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ABSTRACT: Damage detection as determined by changes in the dynamic properties or response of structures
is a subject that has received considerable attention in literature in recent years. The idea is that the occurrence
of damage or loss of integrity in a structural system leads to a changed response to dynamic forces caused by
changes in the dynamic properties of the structure (eigenfrequencies, modal damping ratios, mode shapes
and/or transfer functions). Based on changes in Power Spectral Density (PSD), this paper proposes a damage
identification technique that detects damage and its location. The method is applied to the experimental data
extracted from a steel bridge model and a bookshelf structure after inducing some defects to their members.
Several damage scenarios were introduced to the members of the bridge model and the bookshelf structure.
The method detected the damage and determined its damage location accurately in both structures. In addi-
tion, the results illustrate that changes in the PSD curvature can be a useful tool for continuous monitoring of
structural integrity using ambient vibration data. Furthermore, changes in the PSD curvature do not require a
very fine grid of measurements to detect and locate damage effectively. The effectiveness of the applied tech-
nique is studied, at the same time the potential difficulties associated with the application of the proposed

method are discussed.

1 INTRODUCTION

Recent natural disasters have amply demonstrated
the need for rapid assessment of the performance
and safety of civil structures such as bridges, control
centers, airports, hospitals, and so forth. In addition,
continuous loading and extreme environmental con-
ditions have extensively deteriorated our infrastruc-
ture. The ability to monitor the structural integrity of
these systems is becoming increasingly important.
During the past two decades, numerous studies have
addressed non-destructive damage evaluation
(NDDE) via changes in the dynamic modal re-
sponses of a structure (Peeters et al 2001 & Doe-
bling et al. 1996). This capability is attributable to
the fact that damage in the form of changes in the
structural physical properties (i.e., stiffness, mass,
and boundary conditions) consequently alters such
vibration properties of the structure as modal fre-
quencies, mode shapes, and modal damping values
(Farrar et al. 1994). Changes in the vibration proper-
ties can then serve as indicators of damage detection.
Techniques for detecting damage in a structure by
monitoring these changes have attracted much atten-
tion in recent years; numerous approaches have been

developed.

The present paper describes a practical method to
detect damage and locate its position using changes
in the PSD curvature. The algorithm is used to detect
damage and locate its position using only the meas-
ured data without the need for any modal identifica-
tion. The method is applied to the experimental data
extracted from a steel bridge model after inducing
some defects to its members. Releasing supporting
bolts of some members introduced the damage to the
bridge model. For further validation of the proposed
method, it is also applied to the experimental data
from a bookshelf structure. The damage in this case
is introduced by releasing some bolts between the
plates and columns of the bookshelf.

2 PROPOSED ALGORITHM

Denote X ( f) the PSD magnitude measured at chan-
nel number i at frequency value f. Then {X (f)} is a
vector representing PSD magnitudes measured at all
channels at the same frequency, f. A polynomial can
be fit to the PSD magnitudes and then subsequently
differentiated to obtain curvature values. The dam-



age index is defined as the absolute difference in
PSD curvature before and after damage as
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where X; (f)and X; (f) are the second derivative
of PSD magnitude at frequency f at node i, corre-
sponding respectively to an undamaged and dam-
aged structure. The values of the damage index (Eq.
1) measured at different points at the same frequency
represent a vector. When the change in PSD curva-
ture is measured at different frequencies on the
measurement range from f to fy, , a matrix [A] can
be formulated as follows
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where n represents the number of measuring points.
In matrix [A], every row represents the changes in
PSD curvature at different measuring channels but at
the same frequency value. A statistical decision mak-
ing procedure is employed to determine the location
of damage. The first step in this procedure is the
picking of the maximum change in PSD at the each
frequency value (the maximum value in each row of
matrix [A]) and removing all other changes in PSD
measured at other nodes. For example in matrix [A],
if A3( f1) is the maximum value in the first row then
this value will be used as W3( f; ) and other values in
this row will be removed. The same process is ap-
plied to the different rows in matrix [A] to formulate
the matrix of maximum changes of PSD at different
frequencies, [V]
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In order to monitor the frequency of damage detec-
tion at any node, a new matrix [ I ] is formulated.
The matrix consists of 0’s at the undamaged loca-
tions and 1’s at the damaged locations. For example
in the matrix [ I ], we put a value of 1 corresponding
to the locations of W3( f1 ), W2( f2 ) and so on, as
shown in the following expression
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The total of maximum changes in PSD can be calcu-
lated from the sum of the columns of matrix [\V'] as
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The total number of instances of detecting the dam-
age at different nodes is calculated from the sum of
the columns of matrix [ I ] as

K=[211(f) Zf:lz(f) ;g(f) ;In(f)] (6)
In order to reduce the effect of noise or measurement
errors, a value of one standard deviation of the ele-
ments in vector {II} will be subtracted from the vec-
tor {I1}. Any resulting negative values will be re-
moved. The same procedure will be applied to the
vector {K} as follows

®=[I,-0) (I,-0) (II,-0) 11, -o)] (7)
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The damage indicator is defined as the scalar prod-
uct of [®@] and [H] as shown in the following expres-
sion

Z=[(®,xH,) (®,xH,) (®,xH;) .. (®,xH,)].(9)

3 STEEL BRIDGE MODEL
3.1 Experimental setup and equipment

In this research, a steel bridge model is examined af-
ter inducing damage with different levels to some
members. The model consists of two girders and six
cross beams. Each cross beam is connected to the
girders with four bolts, 2 bolts in each side. The
model dimensions and layout are shown in Figures
1, 2. The multi-layer piezoelectric actuator is used
for local excitation. The main advantage of using
piezoelectric actuator is that it produces vibration
with different frequencies ranging from 0.1 to 400
Hz that is effective in exciting different mode shapes



(Oshima et al. 2002 & Beskhyroun et al. 2003). The
actuator force amplitude is 0.2 kN. One accelerome-
ter is mounted at the bottom of each cross beam to
measure the acceleration response in the vertical di-
rection at the mid span of each cross beam, as shown
in Figure 2. The PSD is calculated from node point
accelerations using MATLAB standard and the
MATLAB Signal Processing Toolbox (MATLAB
2003). Five cases of damage are introduced to the
specimen as follows:

Case 1: Removing one bolt completely from the left
side of cross beam No. 10 (Fig. 1).

Case 2: Case 1 + releasing one bolt at the left side of
cross beam No. 10.

Case 3: Case 2 + removing one bolt at the right side
of cross beam No. 10.

Case 4: Removing one bolt from the left side of
cross beam No. 20.

Case 5: Removing one bolt and releasing the second
one from the left side of cross beam No. 10. The
same damage is introduced to cross beam No. 40.

3.2 Damage identification algorithm applied to different
damage cases for the steel bridge model

The accuracy of the damage identification methods
based on FRF or cross spectral density (CSD) is de-
pendent on the frequency range in which FRF or
CSD is measured (Beskhyroun et al. 2004). The ac-
curacy of the damage identification methods based
on mode shapes is dependent on which mode shapes
are used. The accuracy of the results is sometimes
reduced when some of the used mode shapes have
nodes at the damage location (Farrar et al. 1996). In
order to overcome this problem, it was decided to
use PSD magnitudes in the frequency range of 10—
800 Hz in the proposed algorithm. This range of
measurement covers most of the total measurement
range of PSD data (from 0 to 800 Hz). Only a small
range of measurements at the beginning (from 0 to
10 Hz) was not used in order to avoid the low-
frequency noise. The resulting damage indicators for
the five levels of actual damage — damage cases 1
through 5, are plotted in Figures 3-7. In Figure 3,
damage in beam No. 10 was detected very accu-
rately without any false positive readings. Damage
indicator value is located at node 11 a little shifted
from the actual position of damage at node 10. This
is due to the use of cubic polynomial function to in-
terpolate the PSD readings between the measuring
points and differentiating this function two times to
get the curvature values. After increasing the level of
damage in case 2 and 3, the damage was detected
and located very accurately with an increase in dam-
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Figure 2. Accelerometers and actuator positions

age indicator value, as shown in Figures 4, 5. Al-
though damage indicator value has increased when
the damage level damage level increased, the pro-
posed method cannot be used to estimate the sever-
ity of damage. The accuracy of damage identifica-
tion methods based on mode shapes is sometimes
reduced when the damage exists at the node of the
used modes. Therefore, the damage position is
changed in case 4 to examine the effects of changing
the damage position. The obtained results of this
case are shown in Figure 6. The damage is indicated
accurately at node 20; the accumulated damage indi-
cator value decreased compared to its value for case
1 (at node 10). Some false positive readings ap-
peared at nodes 10, 30 and 40 however the damage
indicator values at these nodes were very small
compared to its value at the actual position of dam-
age. Case 5 is introduced to investigate the feasibil-
ity of the algorithm to detect multiple-damage. The
PSD magnitude is measured in the frequency range
of 10-800 Hz. Damage at the two positions is de-
tected and localized accurately with no false positive
readings, as shown in Figure 7. As indicated in this
figure, the damage indicator value at node 10 is
higher than that at node 40. This difference is due to
the fact that the structure is not exactly symmetrical,
the fixation of the bolts in the two angles (10 and 40)
is not exactly the same and moreover the amount of
noise or measurement errors stored in the data of



each measuring channel is not equal.
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Figure 3. Proposed algorithm results for damage case 1
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Figure 4. Proposed algorithm results for damage case 2
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Figure 5. Proposed algorithm results for damage case 3
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Figure 6. Proposed algorithm results for damage case 4
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Figure 7. Proposed algorithm results for damage case 5

4 BOOKSHELF STRUCTURE

The experimental work on the bookshelf structure
was done by Charles R. Farrar and David V.
Jauregui of Los Alamos National Laboratory
(LANL), USA. The tested structure is a three-story
frame structure model as shown in Figure 8. It is
constructed of Unistrut columns and aluminum floor
plates. The floors are 1.3 cm thick aluminum plates
with two-bolt connections to brackets on the Unis-
trut. The base is a 3.8 cm thick aluminum plate.
Support brackets for the columns are bolted to this
plate and hold the Unistrut columns. Dimensions of
the test structure are displayed in Figures 8, 9. All
bolted connections are tightened to a torque of 6.77
N.m in the undamaged state. Four firestone air
mount isolators, which allow the structure to move
freely in horizontal directions, are bolted to the bot-
tom of the base plate. The isolators are inflated to
140 kPa gauge and then adjusted to allow the struc-
ture to sit at the same level with the shaker. The
shaker is coupled to the structure by a 15 cm long,
9.5-mm diameter stinger connected to a tapped hole
at the mid-height of the base plate.

4.1 Test setup and data acquisition

The structure is instrumented with 24 piezoelectric
single axis accelerometers, two per joint as shown in
Figure 9. Accelerometers are mounted on the alumi-
num blocks that are attached by hot glue to the plate
and column. This configuration allows relative mo-
tion between the column and the floor to be de-
tected. The nominal sensitivity of each accelerome-
ter is 1 V/g. A commercial data acquisition system
controlled from a laptop PC is used to digitize the
accelerometer analog signals. The data sets that were
analyzed in the feature extraction and statistical
modeling portion of the study were the acceleration
time histories. In the damaged cases, the bolts at the
joint indicated were loosened and then tightened
again to hand tight allowing the plate to move rela-



tive to the column. All input from the shaker to the
base was random. Each time signal gathered con-
sisted of 8192 points and were sampled at 1600 Hz.
Channels 1-24 represent the accelerometers placed
on the structure. Channels 1 and 2 represent the first
pair of sensors across a joint, 3 and 4 are the next
and so on. Each sensor position is marked with ei-
ther a P (Plate) or C (column) to indicate the position
relative to the joint. Channel number and the corre-
sponding position are shown in Table (1). The fol-
lowing damage cases are introduced to the bookshelf
structure:

Case 1: Damage location is 1C (floor 1, corner C).
The bolts between the bracket and the plate are left
in at a torque value of 0.564 N.m.

Case 2: Damage location is 1C (floor 1, corner C).
The bolts are left in at a hand tight torque.

Case 3: Damage location is 3A (floor 3, corner A).
The bracket is completely removed.

Case 4: Damage locations are 3A and 1C. The bolts
are removed between the bracket and the plate at

both damage locations.
Table (1). Node No.

Unistrut Node | Posi-
- ///Column No. tion
Floor 1 0 3BP
10 3BC
T 20 3AP
470m 30 3AC
40 3CP
Floor 2 i 50 3CC
60 3DP
1553mm 70 3DC
80 2BP
90 2BC
Floor 3 100 AP
Column support 110 2AC
bracket 120 2CP
130 2CC
140 2DP
- ﬁ ﬁ Isolator 150 2DC
_ 610m x 762m 160 | 1BP
\ \ 170 1BC
Base plate 180 1AP
190 1AC
Figure 8. Basic dimensions of the 3 200 1CP
story frame structure 210 1CC
220 1DP
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Figure 9. Floor layout as viewed from above
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4.2 Damage identification algorithm applied to different
damage cases for the bookshelf structure

In damage cases 1 and 2, damage is located at 1C.
Therefore nodes 200 and 210 are the nearest nodes
to the damage location as shown in Table (1). PSD
magnitude in the frequency range of 10—-800 Hz was
used in the proposed algorithm.

Case 1 represents the smallest damage introduced
to the bookshelf structure. Figure 10 shows the
change in PSD curvature. As clearly indicated in this
figure, the damage location was determined accu-
rately at node 210 and smaller indication at node
200. A very small false positive reading appeared at
node 130 due to the existing of noise and measure-
ment errors. In case 2, damage increased slightly at
location 1C as compared to case 1. Damage was de-
tected and located accurately at node 210 however
more false positive readings appeared at undamaged
locations. Damage indicator value at the position of
damage is about 10 times its value at the false posi-
tive readings therefore the determined location of
damage was not degraded by the false positive read-
ings. In case 3, damage exists near to nodes 20 and
30. In this case, the position of damage changed and
the level of damage increased compared to the pre-
vious two cases. As clearly indicated in Figure 12,
damage was detected and located accurately at node
30 with a higher value of damage indicator com-
pared to cases 1 and 2. Case 4 represents the case of
multiple-damage for the bookshelf structure. Dam-
age at location 3A was located accurately at nodes
20 and 30 and damage at location 1C was located
accurately at nodes 200 and 210, as shown in Figure
13. It is noteworthy that no significant false positive
readings appeared in this case.

5 CONCLUSIONS

Changes in the PSD curvature due to the presence of
structural damage have been investigated. The ex-
perimental results obtained from a steel bridge
model and bookshelf structure demonstrate the use-
fulness of the changes in PSD curvature as a diag-
nostic parameter in detecting the damage and locat-
ing its position. The main advantages of the
proposed method are:

(1) Simplicity.

(2) High accuracy in detecting and locating small
damage.

(3) PSD is calculated from the acceleration response
at every channel without measuring the excitation
force. Therefore, this can be an important step in at-
tempt to use ambient vibration as an excitation force
for continuous health monitoring of structures.



However, using different excitation forces for the
undamaged and damaged structure needs further in-
vestigation.
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Figure 12. Proposed algorithm results for damage case 3
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Figure 13. Proposed algorithm results for damage case 4

(4) The proposed method encompasses the first two
steps of the process of damage detection — existence
and localization being based on only the measured
data without the need for any modal identification.
(5) The accuracy of damage identification methods
based on changes in mode shapes are sometimes re-
duced when the damage occurs at a node of the used
mode shapes. And, the accuracy of damage identifi-
cation methods based on changes in FRF or CSD are
dependent on the measurement range in which FRF
or CSD are measured. The proposed method over-
comes this drawback by using PSD data in the total
measured frequency range.

ACKNOWLEDGEMENT

This research is supported by the Grant-in-Aids for
Scientific Research, Ministry of Education. The au-
thors wish to express their gratitude for this support.
The authors would like to acknowledge Dr. Farrar
and LANL for the authorization in using the photos,
drawings and data of the bookshelf structure.

REFERENCES

Beskhyroun S., Oshima T., Mikami S. & Yamazaki T. 2003.
Damage detection and localization on structural connec-
tions using vibration based damage identification methods.
Journal of Applied Mechanics, JSCE, Vol.6, pp. 1055-1064.

Beskhyroun S., Mikami S., Oshima T. & Yamazaki T. 2004.
Modified damage identification algorithm based on vibra-
tion measurements. Journal of Applied Mechanics, JSCE,
Vol.7, pp. 97-107.

Doebling S. W., Farrar C. R., Prime M. B. & Shevitz D. W.
1996. Damage ldentification and Health Monitoring of
Structural and Mechanical Systems from Changes in their
Vibration Characteristics, A Literature Review, Los Alamos
National Laboratory Report, LA-13070- MS.

Farrar C. R. et al. 1994. Dynamic Characterization and Dam-
age Detection in the 1-40 Bridge Over the Rio Grande, A
Literature Review, Los Alamos National Laboratory Re-
port, LA-12767- MS.

Farrar C. R. & Jauregui D. A. 1996. Damage Detection Algo-
rithms Applied to Experimental and Numerical Model Data
from the 1-40 Bridge, Los Alamos National Laboratory Re-
port, LA-12979-MS.

MATLAB Reference Guide. 2003. The Math Works, Inc., Na-
tick, MA.

MATLAB User’s Guide. 2003. The Math Works, Inc., Natick,
MA.

Oshima T. et al. 2002. Study on damage evaluation of joint in
steel member by using local vibration excitation, (In Japa-
nese). Journal of Applied Mechanics JSCE, Vol.5, pp.837-
846.

Peeters B., Maeck J. & De Roeck G. 2001. Vibration-based
damage detection in civil engineering: excitation sources
and temperature effects. Smart Materials and Structures,
10, pp.518-527.



	1 INTRODUCTION 
	2 PROPOSED ALGORITHM 
	3 STEEL BRIDGE MODEL 
	3.1 Experimental setup and equipment 
	3.2 Damage identification algorithm applied to different damage cases for the steel bridge model 
	4 BOOKSHELF STRUCTURE 
	4.1 Test setup and data acquisition 
	4.2 Damage identification algorithm applied to different damage cases for the bookshelf structure 

	5 CONCLUSIONS 


