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Abstract

Independent of the modal identification techniques employed for damage detection, use of

measured modal data limits the ability to detect damage.

These limitations are examined

using the distribution of modal strain energy and the sensitivity of the frequency and mode

shapes to structural stiffness changes.

For given measured modal information of specified

accuracy, this examination reveals the following: (1) damage detection is feasible for
members that contribute significantly to the strain energy of the measured modes, (2) the
modes which are most effective in detecting damage to certain critical members can be
identified and (3) a relationship can be drawn between the accuracy of the measured modes
and frequencies and damage detection feasibility.

Introduction

The complexity and size of proposed space structures, along
with the investment they represent, require that the
intcgrity of the structures be monitored periodically.
Researchers have suggested that system identification
techniques which use modal properties measured from the
structure might be useful for structural integrity verification
and damage location!:34.7. To understand the extent 1o
which this approach could be useful, underlying issues
which involve the measured modal properties are examined
in this paper.

Independent of the system identification technique used, if
damage location is to be accomplished through the use of
modal properties measured from the structure, the damage
must affect the response of the structure so that the effect is
observable and measurable in the modal properties.
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Even if a damaged element impacts the modal properties of
the lower frequency modes, this impact must exceed the
levels of uncertainty in modelling or testing which are
present, so that the damaged element of the truss can be
located and then replaced or repaired.

In this paper, to explore the limitations that are present
with the use of modal data, strain energy distributions,
frequency sensitivities and mode shape variations are studied
for an eight bay laboratory truss structure and expectations
for the ability to locate damage are discussed.

Background

This research is part of an ongoing effort to examine damage
detection for large, flexible space truss structures. Figure 1
shows the eight bay hybrid-scaled truss which was
introduced in a previous work! as a focus structure for this
damage detection research. This truss is one component of
a scale model of an early Space Station Freedom
configuration. The eight bay truss was cantilevered from a



wall and instrumented with 96 accelerometers to measure the for each damage case. Damage cases H, I and F will be used

three translational degrees of freedom at each node. as examples throughout the following.
Table 1. Eiﬁl:t bax truss damaﬁe cases
CASE ELEMENT ELEMENT BAY
LABEL TYPE
A 46 | Longeron 1
B 107 Diagonal 1
C 39 | Longeron 2
D 102 | Diagonal 2
E 36 X-Batten 3
F 75 | Diagonal 3
G 63 Z-Batten 3
H 35 Longeron 3
1 99 Diagonal 3
: J 28 ~ Longeron 4
Figure 1. Eight bay test structure X 92 Diagonal s
Three excitation sources were used and mode shapes and L 22 _Longeron 5
frequencies extracted using the Polyreference complex M 17 Longeron 6
exponential technique developed by Vold et. al 2. The first N 3 Longeron 8
six modes of the structure were targeted for identification o 35 AND 99 | Longeron & 3

through modal testing. Local modes of the truss members Diagonal
occur in a frequency band above the sixth mode and __ ,
complicate testing and identification for higher-frequency
global modes. The six modes include two bending mode , he laboratory tests damage refers to removal of the strut,
pairs, a torsional mode and an axial mode. i.e., 100% loss of stiffness. In simulation studies,
situations of less than 100% stiffness loss are also explored.

Figure 2 shows a finite element model of the truss with the

damage cases that have been exa.mined. Table 1 shows the ywiih the governing equations for a finite-element model of
type of element and the bay location of the damaged member o, ,, degree of freedom structural dynamic system written as

cantilevered end

Figure 2. Eight bay truss damage cases
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[M){5}+ [DHx}+[K)Hx} = {£(0} M

where

[M] = nXxn mass matrix

(D] = nxn damping matrix

[K1 = nxnsiffness matrix

{x) = nx I vector of physical displacements and
rotations at the nodes

{fit)} = nx1 vector containing the applied loads,

the undamped eigenvalue equation is

([k1-A:[M]){e}, =0 @)

Solution of this equation yields a set of » eigenvalue and
eigenvector pairs, [A;,¢;]. Of these, only a few may be
determined through tests of the structure. In the subsequent
discussions, the mode shapes are scaled to be orthonormal
with respect to the mass matrix. Therefore,

&)

[o]" [M][®]=[1]
[0 [K][®]=[A]

Strain energy distribution has been used by previous
rp'scarchers (see, for example, Refs. 1, 3 and 4) as an
important measure in work related to structural
identification. Hajela and Soiero> used strain energy
distributions and mode weighting factors to enhance the
ability to detect damage. Here we presume that damage (o a
member will only be detected when the damage affects the
modes measured in a test. Therefore a detailed study of the
strain energy distribution was undertaken for the eight bay
truss structure as an indicator of the relative participation of
member j in mode i. The strain energy distribution for the
ith mode can be calculated as

SE. = {¢}¢'T Ki {4’}-‘ x 100%

. @
" E)T[K e

where |K;| is the stiffness submatrix of the jth element,
and ¢ is the total number of stiffness elements in the model.
This calculation is performed for each mode of interest
(i=1:m) and each member (j=1:¢), resulting in m columns of
¢ percentage values. These columns are sorted in descending
_order. For each mode, the number of members that
contribute significantly to the total strain energy is different.
Higher modes include participation of a larger number of
elements, but may be more difficult to identify from test, as

in the case of the eight bay truss, in which local modes of
the members interfere with the ability to identify higher
frequency global modes of the structure.

Table 2 ranks the elements with the largest contributions to
the total modal strain energy for each of the six lower
modes. Numbers in parentheses are the percent strain
energy for that element. Only members that contribute
above 1% are listed. In each of these modes about 90% of
the strain energy is represented by these members.  Figure
3 presents the same information emphasizing that highly
strained elements are near the root of the cantilevered truss.

Table 2. Highlx strained members for modes 1 through 6

MODE1 MODE2? MODE3 MODE4 MODES5 MODE6

47 (21)  45(157) 106(6.0) 29(8.3) 23(7.7)  46(5.3)
49 (21)  46(157) 107(6.0) 31(8.3) 25(1.7)  45(53)
41(9.4) 39(157) 108(6.0) 47(8.2) 15(7.4) 43(53)
43(9.4) 40(157) 19(6.0) 49(8.2) 16(74)  41(53)
139.4) 35(5.9) 102(55) 21(82) 27(4.8)  39(5.0)
349.4) 37(59) 103(5.5) 22(82) 28(4.8)  40(5.0)
292.7)  27(5.9) 104(5.5) 17(3.3) 35(4.8)  34(4.6)
31(27)  28(5.9) 105(5.5) 19(3.3) 37(48) 33(4.6)
2127y 23(1.2) 98(48) 106(3.2) 106(3.5) 47(4.4)
2027 25(1.2)  99(4.8) 107(3.2) 107(3.5) 49(d.4)
15(1.2) 100(4.8) 108(3.2) 108(3.5) 37(4.2)
16(1.2) 101(4.8) 109(3.2) 109(3.5) 35(4.2)
94(37)  9(3.0) 102(3.0) 29(3.4)
95(3.7) 103.0) 104(3.0) 31(3.4)
96(3.7) 102(2.4) 103(30) 28(3.4)
97(37) 103(2.4) 105(30) 27(34)
90(26) 1042.4) 452.0) 21(2.5)
91(2.6) 105Q2.4) 46(2.0) 2202.5)
92(26) 33(1.2) 4X19) 25Q.3)
93(26) 34(1.2) 3%(1.9) 23Q3)
86(1.5) 41(1.2)  100(1.6) 16(1.5)
87(1.5) 43(1.2) 101(1.6) 15(1.5)
B8(1.5)  98(1.1)  98(1.6) 17(1.4)
89(1.5)  99(1.1)  9%(1.6)  19(1.4)
100(1.1) 76(1.1)

101(1.1)

A pre-test strain energy analysis of a structure can be used to
determine which modes must be identified in order to detect
damage in critical members. For example, in order to detect
damage in member 35 (damage case H), Table 2 suggests
that at least modes 2, 5 and 6 should be measured in the
test. Modes 1,3 and 4 do not provide useful informaticn.
Conversely, damage detection for a member that is not listed
in the table would be difficult and additional
instrumentation, for example strain gauges, would be
required.
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Figure 4 indicates those elements which contribute to 50%,
75%, and 95% of the strain energy in all of the first six
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Figure 3. Highly strained members for modes 1 through 6

If strain energy distribution is indeed a good measure of the
participation of a member in a mode, then from this figure
it is apparent that it may be reasonable to expect to detect
damage in only 40 of the 109 struts in this truss (37%).
This will be explored further using frequency sensitivity in
the following section.

This percentage is a function of the boundary conditions and
would be different for a free-free truss, as would be the case
for a structure in orbit. For comparison, Figure 5 shows
the 50%, 75%, and 95% cutoffs for the free-free case. The
95% range for the free-free truss includes 56 members. The
highly strained members are also more distributed
throughout the structure.
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Figure 4, Strain energy for modes 1 through 6.
Cantilevered boundary conditions

(a) 50% of Total - 16/109 elements
(b) 75% of Total - 28/109 elements
{c) 95% of Total - 40/109 elements

Figure 5. Strain energy for modes 1 through 6.
Free-Free boundary conditions

(a) 50% of Total - 161109 elements
(b) 75% of Total - 28/109 elements
(c) 95% of Total - 56/109 elements
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Figure 6. Frequency variations for eight bay damage cases.
E Sensitivi D Indi
Modal strain energy, as used in the previous section, is an
indicator for damage detection feasibility and can be used to o i IKk I o), A fo)” % a[Mk] o).
select appropriate modes to excite for improved damage 31.' &)
detecu_ on performance. ap,- { <|>} M] { ¢}

Another process which can help determine mode selection is
repeated analysis of the truss structure with each damage
case modeled in turn. Frequency changes are then examined
to select the modes which are influenced by the majority of
the critical members.

Figure 6 shows how the frequencies change for 100%
damage in each of the damage cases under consideration. It
is important to note that there are several damage cases
which cause modes 1 and 2 to switch order, as well as some
instances of modes 4 and 5 switching order.  In addition,
several trends can be noted from such a plot. Large changes
in the torsional modes can always be attributed to damage in
a diagonal member. Significant changes in the bending
modes can generally be attributed to longerons.

However, a more refined indicator that would allow
examination of varying loss of stiffness in critical mdmdual
members would be useful. Researchers, such as Martinez3,
have advocated using sensitivity analyses prior to sysiem
identification. Therefore, a second study examines the use
of the sensitivity of frequencies and mode shapes to damage
as a possible indicator for damage detection. Frequency
sensitivities are calculated using the method developed by
Fox and Kapoor®

where p; is the jth changing parameter and [K, ] and [M,]
are stiffness and mass matrices for the kth element,
respectively; and q and r are the total number of stiffness
and mass elements within the structure, respectively. For
the eight bay truss, each member is modeled using a rod
element and the stiffness is linearly related to Young’s
modulus, E. Thus, in this study, Young’s modulus for each
member is selected as the changing parameter.

If we assume that the damage can be described as a loss of
stiffness without changing the mass properties of the
structure, equation (5) can be simplified to

{0}, -L]{ﬂ

o\ dp;
%, {o}; (MI{e};

Introducing the orthogonality relationships of equation (3)
into equations (4) and (6), the strain energy distribution for
member j in mode i and the sensitivity of the ith eigenvalue
to changes in stiffness of member j are related:

(©)
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The frequency sensitivity, however, allows us to examine
partial damage for situations of less than 100% stiffness
loss.

Equation (7a) is only accurate for small changes in
stiffness.  In order to examine the full range of damage
possibilities (from 0 to 100% stiffness loss) without the
computational burden of repeated finite-clement analyses, an
iterative sensitivity algorithm was developed. At each
iteration of the algorithm equation (7a) is used to determine
the change in frequency with updated mode shape vectors.
The mode shapes are updated using Nelson's eigenvector
derivative technique’.  The use of the eigenvector
derivative serves two purposes. First, it avoids the need to
re-solve the eigenvalue equation at each step. Second, it
provides further insight into the effect that damage has on
the modal properties, namely the change in the mode shape
vectors. In this paper, only the results from the frequency
sensitivity studies will be presented.

As an example, Figure 7 shows percent changes in the first
six natural frequencies of the structure as the stiffness of
longeron number 35 (Damage Case H) on the third bay from

Percent Loss of Stiffness
0 20 40 60 80

-] T mode 2
%
g * mode 3 X
U .15
g < mode 4
. * mode §
20
& mode 6 }3
-25
Figure 7. Frequency variation for progressive damage in
longeron 35.

the cantilevered end is reduced due to damage. Mode 2,
which is the second of the first bending mode pair, is most
sensitive to the stiffness loss. Modes 5 and 6, which are the
second bending and the first axial mode, respectively, are
also influenced by the damage. However, modes 1, 3, and 4
are not influenced by the damage at the longeron at all. The
plane of bending motion is orthogonal for the paired modes,
i.e.,modes 1 and 2, and modes 4 and 5. Modes 1 and 4 are
not influenced by this damaged element while modes 2 and
5 are. Mode 3, which is the first torsional mode, strains
predominantly the diagonals and is affected only slightly by
the stiffness changes in the longerons.

This sensitivity study also indicates that only modes 2,5 and
6 would be useful for damage detection for case H. This
confirms the results of the strain energy study. More
importantly, this study indicates that damage detection is
unlikely for a small loss of stiffness in this longeron. The
shaded portion of the plot indicates that if the frequency
measurement accuracy is considered to be £5%, then no
measurable change in frequency for any mode would be
apparent unless the stiffness loss of longeron 35 exceeded
65%.

As a second example, Figure 8 presents the sensitivity study
for the the case of a diagonal which only affects the
torsional mode.

Percent Loss of Stiffness

0 20 40 60 80

[y 4 mode 1 \
-10
1F mode 2
8
E -15 ¢- mode 3
< mode 4
20 -
-« mode 5
25 7 mode 6 3
-30

Figure 8. Frequency variation for progressive damage in diagonal
99
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A 70% loss of stiffness in the member would be necessary
before the damage would be apparent in the frequency
(assuming 5% measurement error). If test results for the
torsional mode are not available, more accurate frequency
measurements of other modes would be required to make
damage detection of this member feasible.

Finally, as an extreme example, Figure 9 shows the
frequency sensitivity for a bulkhead diagonal between bays 2
and 3 (damage Case F). Notice that only the axial mode is
affected by the damage, and even at 100% damage, the
change in frequency is less than 3%. With only six
measured modes it is impossible to detect damage in this
member without additional instrumentation.

Percent Loss of Stiffness
0 20 40 60 80 100
0.00 - 5 —
-0.50 \\z
g & mode t \
-1.00
fé TF mode 2
[)]
g “®* mode 3
= -1.50 N
g < mode 4
a,
* mode
-2.00 3
7¥ mode 6 ‘)5
250 l

Figure 9. Frequency variation for progressive damage in
diagonal 75.

Frequency sensitivity studies for the range of stiffness loss
in individual members are useful for mode selection and as a
more refined indication of detection feasibility. These
studies, when performed for critical members, indicate
critical modes for the test design, but also suggest
performance limitations which will accompany
measurement accuracy. These studies therefore give
guidance for the selection of the modal property extraction
method and the test instrumentation, as well.

Mode Shage Sensitivity and Variations Due 10 T

The sensitivity of the mode shapes to damage can be
explored using the eigenvector derivatives. Using the mode
shape sensitivities is more complicated than the frequency
sensitivities since the mode shapes and sensitivity

coefficients are both vectors as opposed to scalars. In this
section the equations for the eigenvalue sensitivities are
presented, as well as a discussion of the effect of damage on
the mode shapes.

The governing equation for the eigenvector derivatives is
found by differentiating (2) with respect to the parameter p;

JK]
op;

_o

[M]- {0},

@®
The matrix ([K]-A;[M]) is singular since A; is an

eigenvalue. In order to solve for the eigenvector derivative,
Nelson represents it as

ofe};
;

RO s

=[P]+c{6}, ©)

where [P] is a particular solution found by identifying the
largest absolute value in the vector {¢}. and constraining
the derivative of that component to zero. The value of the
constant ¢ is then found by differentiating the first of the
orthogonality equations (3) and substituting (9) into the
result and simplifying

$1L)

e=-{ol paPl- o1 Tl io),

The mode shape sensitivity coefficients can be plotted for
each node in each mode as the stiffness decreases from 100%
to 0%. Large changes in the coefficients at nodes near the
damage site have been seen and this is being explored as a
possible damage detection tool.

A measure of the differences between two modal vectors can
be calculated using the Modal Assurance Criterion (MAC)8,
defined as

\[ ({o).7{oL.)"
({0}.7 {0}, {o},7{0},)

where the subscript ¢ indicates corrupted, or damaged,
modes, and the subscript » indicates normal modes. If two
modal vectors are identical, the MAC value is expected to be
unity. If the two modes are orthogonal, the MAC will have
a value of zero. The MAC is commonly used to correlate
test and analysis modes.

)

The modes obtained from the tests of the undamaged
structure were compared to the normal modes from the
original finite-element model. Table 4 presents these
results. The columns represent the first six test modes,
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while the rows represent the corresponding analysis modes.
In practice, off-diagonal terms less than 0.1 indicate an
acceptable test.

Table4 MAC matrix for undamaged test vs. undamaged

analysis
1 2 3 4 5 6
1 0995 0.000 0000 0023 0000 0.006
2 0000 0995 0002 0000 0046 0.003
3 0000 0.000 0941 0000 0000 0014
4 0035 0000 0000 094 0000 0.002
5 0.000 0.041 0002 0001 0982 0.008
6 0012 0009 0023 0006 0.016 0.979

Tables § and 6 demonstrate that the modes obtained from a
damage test are significantly different from those of the
undamaged structure.  Table 5 compares modes from
damage case H with the undamaged modes. Notice that
modes 1 and 2, as well as modes 4 and 5 have switched
order, as indicated by zero diagonal terms and non-zero off-
diagonal terms.

Table 5 MAC matrix for damage case H test modes vs

undamaged analxsis modes

1 2 3 4 5 6
1 0000 0994 0000 0000 0005 0.000
2 0992 0000 0000 0000 0.000 0.003
3 0000 0000 0946 0000 0.000 0.000
4 0000 0.005 0000 0000 0957 0.000
5 0019 0000 0000 0932 0.000 0057
6 0002 0.000 0000 0040 0.000 0.894

Table 6 compares modes from damage case F with the
undamaged modes. Notice that the diagonal terms, with the
exception of mode 6, are all almost equal to or higher than
the equivalent term in Table 4, the undamaged test vs
undamaged analysis. The MAC value for mode 6 is
considerably lower than the one in table 4 indicating that
there may indecd be damage. Recall that the frequency
changes for this damage case were too small to indicate
damage. The mode shape comparison, on the other hand
indicates the possibility of damage.

Table 6 MAC matrix for damage case F test modes vs
undamaged analysis modes

1 2 3 4 5 6
1 0998 0.008 0.001 0027 0003 0.012
2 0010 0996 0007 0000 0046 0.006
3 0000 0000 0938 0000 0.000 0.008
4 0049 0000 0000 0960 0.000 0.006
5 0005 0032 0008 0001 098 0.008
6 0012 0009 0019 0002 0031 0912

]

Although the mode shape variations explored in this work
are somewhat qualitative they do indicate that mode shape
variations due to damage may be more sensitive than
frequencies and may provide a better indicator of damage.
Use of the mode shape sensitivities as an indicator of the
existence of damage will be pursued in future studies.

In the previous sections, the assumption was made that the
measured modes and frequencies were known to within 5%
of the actual values. This assumption was used to
determine the ability to locate damage. In the past,
researchers have used similar assumptions to create
simulated measured data for use in developing identification
methods and for damage location. In this section, effects of
modelling and measurement errors on the modal data are
examined and compared with the modes and frequencies from
simulated models. By understanding the true effects of
damage, modelling errors, and measurement errors on the
modes and frequencies, accurate simulations can be created
for use in damage location studies.

Frequency measurement accuracy

Many researchers use simulated test data to explore the
effects of noise and measurement errors on their
identification algorithms. Smith, among others, has added
random errors to the normal modes predicted for the damaged
structure, Reasonable performance of one class of
identification methods (optimal update methods) is expected
if added random errors are less than * 5%. .

For comparison, Table 7 includes the frequencies and percent
differences between the analysis and the test for the
undamaged eight bay structure. The differences between test
and analysis frequencies for the undamaged truss are less
than 5.5%. Table 7 also includes the test results for two
of the previous example damage cases (Case H - longeron
member 35 and Case F - diagonal member 75).

Mode s}

In past work, possible variations that exist in the mode
shapes due to modelling error, the testing process or errors
introduced by the modal identification method have not been
adequately examined. A study of variations in mode shapes
was undertaken to address this shortcoming. Normal mode
shapes from the finite element model of the eight bay truss
are compared to modes from tests of the actual truss
structure, to normal modes which are corrupted with random
errors, and finally to modes from a finite-element model
with random errors in the gecometry. With these results,
more realistic modal data can be specified in simulated
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UNDAMAGED DAMAGE CASE H DAMAGE CASEF MODIFIED
GEOMETRY
% % % Ix %
MODE FEM TEST Difference FEM TEST Difference FEM TEST Difference | tolerance Difference
1 14.005 13.969 0.257 14.007 13.972 0.250 14.007 13.981 0.186 14.026 -0.1
2 14.521 14.597 -0.052 11.415 11.531 -1.016 14.523 14.557 -0.234 14.530 -0.1
3 46.615 48.431 -3.896 46.672 47.859 -2.543 46.646 48,623 -4.238 46.495 0.3
4 66.238 64.306 2.917 66.384 65.226 1.744 66.415 65.012 2.113 66.276 -0.01
5 71328 67.440 5.451 61.396 59.997 2.279 71.463 68.256 4,488 71.276 0.01
6 117.949 112.795 4.369 ]107.384 104.963 2.255 115.370 109.379 5.193 118.007 -0.05

verification studies of system identification techniques.
This allows for a more realistic assessment of identification
techniques at an earlier stage in their development.

In order to evaluate how simulated test modes compare to
real test modes , each of the normal modes was corrupted by
adding a uniformly distributed random vector {R}, with
values between +0.05 times the maximum value of the
analytical mode, to the mode shape coefficients.

{¢}ic = {¢}, +{R}

. Table 8 shows that the simulated modes are qualitatively
different from real test modes. The diagonal terms are
almost unity and the off-diagonal terms are all higher than
the corresponding terms in Table 4. This suggests that
simuldting test modes by adding 5% error to the normal
modes may be a quick way to verify that an algorithm will
work with corrupted data, but is not an accurate simulation
of real test data.

®

Table 8. MAC matrix for normal modes vs. normal modes
with £5% random ermror

QNN AW

I
0.998
0.006
0.001
0.066
0.004
0.002

2
0.036
0.999
0.042
0.035
0.029
0.036

3
0.001
0.001
0.998
0.002
0.003
0.001

4
0.070
0.003
0.004
0.998
0.001
0.003

5
0.026
0.055
0.012
0.020
0.998
0.016

6
0.033
0.033
0.037
0.032
0.023
0.998

manufacturing, or errors in modelling. A random error was
added to the lengths of the eight bay struts to simulate errors

in modelling or errors in manufacturing. Error levels
representing 1 x, 5 x and 10 x the manufacturers tolerance
for the lengths of the hybrid model struts were examined.
Table 7 includes the frequency results for the first of these
cases. Figure 10 is an example of the three error vectors
that were added to the x,y and z coordinates for the 36 nodes,

munes X aror

wwmm Y oarroc

003 *

“zW

0ol 1

RANDOM ERROR
& o
=4

20 25 % I

NODEID
Figure 10. Random error applied to geometry.

0 5 10 1§

Table 9 shows the MAC matrix between the normal modes
and the modes that result from an eigenvalue solution using
the adjusted stiffness matrix with the random error added to

the geometry.

Table 9 MAC Matrix for maximum manufacturers error

in geomet_rz

Modelling and facturi

There has been some concern from researchers that analytical
model updating using test data will not be a practical
- method for damage location because errors in modelling or
changes in the structure over time will cause the measured
modes to be incompatible with the analytical model. In
addition to examining the effect of errors in measurement,
the study also addressed the possibility of either errors in

1
0.999
0.001
0.000
0.004
0.000
0.000

[+ W TN - IV & Iy

2
0.001
0.999
0.000
0.000
0.005
0.000

3
0.000
0.000
1.000
0.000
0.000
0.000

4
0.005
0.000
0.000
1.000
0.000
0.000

5
0.000
0.006
0.000
0.000
1.000
0.000

6
0.000
0.000
0.000
0.000
0.000
1.000

Five times the manufacturers tolerance has to be added to the
geometry before any significant changes changes in the
MAC appears as shown in Table 10. This suggests that
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the modes and frequencies from a test will be useful for
damage location as long as the model of the structure is
reasonably accurate.  Further quantification of the
modelling accuracy will be attempted in the future.

Table 10 MAC matrix for 5§ x maximum manufacturers
€170t in geom
1 2 3 4 5 6
0999 0025 0.000 0.005 0.000 0.000
-0.025 0999 0.000 0.000 0.006 0.000
0.000 0.000 -0.999 -0.008 0.000 0.000
0.004 0.000 0.000 1.000 0.000 0.000
0000 0.005 0.000 0.000 1.000 0.000
0,000 0.000 0.000 0.000 0.000 0.999

NN BB e

More work needs to be done to quantify the expected errors
and differences between test and analysis mode shapes in
order to simulate test data more accurately and thereby
improve the robustness of modal identification methods.
With statistics on the variations that occur in the modal
identification, more appropriate simulation procedures can
be developed.

Summary and Conclusions
In this paper, expectations for the ability to locate damage
are evaluated through the use of indicators which reflect the
limitations of modal data which will be used in the
identification process. A pre-test analysis of strain energy
distribution defines where damage location is likely and
where it is unlikely. Mode selection and test design for
damage detection are supported by strain energy analysis as
well, Frequency sensitivity requires more computational
effort, but provides a conservative indicator of ability to
detect damage, even for partial damage to members. Mode
shape differences that result from damage to the truss
structure are significant, while differences that result from
geometric variations and simulated random errors are not,
indicating that mode shapes contain useful information to
supplement frequency information for the damage location
problem. Inaccuracy of the measured modes may also limit
the damage detection capability. Frequency and mode shape
sensitivity information can be utilized to provide insight
into the measurement accuracy requirements. System
identification techniques for damage location should now be
evaluated and verified within expectations and limitations of
the modal data. However, more work needs to be done to
quantify the relationship between mode shape sensitivities
and mode shape measurement errors and the ability to locate

damage.
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