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ABSTRACT: A method based on Strain Frequency Response Function (SFRF) is presented for identifying
damage in structures. Conventional methods such as Modal Assurance Criterion (MAC) are effective to de-
tect damage location as long as the modal shape can be measured experimentally. Under the similar cases, the
proposed MAC-like damage detection indicator using strain frequency response function performs better.The
applicability of this technique is discussed on the basis of finite element model. Acomparison is made with
existing damage detection techniques. Results indicate that the SFRF-based MAC-like indicator is more sen-
sitive to damage than conventional MAC. The presented method is simple in identifying the existence of
damage and its severity, which can be an alternative to conventional damage detection methods.

1 INTRODUCTION

In recent years, methods based on vibration meas-
urement have got great development in the field of
Structural Health Monitoring (SHM). Dynamic pa-
rameters, such as modal data, have been extensively
used with different approaches in civil engineering
structures. E. Parloo et al. [1] have presented a
method based on the use of mode shape sensitivities
to changes in mass or stiffness in the test structure.
The applicability of this technique is discussed on
the basis of damage detection experiments per-
formed on a beam-like structure (laboratory condi-
tions) as well as data from the experiments on the I-
40 highway bridge in Albuquerque, New Mexico.
Results [ indicate that modal frequencies in con-
junction with mode shapes may be used to identify
the existence of bridge damage or deterioration of
interest, more importantly, operating conditions af-
fect the modal properties are involved in considera-
tion. Also, other indicators such as natural frequen-
cies, mode shapes®, and modal strain energy™, are
discussed and validated by certain numerical exam-
ples.

Its covering more modal information than other
modal data adds to its convenience of experimental
measurement, strain frequency response function
based techniques have a more promising prospect in
practical application.

2 THEORATICAL ASPECTS

For a better understanding of the method, it was de-
cided to compare it with two other relevant methods
referenced in the literatured-the Modal Assurance
Criterion (MAC).

2.1 MAC

MAC is defined as following by Allemang and
Brown P!, and could be used to identify the exis-
tence of structural damage.

o5
4004,

where, ¢ and ¢, are the ith and jth mode
shape, which correspond to the undamaged and
damaged state, respectively.

MAC is a quantity without dimensions, ranging
from 0O to 1, represents the correlative between two
groups of modal vector. When the value of MAC is
1,it means two groups of vector are completely re-
lated, namely the mode shapes measured in two
cases are identical, which indicates that the structure
is intact. However, on the other hand, when MAC
equals 0, the two groups of vectors are irrelated,
which means the element are different in the two
states, i.e. structural damage emerges. Thus it can be
seen, MAC can reflect the difference of two digital
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sets, but it could also show the damage place of
structure.

2.2 MAC-like indicator based on Strain Frequency
Response Function

Stram Frequency Response Function (SFRF) matrix
lof a multi-degree of freedom system can be ex-
pressed as
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Then the strain frequency response function is
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Hg is the strain response at point i induced by a
unit force applied at point j. Then based on SFRF,
a MAC-Ilike indicator of damage detection can be
proposed as
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where, hiand hj are the strain response of point
i at undamaged and damage cases, respectively.

MACsfrf (I) = (4)

3 NUMERICAL EXAMPLES

For the examples that follow, simulated data ob-
tained from a single-supported plane model will be
used in the subsequent computation. In the numeri-
cal model, the length of the plane is 1m, and other
material constants are assumed asE =210Gpa, p
=7800kg/m°, A= 0.002m*The plane will be di-
vided into 10 elements. Structural damage detection
will be implemented according to the cases written

in Table 1:
Table 1

Case Structure health state

1 Undamaged
2 Elem 5 damaged 10%, and Elem 10 damaged 20%
Elem 5 damaged 10%, and Elem 10 damaged 20%
(Contaminated by 1% random noise)
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Figure 1 Simulated plane using FEM

Table 2 MAC Element 5 damaged (10%) & Element 10
damaged (20%)

Undamage- 1 2 3
d(FFTZE)Q 90290 21579 26162
Damaged 1 87498  0.9999 0.00012  0.00017
FREQ 2 2106.6 000010 0.99993  0.00010
(H2) 3 25564 000012 0.00038  0.99976
4 36456 000003 0.00003 0.00188
5 51251  0.00000 0.00000 0.00099
6 54358 000001 000111  0.00183
Undamage- 4 5 6
d(TZE)Q 37435 52791  5582.4
Damaged 1 87498  0.00005 0.00001 _ 0.00000
FREQ 2 21066 000023 000000 0.00079
(H2) 3 25564 000049 0.00037 0.00197
4 36456 099942 0.00002  0.00008
5 51251 000016 099827  0.00564
6 54358 000086 0.01885  0.99659

Table 3 MAC Element 5 damaged (10%) & Element 10
damaged (20%) (Contaminated by 1% random noise)

Undamage- 1 2 3
d(FfZE)Q 90290 21579 26162
Damaged 1 87498 099567 0.00012  0.00017
FREQ 2 21066 000010 099713 0.00010
(H2) 3 25564 000012 0.00038 0.99671
4 36456 000003 0.00003 0.00188
5 51251  0.00000 0.00000 0.00099
6 54358 000001 000111 0.00183
Undamage- 4 5 6
d(TZE)Q 37435 52791  5582.4
Damaged 1 87498  0.00005 0.00001 _ 0.00000
FREQ 2 21066 000023 000000 0.00079
(H2) 3 25564 000049 0.00037 0.00197
4 36456 099783 0.00002  0.00008
5 51251 000016 0.99658  0.00564
6 54358 000086 001885 0.99617

From Table 2, MAC value can reflect the change
of damage severity in general, but MAC value corre-
sponding to the first mode frequency is not sensitive
to the damage. Furthermore, when damage happens
to the element near the abutment, MAC will provide
a even insensitive reflection. Comparatively, From
Table 4, MACs:shows obvious changes to the dam-
age cases. At the same time, strain responses relating
with higher modes are more significant than lower
modes, which means MACs; associating with
higher modes could be used to identify damage in
structures.

In addition, From Table 2, 3, 4 and 5, it can be
easily discovered that, under the disturbance of 1%
random noise, MACg: response insensitive to meas-
urement errors than that of MAC.



Table4 MAC,; Element5 damaged (10%) & Element
10 damaged (20%)

Undamage- 1 2 3

dFREQ 90590 21579  2616.2

(Hz)

874.98 0.9741
2106.6

2556.4

Damaged 1
2
3
4  3645.6
5
6

FREQ
(Hz)

0.9733
0.9740

5125.1
5435.8

Undamage- 4 5 6

dFREQ  s7435 52701 55824
(H2)

874.98
2106.6
2556.4
3645.6
5125.1
5435.8

Damaged
FREQ
(Hz)
0.9730

0.9740

OO, WN PP

0.9722

Table5 MAC,; Element5 damaged (10%) & Element 10
damaged (20%) (Contaminated by 1% random noise)

Undamage- 1 2 3

dFREQ 90590 21579  2616.2

(Hz)

874.98 0.9741
2106.6

2556.4

Damaged 1
2
3
4  3645.6
5
6

FREQ
(Hz)

0.9730
0.9741

5125.1
5435.8

Undamage- 4 5 6

d FREQ
(Hz, 37435 5582.4

874.98
2106.6
2556.4
3645.6
5125.1
5435.8

Damaged
FREQ
(Hz)
0.9737

OO, WN PP

0.9722

DISCUSSION AND CONCLUSIONS

The MAC-like indicator based on SFRF measure-
ment for damage detection in structures is investi-
gated in this paper. The application of this technique
was tested by means of a simulated simple supported
plane

Results shows that MAC;s is sensitive to struc-
tural damage than MAC, however, both of them
could only be used to damage existence identifica-
tion, but not damage localization. And at the same
time, the detection efficiency doubled in higher
stress area than in lower stress one, which indicates
that measurement errors might easily cover the cor-
rect identification in lower stress counterparts. Theo-
retically, the process from strain to displacement is a
kind of integral. Significant change of local strain
would not be reflected in displacement function be-
cause of this integral process. In turn, strain can be
derived from displacement through differential, in
which the displacement errors will be magnified. In

this regard, displacement-based techniques would be
inferior to strain-based ones.
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