to create a full 
flexibility matrix [4] which is an inverse of the stiffness matrix. Such an approach provides a robust reduction of the 
data which maintains the local shape information in a frequency-independent form. Hence mode-to-mode 
comparisons before and after damage are not required. Also, the system can be "over-identified" meaning that such 
anomalies as split modes, noise modes, or false modes due to nonlinearities have much less effect on the final data 
form [5].  Hence, the procedure becomes much more automatable. This processing has been completed for the plate 
data and is discussed next. 



Figure 3a shows the diagonal values of the flexibility matrix {called driving-point flexibilities) for plate # 1 
(undamaged) plotted as a mesh (z axis) over the geometric location (x and y axis) on the plate. Physically, these 
values represent the displacement which would result for a unit force at each scan location. This is an enlightening 
and rapid method for visualizing the info&tion availabIe in the flexibility matrix. The processing needed to obtain 
this plot was approximately 20 minutes. In general, the flexibilities of the plate are uniform. Figure 3b shows the 
driving point flexibilities for plate #2 (disbond). The plate is seen to be much more flexible than plate #I. However, 
specific location of the damage is not available with this level of processing. The asymmetric nature of the response is 
due to boundary condition effects, specifically the stiffening which results from the stinger attachment. It should be 
noted that these plots represent only the diagonal values of the flexibility matrix. Much more information is available 
on the offdiagonal terms which relate displacement at each scan point to a unit input force at another scan point. Part 
of the on-going work is to interpret the entire flexibility matrix and will be mentioned in the next section. 
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Figure 3a. Driving-Point Flexibiiities for 
PIate #1 (Undamaged) 

Figure 3b. Driving-Point Flexibiiites for 
Plate #2 @isbond in Center) 

The driving-point flexibilites for the plate #3 (fluid-filled section) show a change in the flexiiility when compared to 
plate #I. Since the mass properties changed, the mode shapes (and the reconstructed flexiiility matrix) which 
changed as well. The driving-point flexibilities for plate #4 (delamination) shows the least change fiom plate #I.  
This suggests that the delamination flaw provides less of an impact on the stiffness properties of the plate than the 
disbnd (at least in the frequency band measured). It could be expected that this flaw would provide a greater effect on 
some of the higher modes. In fact, it is presumed that the detached section of the outer plies should have a local 
resonance. The driving-point flexibilities for plate #5 (all damage cases) show flexibility changes that are not as great 
as with plate #2. However, the center of this plate is intact as opposed to plate #2. Hence, location of the flaw has an 
impact on the results at this level of processing. Both plate #3 and plate #5 contain a fluid filled section and both 
show an increase in the magnitude of the flexibility values at the comer nearest the driving point This is opposite of 
what is seen in the other three plates. This suggests that mass property changes may contain a unique signature. 
Again, it must be noted that this is only the initial cursory survey of the data. More advanced processing is required to 
determine specific information about the different flaw scenarios. This processing is undenvay and will be discussed 
in the next section. 

Damage Identification 

Damage Identification is the process of operating on the experimental data reduced using techniques described in the 
previous section to detect, localize, and calculate the extent of the damage. Current work is underway to disassemble 
the stiffness (or flexibility) matrix to determine localized stiffness parameters. The magnitudes of these parameters 
will then be compared before and after damage [6]. This takes into account all offdiagonal terms which were ignored 
in the previous driving-point flexibility analysis. Other damage detection techniques which are under consideration 
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include the Minimum Rank Perturbation Theory (MR.PT) [7], Structural Translation and Rotation Error CHecking 
(STRECH) [3], or Strain Energy Comparisons [SI. 

Conclusions 

The development of a structural health monitoring capability using dynamics involves four tasks: operational 
evaluation, diagnostic measurement, information condensation, and damage identification. This process has begun for 
composite aerospace structures. The initial work in operational evaluation has centered around the creation of five 
composite plates with engineered flaws. Diagnostic measurements using a scanning laser vibrometer have been 
performed using 529 scan points and a frequency range of 0 to 2000 Hz. This information has been condensed into 
experimental flexibility matrices. An initid study of the flexibihty shapes reveals detectable changes in the plates for 
disbonds and fluid retention. Continuation of this work will use damage identification techniques to obtain more 
quantitative information on the existence, location and extent of damage. Follow-on work will use accelerated tests 
such as resonant fatigue testing to study damage accumulation followed by development of field testing procedures. 
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