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Structural Damage Detection Using Constrained
Eigenstructure Assignment
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System health monitoring of aerospace vehicles is important not only for conducting safe operation but also for
maintaining system performance. Structural health along with sensor and actuator malfunction must be monitored
to perform the system health monitoring. As a step toward developing a system health monitoring scheme, this
paper investigates structural damage detection using a constrained eigenstructure assignment. The eigenstructure
assignment is selected for the investigation since it may be used not only to perform structural damage detection
but also to monitor the sensor and actuator performance in a unified manner. To employ the eigenstructure
assignment in the framework of structural modeling and modal testing, a concept of constrained eigenstructure
assignment is developed. The constrained eigenstructure assignment makes it possible that the computed feedback
gains correspond directly to the structural parameter changes. To demonstrate the capability of the approach, a
20-bay planar truss structure is employed. Modal tests are performed using 11 accelerometers for the undamaged
structure and several missing member damage cases. Then the test modes are used to locate the missing member.
In spite of incomplete mode shapes and test inaccuracies, accurate damage detection is conducted.

Introduction

NVISIONED future spacecraft are expected to be assembled

on-orbit to achieve necessary size while maintaining accept-
able launch economy. Although larger and more complex than their
predecessors, they must meet stringent attitude, pointing, and shape
control requirements to support precision scientific instruments and
payloads on board.! Distributed sensors and actuators are expected
to be employed to meet the performance requirements for the flexible
spacecraft. To achieve the desired performance, accurate mathemat-
ical modeling and verification of structural dynamic characteristics
are essential. Also, to maintain the performance during the expected
lifetime of the spacecraft, the integrity or the health of the spacecraft
needs to be monitored periodically. The structural damage detection
method investigated in this paper is based on the idea that system
performance changes resulting from structural damage can be quan-
tified by measuring eigenvalues and eigenvectors. In other words,
eigenvalues and eigenvectors are monitored periodically to detect
significant changes, and they are used to locate structural damage.

Numerous researchers have studied structural damage location
methods using modal test data. These methods can be classified
based on the ways of defining the structural model and design pa-
rameters, utilizing the experimental data, and estimating the param-
eters. The class of methods that has been explored most widely is
known as optimal matrix update. The goal of the optimal matrix
update is to seek the minimum changes in the original stiffness ma-
trix to match accurately the measured modes and frequencies.?™
Once the optimal matrix updates are computed, a second step is
necessary to correlate the matrix updates to physically meaningful
structural parameter changes. This step may not be straightforward
when several structural members are connected to a finite element
node.

Another class of methods are sensitivity-based update methods.
These methods start with the derivatives of the eigenvalues and/or
eigenvectors to changes in material and physical parameters. These
sensitivity coefficients are then used to calculate changes in the pa-
rameters that would force the analysis frequencies and modes to
match those measured in a test.” Various optimization techniques
can be used to converge on near-optimal solutions. These methods
generally require considerable computational expenses. For model
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refinement, the first-order approximation in computing eigenvalues
and eigenvectors works properly since the changes in structural pa-
rameters from the initial model to the refined model may be small.
For damage detection, this first-order approximation may be inac-
curate since a large parameter change due to damage needs to be
detected. Consequently, the sensitivity-based approach using the
first-order approximation is inadequate for damage detection.

Control system designers have traditionally used eigenstructure
assignment techniques to force a structure to respond in a predeter-
mined way. For model refinement and damage location, the desired
eigenstructure, i.e., eigenvalues and eigenvectors, is the one that
is measured in the test. Minas and Inman!® and Zimmerman and
Widengren'! have derived methods that determine the pseudo- (fic-
titious) controller required to produce the test eigenstructure. The
control gains can then be translated into matrix adjustments applied
to the initial finite element model. Zimmerman and Kaouk'? applied
this eigenstructure model refinement algorithm to structural dam-
age detection. A major difficulty associated with Zimmerman and
Kaouk’s approach is that the method identifies matrix coefficients
changes and thus requires an additional step of identifying structural
members corresponding to the changes. This additional step will not
be straightforward for complicated spacecraft structures. Also, the
method requires a solution of a generalized algebraic Riccati equa-
tion, and an iterative solution is proposed to preserve the load path of
the undamaged structure, i.e., to maintain the zero—nonzero pattern
of the undamaged stiffness matrix. When a structural member is
completely damaged, an initial load path is broken. Thus, preserv-
ing the load path for damage detection may not be valid for damage
cases of entire loss of stiffness.

To perform the system health monitoring, structural health along
with sensor and actuator malfunction must be monitored. As a step
toward developing a system health monitoring scheme, this research
investigates structural damage detection using a constrained eigen-
structure assignment. The eigenstructure assignment is selected for
the investigation since it may be used not only to perform structural
damage detection but also to monitor the sensor and actuator perfor-
mance in a unified manner. The constrained eigenstructure assign-
ment makes it possible that the computed feedback gains correspond
directly to the structural parameter changes without enforcing the
zero—nonzero pattern of the initial stiffness matrix. Thus, detection
of both partial and complete loss of stiffness is possible, and the ad-
ditional step of correlating matrix coefficient changes to structural
parameter changes is avoided. Also, the proposed approach requires
neither a solution of algebraic Riccati equation nor iteration to con-
verge to a solution.
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Fig.1 Damage detection process.

The overview of the damage detection process employed in this
paper is shown in Fig. 1. Modal tests are conducted periodically
and eigenvalues and eigenvectors (frequencies and mode shapes)
are measured to monitor changes in measured modes. When the
changes are significant, i.e., larger than the usual measurement un-
certainty level, the damage detection process is initiated. Otherwise,
the structure is assumed to be healthy or the damage, if exists, is
undetectable. In the damage detection process, the measured eigen-
values and eigenvectors are treated as “desired” eigenvalues and
eigenvectors for the eigenstructure assignment algorithm to achieve
using a feedback control. The location of damage is first identified
and the magnitude is estimated. Then, the frequencies and mode
shapes of the damaged structure are computed reflecting the loca-
tion and magnitude of damage. If the analytical modes agree with
the test modes within measurement accuracy, the damage detection
process is completed. Otherwise, the process will continue until all
the damaged struts are identified.

To demonstrate the capability of the approach, a 20-bay planar
truss structure is employed. Modal tests are performed using 11
accelerometers for the undamaged structure and several missing
member damage cases. Then the test data are used to locate the
missing member. The results of damage detection are presented.

Location of Structural Damage

The equation of motion governing the response of an n-DOF
(degree-of-freedom) structural system is represented as

M5 + Dx + Kx = Fu )

where M, D, and K are the n x n system mass, proportional damp-
ing, and stiffness matrices, respectively; x is a physical displacement
vector; # is a p x 1 vector of control forces; and F is ann x p con-
trol influence matrix. Finite element analysis is often used to gener-
ate this discretized analytical model of the system. The undamped
eigenvalue problem associated with Eq. (1) becomes
(MM+K)$ =0 for i=12,... Q)
where ; and ¢; are the ith eigenvalue and eigenvector, respectively.
For a typical modal test, a limited number of transducers (e.g.,
accelerometers) are used. Thus, measured mode shapes are available
only at the test DOF, where transducers are placed. The size of the
test DOF is typically much smaller than that of the finite element
DOF. To provide compatibility in size between the test and analysis
mode shapes, either the test mode shapes are expanded*'? or the
system matrices are reduced,'® at the expense of losing accuracy.
This loss of accuracy can create serious difficulty in performing
damage location. The best achievable eigenvector concept!®!® is
employed in this paper to perform the expansion of test mode shapes.
For the purpose of illustrating the constrained eigenstructure
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Fig. 2 Mass-spring system.

assignment approach, consider the mass—spring system shown in
Fig. 2a. The system mass and stiffness matrices are defined as

m 0 0
M = 0 my 0
0 0 ms
ki + ko —ks 0
K= —ky  kyt+ks —ks3 (3)
0 ~ks3 ks
with
x = {x1 x» x3}T 4

Parallel to the springs, active control forces are added, as shown in
Fig. 2b. Then, the F matrix in Eq. (1) becomes

1 -1 0
F=10 1 -1 (®)]
0 0 1
with
u = {uyupus)’ (6)

The added control forces represent the force differentials gener-
ated due to the loss of stiffness caused by structural damage. The
control influence matrix plays an important role in the eigenstruc-
ture assignment process since it provides constraints in computing
feedback gains that are physically meaningful for structural damage
detection.

Since the control forces represent changes in stiffness properties,
consider a displacement output feedback control with collocated
sensors and actuators as

u=—Gy O]

where G is a gain matrix andy is a vector containing output feedback
variables. Relative displacement measurement becomes

y=d=F'x (8

where d is a relative displacement vector. From Egs. (7) and (8), the
control force becomes

u= -—GFTX (9)

Substitute the control force in Eq. (9) into the equation of motion
(1) and rearrange to obtain

Mi +Dx + K+ FGF)x =0 (10)

The gain matrix pre- and postmultiplied by the control influence
matrix is used to modify the system stiffness matrix. The control
influence matrix F plays a role of redistributing the gain matrix
to appropriate finite element DOF. Assume that the gain matrix is
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diagonal. Then the changes in the stiffness matrix due to control
force j, which corresponds to structural member j, can be written as

AK; = F;g,F" = g;FF] an
where F; is the jth column of F and g; is the jth diagonal element of
G. Each diagonal element of the gain matrix represents the change
in the corresponding spring stiffness coefficient.

For the type of truss structure used in this investigation, the
changes in mass and damping properties due to the removal of a strut
were not significant. Thus, changes in mass and damping proper-
ties due to damage are not considered in this paper. However, using
displacement and velocity feedback simultaneously, the changes in
both stiffness and damping properties can be identified.'® By consid-
ering an acceleration feedback, the changes in mass properties may
also be identified. Further investigation is needed to be able to detect
changes in mass, damping, and stiffness properties simultaneously.

The gain matrix is now obtained to match the measured eigenval-
ues and eigenvectors, Consider the eigenvalue problem associated
with Eq. (10) as

[\¥M + 1D + (K + FGF™)]¢{ =0 (12)
where k;l and ¢f1 are the ith desired eigenvalue and eigenvector.

They are the measured eigenvalue and eigenvector from the test.
Consider the jth structural member and rearrange Eq. (12) as

-1
¢ = M+ XD +K) FiF(—gi¢) (13
Define
L= (M +\D+K) FFT (14)
nh = —g,4f (13)

to obtain, from Eq. (13),
¢ =Ly, (16)

Equation (16) indicates that the desired eigenvector ¢;’ mustreside in
the subspace spanned by the columns of L;;. The desired eigenvector
typically does not precisely reside in the subspace due to modeling
and measurement errors. In this case, the eigenvector that is as close
as possible, in the least-squares sense, to the desired eigenvector can
be computed as'*!*

8 = Ly Lo a7

where ¢f; is referred to as the best achievable eigenvector and the
superscript plus indicates a pseudoinverse.

Figure 3 illustrates the relationship between the vectors ¢;; and
#¢ as well as the subspace spanned by the columns of L;;. If the
measured vector ([)” already lies in the subspace L;;, i.e., the dam-
age is caused by the jth structural member, then ¢7; and ¢d will be
identical. If the damage is caused by a different element or the dam-
age is not reflected in mode i, the two vectors will be different. If
¢ is computed for all structural members that could possibly have
caused the damage and the angle between ¢;; and #¢ is computed,
the damaged element will be indicated by (in the case of perfect
data) a zero angle between the two vectors. All others will have

¢d
Subspace
spanned by
the columns
of Ljj

Fig. 3 Geometric interpretation of best achievable eigenvector.

nonzero values. The angle in degrees between the two vectors can
be computed as

T
180 ¢
Q;j = —— COSA1 a—jd—— (]8)
7T N5 I Flléf Nl 7

where || - || » represents the Frobenius norm. For a structure that has r
measured modes and e structural members that could possibly have
caused the damage, an r x e matrix of « can be constructed as

oy O v Uy o e
A= o1 Q2 Qij e (19)
_arl [2 2% R A1 are_

If damage is located in stractural element j and this damage af-
fects only mode i significantly-so that the change in the frequency
is measurable, then «;; will be equal or close to zero. All other
coefficients will be populated with nonzero entries. Therefore, the
location of damage can be identified by searching for a value that is
considerably smaller than others in the matrix.

In general, eigenvectors are not available for the entire system
DOF. In this case, partition the desired eigenvector as follows:

= { . }
¢ = (20)
Wi

where v; is the specified (measured) portion of the eigenvector and
w; is the unspecified portion. The best achievable eigenvector is then
defined, using Eq. (17), as

¢t = LyL}v; )

where L; ; is the partition of the matrix L;; containing the rows
corresponding to v;. In this case, the angle in Eq. (18) is defined as

180 ¢4
= — i 22
“ =S \Ta] s )

where ¢, is the partition of the vector qAﬁfj corresponding to the
measured portion of the eigenvector.

The best achievable eigenvector serves two purposes: 1) it allows
partial specification of the eigenvector and 2) measurement errors
that are not consistent with the analytical model are filtered out.'
The best achievable eigenvector for mode i provides an alternative
means of computing the “subspace rotation,” as discussed inRef. 17.
The main difference is that the method in Ref. 17 identifies those
DOFs that are affected by damage, whereas the method in this paper
identifies directly the structural element that is damaged.

Magnitude of Structural Damage
Now the locations of damaged members are identified. The eigen-
structure assignment is employed here to compute the feedback
gains, i.e., the magnitude of structural damage. Rewrite the equa-
tion of motion (1) in state-space form as
§ =As+Bu (23)

where

0
B:[ _KA}
M™F (24)



414 LIM: STRUCTURAL DAMAGE DETECTION

The matrix F contains only those columns corresponding to the
damaged members. The output equation (8) then becomes

§ = Cs =[F7 0]s (25)
The output feedback is thus defined as
i =—Gy = —GCs (26)

Now the task is to find the diagonal gain matrix G to assign
the desired (measured) eigenvalue )ng and eigenvector v;. The best
achievable eigenvectors are written using Eq. (23) and the desired
eigenvalues and eigenvectors as

Ve = LLv; 27

where L; = (A?I —A)"'B and L; = rows in upper half of L; cor-
responding to measurement DOF employed in v;. Using the con-
strained eigenstructure assignment algorithm by Andry et al.,!* the
jth diagonal gain of G is computed as

where W; is the jth row of W and ; is the jth row of €. In the
above equation, the matrices W and 2 are defined as
Q=CV V=Z-AV 29)
where C is a transformed C matrix, V a matrix of transformed best
achievable eigenvectors, Z the partition of a matrix that is a product
of desired eigenvalues and V, and A the partition of a transformed A
matrix. Thorough derivation of Eq. (28) is available in Ref. 14. The
diagonal gain g; in Eq. (28) corresponds to the stiffness change of
the jth structural member, i.e., the magnitude of structural damage,
that satisfies the measured eigenvalues and eigenvectors in the least-
squares sense. Due to inaccuracy in measured modes and the ana-
lytical model, the magnitude of structural damage will not be exact.
Some of the desirable features of the approach described above
include the following: 1) it updates the physical structural elements
directly instead of updating matrix coefficients, which may or may
not be physically realizable, 2) measured mode shapes are not re-
quired for the entire finite element DOF, and 3) it requires neither
a solution of algebraic Riccati equation nor iteration to converge to
a solution compared to the other eigenstructure assignment based
damage detection method.

Detection of Multiple Damage

When there are more than one damaged element in the structure,
the examination of the matrix A in Eq. (19) may not provide a clear
indication of the damaged members. If the matrix A does not indi-
cate the damaged member clearly, it may imply that there are mul-
tiple damaged members. To examine multiple damage, a sequential
damage detection approach is employed. In this approach, damaged
members are identified one at a time in an iterative process until
all the damaged members are identified, as indicated in Fig. 1. The
first step of the approach is to select the single most probable dam-
aged member by examining the A matrix. Next, the magnitude of
damage of the member is computed using Eq. (28). Then, the un-
damaged stiffness matrix is modified to reflect the stiffness matrix
change corresponding to the damaged member. For instance, if strut
k has been identified as a damaged member and the corresponding
feedback gain (g;), i.e., stiffness loss, is computed, the undamaged
stiffness matrix will be modified using Eqs. (10) and (11) as

Kyow =K + g/ F(F], (30)

where the matrix K, is the new undamaged stiffness matrix and
Fy is the kth column of F.

Then, the new undamaged stiffness matrix is used to compute the
new best achievable eigenvectors in Eq. (21) and a new A matrix
in Eq. (19). Again, another single most probable damaged member
is selected using the new A matrix. This iterative process is con-
tinued until all the damaged members are located. At the end of
each iteration, the natural frequencies are computed using the new

undamaged matrix and compared with those of measured frequen-
cies. When the differences are small, i.e., within the usual error
bound of a modal test, the iteration terminates. This comparison
also can be used to ascertain whether the selected member is indeed
responsible for the damage.

Damage Detection of Twenty-Bay Planar
Truss Structure

The 20-bay planar truss shown in Fig. 4 is used in implementing
the damage detection method described above. The diagonal and
side dimensions of each square bay are 0.5 and 0.354 m, respec-
tively. The truss is constructed from aluminum truss members, steel
joints, and transverse steel bars. The truss is oriented in a horizontal
plane with its weight supported by steel balls on table tops. More
information on the truss is available in Ref. 18.

For the damage detection studies, the truss is modeled using a rod
element (axial stiffness only) per strut and lumped masses for the
joints and steel bars. So the system has 2 DOF per node, resulting
in 80 system DOF. The first four natural frequencies of the truss are
shown in Table 1 in comparison to the test results. For modal tests,
the truss was instrumented with 11 single-axis accelerometers, as
indicated in Fig. 4. A shaker was mounted at the free end of the
truss to provide excitation for modal tests. The first mode frequency
is not consistent and varies widely (1.8-2.2 Hz) from test to test.
This lack of consistency poses difficulty in detecting the longeron
damage cases, as will be discussed later. The large error in the first
mode frequency is contributed partly by the friction of the balls,
which is not modeled in the analysis, the low-frequency inaccuracy
of the transducers, and the modal test setup, which was designed to
measure all four mode simultaneously.

Four damage cases shown in Table 2 are investigated, including
missing longerons and diagonals. The batten damage cases are not
studied since the batten stiffness is dominated by the steel bars and
the axial mode is not measured. All the longerons and diagonals
are considered as damage candidates. Thus, the size of the F matrix
in Eq. (1) becomes 80 (DOF) by 60 (damage candidates). The F
matrix is easily defined by replacing each strut with an axial control
force and considering the location and direction of the control force.
The measured frequencies for the damage cases are summarized in
Table 3. Among the 11 test DOF available, 10 test DOF were selected
to perform damage detection. The test DOF at the free end of the
truss was not used.

Figure 5 shows the results of damage location for damage case A.
The angles are computed using Eq. (22). The smaller the angle is, the

Table 1 First four bending frequencies of undamaged planar truss

Mode Analytical frequency, Test frequency,

number Hz Hz Description

1 1.60 1.80t0 2.20 First bending mode
2 9.36 9.35 Second bending mode
3 24.70 2421 Third bending mode
4 4323 42.74 Fourth bending mode

Table 2 Damage cases investigated for planar truss

Damage case Damaged strut Damage condition

A Upper longeron in bay 2 Strut out
B Lower longeron in bay 7 Strut out
C Diagonal in bay 9 Strut out
D Diagonal in bay [4 Strut out

Table 3 Measured natural frequencies due to damage (Hz)

Damage case Mode | Mode 2 Mode 3 Mode 4
A 1.27 8.00 22.00 42.56
B 0.85 8.06 17.00 42.11
C 2.07 941 20.80 37.39
D 2.22 9.31 23.71 29.86




LIM: STRUCTURAL DAMAGE DETECTION 415

Longeron

y Diagonal
P x B : accelerometer locations (y-axis)
Shaker
Fig.4 Twenty-bay planar truss structure used for damage detection.
o 100 ' ; ; 100 . . .
© iy
g ok S
%" % S0
<
0
0 0 40 € %0 20 40 60
Strut number Strut number
a) Obtained using mode 1 d) Obtained using mode 4
100 i : ’ %0
o0
s 2 150 ' - :
g £
50 [0 g 100 -
2 5 100
g 50[
% 20 40 60 §
Strut number & 9 20 40 60
b) Obtained using mode 2 Strut number
¢) Obtained using modes 1, 2, 3, and 4
- . o0
0 100 g 100 ] .
8 ]
3 =
2 - 5
E g soF
0g 20 40 60 é 0 I —
Strut mumber 3 Vo 20 40 60
b
¢) Obtained using mode 3 -Strut number

f) Obtained using modes 2 and 3

Fig. 5 Damage location results of damage case A.
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Fig. 6 Damage location results of damage case B.

more chance there is for damage. In the figure, strut numbers 1-20
correspond to the upper longerons from bay 1 to bay 20 and numbers
21-40 correspond to the lower longerons. The strut numbers from
41 to 60 correspond to diagonals from bay 1 to bay 20. The angles
obtained using mode 1 are not accurate because of the measurement
inaccuracy in mode 1. Since the damage on longerons tends to create
large changes in the lower bending modes, this lack of measurement
accuracy of mode 1 makes the damage location difficuit. The angles
obtained using mode 4 do not provide meaningful information since
the frequency change in mode 4 is very small for damage case A, as
indicated in Tables 1 and 3. Modes 2 and 3 provide consistent infor-
mation, and it can be seen that struts 1 and 2 consistently produce
the smallest angles. Therefore, we can conclude that the damage
occurred either in upper longeron 1 or 2.

Measurement error and the small number of test DOF (10 DOF
compared to 80 finite element DOF) make the angles contaminated,
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Fig.7 Damage location results of damage case C.

as shown in Figs. 5-8. Instead of examining angles computed using
each mode at a time, a single composite index is proposed to help
locate the damaged number. The jth composite index, which rep-
resents the Euclidean distance of angles produced by the measured
modes for member j, is defined as

a; = Ajllr @31

where A ; 1s the jth column of Ain Eq. (19). Figures 5e and 5f show
the composite indices using modes 1—4 and modes 2 and 3, respec-
tively. The composite index helps clarify the damaged members.
Due to the lacing pattern of the diagonals in the planar truss,
which is a V shape, the changes in modes created by the upper
longerons in bays 1 and 2 are almost identical. This is true for all
the pairs consisted of upper longerons in bays 3 and 4, 5 and 6, and
so on, i.e., the longeron pair at the open end of the V. Therefore,
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Fig. 8 Damage location results of damage case D.

this unique situation makes it practically impossible to single out
the damaged longeron.

The situation is similar for the lower longeron damage case B.
The lower longeron pairs 2 and 3, 4 and 5, and so on, produce almost
identical changes in modes. Results of damage case B are shown in
Fig. 6. Again, due to the measurement inaccuracy in mode 1 and the
insignificant frequency change in mode 4, the angles obtained using
modes 1 and 4 do not provide meaningful information. Modes 2
and 3 indicate that either strut number 26 (lower longeron 6) or strut
number 27 (lower longeron 7) is damaged. The composite index
using modes 2 and 3 helps clarify the damaged members.

Figures 7 and 8 show the results of damage location for damage
cases C and D, respectively. The angles obtained using mode 1 are
not accurate because of the measurement inaccuracy in mode 1. The
second mode frequency is not affected much by the damage since

the damage on diagonals tends to create large changes in the higher
bending modes, as indicated in Table 3. Therefore, the angles ob-
tained using mode 2 do not provide meaningful information. Modes
3 and 4 provide consistent information, and it can be seen that strut
49 for damage case C and strut 54 for damage case D consistently
produce the smallest angles and composite indices. Therefore, we
can conclude that the damage occurred in the diagonals in bays 9
and 14 for damage cases C and D, respectively. Unlike the longeron
damage cases, the damage diagonals can be identified uniquely.
Since the location of damaged is known, the magnitude of damage
can be computed using Eq. (28). The constrained gains computed
using modes 3 and 4 are —58,825 and —59,666 for damage cases
C and D, respectively. Considering that the effective axial stiffness
of the undamaged diagonal is 61,673 1b/in., the method accurately
predicts, within 5% error, the amount of stiffness loss due to the
missing diagonal.

Concluding Remarks

A systematic approach to locating structural damage using a re-
fined analytical model of the undamaged structure and measured
modes was developed and demonstrated using the 20-bay planar
truss. This approach first locates the damage using the concept
of best achievable eigenvectors and then identifies the magnitude of
damage using a constrained eigenstructure assignment. Instead of
identifying the changes in the stiffness matrix for damage location,
as most of the currently available methods do, the approach locates
the damaged element directly. Thus, the additional step of locating
damaged members from the stiffness matrix changes is avoided. As
demonstrated in the planar truss example, the method does not re-
quire full finite element DOF mode shapes. The instrumented DOF
can be much smaller than the finite element DOF (10 DOF out of
80 finite element DOF for the example). Thus the burden of us-
ing a large number of transducers for damage detection is relieved.
Once the location of damage is known, the magnitude of damage
can be accurately computed using the constrained eigenstructure
assignment method.

As was revealed by the planar truss example, the approach has its
limitations. The limitations mainly stem from the measurement er-
ror in mode shapes and frequencies. As the test data get inaccurate,
the damage location can be blurred significantly. A judicious selec-
tion of test modes may be critical in performing a successful damage
detection. Also, each individual damage case must be able to pro-
duce a unique pattern of change in frequencies and mode shapes.
Otherwise, as indicated in the planar truss longeron damage cases,
pinpointing the damaged member may not be feasible.

Due to the nature of the truss structure employed in this study,
damping and mass property changes due to damage were ignored.
Incorporation of velocity and acceleration feedback gains will al-
low simultaneous detection of mass, damping, and stiffness losses.
Further investigation in this respect needs to be conducted.
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