Damage diagnosis to a two-story steel braced-frame model structure
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ABSTRACT: An experimental study of damage diagnosis to a two-story steel braced-frame model structure
was performed and four known damage patterns including single damage, symmetric, asymmetric and multi-
story damages, were simulated by removing different braces. The model structure is 1.50m X 1.50m plan and
2.82m tall. Modal parameters of undamaged and damaged structures are extracted employing the natural exci-
tation technique (NExT) in conjunction with the eigensystem realization algorithm (ERA) from acceleration
responses induced by hammer impacts and simulated ambient excitation. The model structure is analyzed us-
ing SAP2000 to validate the identified results of experiments. The damage index method and damage locating
vectors (DLVs) method are respectively utilized to locate damage. The damage extent (the stiffness reduc-
tion) is estimated using the second order eigen-sensitivity approximation method based on the identified natu-
ral frequencies. The effectiveness of the above vibration-based damage diagnosis methods is verified.

1 INTRODUCTION

The structural health monitoring is an active area of
research and practice in recent years. The key point
of health monitoring is damage diagnosis, which in-
cludes damage detection, damage localization and
damage severity estimation. The vibration-based
damage diagnosis methods are concerned very pro-
spective because they are global methods that can
provide rapid inspection of large structure. The vi-
bration characteristics of a structure can be repre-
sented in terms of either the structural parameters in
spatial domain or the modal parameters in modal
domain. Damage induces the decrease of structural
stiffness and the increase of structural damping in
the spatial domain. On the other hand, damage re-
duces the structural natural frequencies and modifies
the structural mode shapes in the modal domain.
Many researchers have used one or more of the
above characteristics to diagnose damage.

Adams et al. (1978) demonstrated that the de-
crease in natural frequencies can be utilized to detect
and locate damage. But in practice it is difficult to
determine the location of damage only from changes
in modal frequencies, because damage at two differ-
ent locations may produce the same amount of fre-
quency change. Lieven & Ewins (1988) proposed to
use the coordinate modal assurance criterion (CO-
MAC) to determine the location of damage. Yuen
(1985) introduced the eigenparameters which com-
bine the modal frequencies and mode shapes to di-

agnose damage in a cantilever. Model testing and
field-testing have shown that mode shapes (espe-
cially higher mode shapes) are sensitive to the
changes of local damage but it is difficult to measure
them accurately. Pandey et al. (1991) utilized the
curvature mode shape to detect and locate damage
and demonstrated that the curvature mode shape is
more sensitivity to the local damage than the dis-
placement mode shape. Pandey & Biswas (1991)
demonstrated that damage can be detected and lo-
cated from changes in the flexibility matrix. Lots of
model updating approaches also were developed to
diagnose damage.

Stubbs & Kim (1995, 1996) and Bernal & Gunes
(2002, 2004) respectively developed the damage in-
dex method and the damage locating vectors method
to locate damage and verified the effectiveness of
them by numerical analysis. Messina et al. (1998)
employed the second order eigen-sensitivity ap-
proximation method to estimate the extent of dam-
age. This paper combines above three methods to di-
agnose damage and validates the practical
application of these methods with an experimental
study to a two-story steel braced-frame model struc-
ture.



2 DAMAGE DIAGNOSIS METHODS
2.1 Damage Localization Methods

2.1.1 Damage Index Method

Damage induces the decrease of structural stiffness.
Suppose that structural geometric quantities do not
change before and after the structure is damaged,
only the material stiffness properties of damaged
elements that are represented by the elastic modulus
E are reduced. The superscript * stands for damaged
status and the damage index of the jth element is de-
fined as

ﬂj = i (D

If B; >1, damage is indicated at the jth member.
B, is given by (Stubbs & Kim 1996)
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where @, and @, are the ith mode shapes of un-
damaged and damaged structure, K, is the contri-

bution of the jth member to the system stiffness ma-
trix which involves only geometric quantities, K,

I
and K, are the ith modal stiffness of undamaged
and damaged structure, m is the number of modes,
and N, is the number of elements.

Considering significant difference among modal
stiffness values, Equation (2) can be improved as
follows
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More robust statistical criteria for damage localiza-
tion are established by dealing with the damage in-
dex. The normalized indicator is given by

Zj:(ﬁj_ﬁ)/o'ﬂ 4)
where f and o » respectively represent the mean
and the standard deviation of the indicators of £ .
The bigger the value of z; is, the higher the prob-

ability of damage in the jth member is. The advan-
tage of this method includes the following: (1) the
mode shapes that are used in analysis need not be
mass-normalized; (2) Only a few modes associated

with frequencies which have changed obviously are
employed.

Damage severity (i.e. the fractional loss in the
stiffness of jth member) can be approximately esti-
mated as follows

Aa,=1/8,-1 (5)

In the following second order eigen-sensitivity ap-
proximation method, A «, can be used as the initial

value of damage severity in iterative calculation.

2.1.2 Damage Locating Vectors Method

The flexibility matrix can be easily and accurately
estimated from a few of the lower frequency modes
of structure, which can be easily measured. The ap-
proximate flexibility matrix is given by

F = iéﬁ'ﬁ? (6)

in which @, is the ith natural frequency; @ is the

ith mass-normalized mode shape; m is the number of
modes.

Fy and F)p respectively represent the flexibility
matrices of undamaged and damaged structures. The
change in the flexibility matrix can be obtained as

DF = F, - F, (7)

Set L as the basis for the null space of matrix DF. L
can be estimated from the singular valur decomposi-
tion of DF, namely

DF = [U]B’ g}ﬁ: } =Usv’ (8)

The vectors in L are damage locating vectors
(DLVs). If damage locating vectors regarded as
load vectors respectively act on the undamaged
structure, the elements where the stress is close to
zero are damaged (Bernal & Gunes 2002, 2004).
Considering the complexity for calculating the
stress, characteristic inner force is employed instead
of stress. Hence the elements where the inner force
is close to zero are damaged.

The steps of determining the DLVs and locating
the damage elements can be summarized as follows:
(1) Compute the inner forces

The inner force of the undamaged structure is
calculated using the vectors in matrix V as load vec-
tors. Since the two-story steel braced-frame struc-
ture is a shear-building model, shear force is treated
as the characteristic force in this paper. For vector
V., the characteristic force of the ith element is indi-

cated as v; .
(2) Define c; as
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(3) Compute the svn index as
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where s; = jth singular value and ché =max(sici2) .
(4) If svn; < p, the vector V', can be treated as a

DLV.
(5) For each DLV, calculate the normalized charac-
teristic inner force index as

NFI; =c,v; (11)
(6) Compute the weighted inner force index as
Wy NFI,
j=1 Svnj
WFl, = ——— (12)
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where svn; = max(svn;,0.015) and ndlv is the

number of DLVs.
(7) The elements where WFI < q are damaged and q
is the threshold for damage detection.

2.2 Damage Severity Estimation Method

A stiffness reduction factor « i is introduced to in-

dicate the damage extent of element j, such as
a;=1 for no damage and «;=0 for complete

loss of stiffness (Messina et al. 1998).

For mode k, a second order approximation for the
change in the eigenvalue 4y can be obtained by ex-
panding around the undamaged state using a Taylor
series.
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where k=1, 2,3, ", m, AA_ is the change of the
kth eigenvalue, S, and S, are the first and sec-

ond order sensitivity matrices of the kth eigenvalue
to stiffness reduction factor, m is the number of the
modes, n is the number of damaged elements, and
Ao, =a;—1. The elements of S, and §, matri-

ces are given by
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where i, =1, 2,3, , m. The Newton iteration ap-
proach may be employed to solve equation (13) and
the initial value can be obtained from the result of
the damage index analysis.

3  EXPERIMENTAL STUDY
3.1 Model Structure and Experiment Process

Figure 1. Experimental model structure.

To verify the proposed methods in a laboratory
situation, experiments on a two-story steel braced-
frame structure were carried out. The experimental
model is 1.50m X 1.50m plan as shown in Figure 1.
The height of first story is 1.50m and that of second
story is 1.32m. In X direction, each frame on the



first story has a single brace and that on the second
story has a cross brace. In Y direction, each frame of
the first and second stories has a single brace (Note
that the X direction is the strong direction due to the
orientation of the column and the Y direction is the
weak direction. The compass directions associated
with the axes are West for the positive X direction,
and South for the positive Y direction). There are 2
ton additional mass at the first level, and 2.5 ton ad-
ditional mass at the second level. The node number
of structural model is shown in Figure 2. Acceler-
ometers were set at node 6, 8, 10, 12 to measure the
responses in the X direction and at node 6, 5, 12, 11
to measure the responses in the Y direction. The
damage patterns are described in Table 1.

Figure 2. Node number of structural model.

Table 1. The description of damage patterns.

0 Undamaged
1 Removed brace2-8 to simulate the single damage
Removed brace2-8 and brace3-5 to simulate the sym-

2 metric damages

3 Removed brace2-8 and brace 4-7 to simulate the asym-
metric damages

4 Removed brace2-8 and brace6-12 to simulate the multi-

story damages

A white noise that was generated by dynamic
signal analyzer HP3562 and was amplified by a
power amplifier drove an actuator which excited the
base plate of the model structure. In experiment the
ambient excitation was simulated in this way. BK
4366 accelerometers were mounted on the structure
to measure acceleration responses. The duration of
acceleration records was 300s. The diagram of ex-
perimental excitation and measurement system is
shown in Figure 3. To achieve a higher accuracy, the
measurement range and sample frequency must be
selected appropriately. Experiment was carried out
in night for reducing the negative influence of noise.
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Figure 3. Diagram of experimental System.

3.2 Modal Parameters Identification

According to the natural excitation technique
(NEXT), the cross-correlation function between two
acceleration measurements on a structure satisfies
the homogeneous differential equation governing the
motion of the system, and it can be treated as the
structural free vibration data (James et al. 1993,
1997). Because the cross-correlation function and
the cross-spectral density function form a Fourier
transform pair, the cross-correlation function is ob-
tained as a discrete inverse Fourier transform of the
cross-spectral density function. The acceleration re-
cords were resampled to 200Hz and then were fil-
tered by a Chebyshev numerical filter with band-
pass of 5 to 50Hz. The cross-spectral density func-
tion was computed from the acceleration data which
had been processed. Averaging was employed to re-
duce the relative standard deviation of the cross-
spectral density function and a Hanning window was
used to reduce the effects of the leakage. Once the
correlation function is obtained, it is possible to de-
termine modal parameters of the structure using the
eigen-system realization algorithm (ERA) (Cao
2001).

To validate the modal parameters identified from
the ambient excitation cases, hammer impact tests
were performed. The structure was hit three times in
each direction by the hammer at joint 6. The model
structure was analyzed using SAP2000 to verify the
identified results of experiments. In different dam-
age patterns, the modal frequencies identified from
experiments and FEM analysis are shown in Table 2.
As can be seen, a good agreement among them is
found. The modal parameters identified from the
ambient excitation cases are proved to be accurate
and are utilized in the following damage diagnosis.

Table 2. Structural modal frequencies (Hz).

coeol  Accelerometer
Charge Amplifier



Damage pat- fi f, f; fy fs
tern N-S E-W o N-S EW

. 0 8764 9972 16779 18.091 26.861
Simu- 1 7897 9.887 15938 18.102 26.497
Lai;dt :? 2 7.126 9.887 15.137 17.980 26.936
citation 3 7783 9.075 15209 17.980 26.411
4 7403 9557 15415 17.010 26.488
0 8788 10.097 16.743 17.909 26.430
Hammer 1| 7.856 9743 15871 17.831 26.183
impacts 2 7.098 9.735 15.059 17.682 26.036
excitaion 3 7747 8953 15.153 17.800 26.470
4 7366 9369 15297 16.838 26218
0 8560 10.723 16.619 17.695 26.892
1 7569 10723 15979 17.660 26.892
afi%is 2 6560 10.723 15310 17.588 26.892
37546 9.924 15365 17.657 26.768
4 7219 10725 15700 16.638 26.893

The mass-normalized mode shapes need to be
used in the Damage Locating Vectors method. But
the simulated ambient excitation is unknown, so the
modal participation factors can not be determined di-
rectly. Consequently, the estimated mode shapes are
not correctly scaled. The eigen-sensitivity analysis is
utilized to obtain the mass-normalized mode shapes
(Parloo et al. 2002, 2005). In experiment, the mass
changes were generated by the addition of 50Kg
lead mass at joints 9~12. Then the shift in natural
frequencies between the original and mass-loaded
condition were obtained. The mode shapes can be
mass-normalized using the sensitivity analysis of
modal frequencies to mass changes. The steps of
signal processing and modal parameters identifica-
tion are summarized in the diagram in Figure 4.

Acceletation
records

Response Parameters

Mode Shapes

Figure 4. Flowchart for signal processing and modal parame-
ters identification.

3.3 Results of Damage Diagnosis

3.3.1 Damage Diagnosis Model

According to the sensor placement, the 8 DOF and
8-Element damage diagnose model is applied to di-
agnose the damage as shown in Figure 5. Elements 1
and 5 respectively represent the frames in the north
side on the first and second floors in the X direction,
elements 2 and 6 respectively represent the frames in
the west side on the first and second floors in the Y
direction, elements 3 and 7 respectively represent

Mass-normilized

the frames in the south side on the first and second

N <

0

Figure 5. Damage diagnosis model.

floors in the X direction, and elements 4 and 8 re-
spectively represent the frames in the east side on
the first and second floors in the Y direction.

3.3.2 Damage Localization in Experiment

3.3.2.1 Damage Index Method

In the 1st, 2nd and 4th damage patterns, the first
mode has large frequency change, so only the first
mode shape was used to computer the damage index.
In the 3rd damage pattern, since the first 2 modal
frequencies have changed obviously, the first 2
mode shapes were employed to calculate the damage
index. The normalized damage locating indices of
elements in all damage patterns are shown in Figure
6. The damaged element can be identified: in the 1st
pattern, the element 2 i.e. the frame in the west side
on the first floor in the Y direction is damaged; in
the 2nd pattern, the element 2 and element 4 i.e. the
frames in the west and east sides on the first floor in
the Y direction are damaged; in the 3rd pattern, the
element 2 and element 3 i.e. the frames in the west
side in the Y direction and in south side in the X di-
rection on the first floor are damaged; in the 4th pat-
tern, the element 2 and element 6 i.e. the frames in
the west side on the first and second floors in the Y
direction are damaged. The result is in good agree-
ment with the known damage patterns.
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Figure 6. Normalized damage locating indices of elements in
all damage patterns.



3.3.22 Damage Locating Vectors Method

The approximate flexibility matrix was obtained
from the first 3 frequencies and corresponding mode
shapes and then was modified according to the prop-
erty of flexibility matrix. The value of p was set as
0.9 when DLVs were determined and the threshold q
for damage detection was set as 0.1. The WFIs of
each element in all patterns are shown in Table 3.

Tabel 3. WFI values of elements in all damage patterns.

Element Damage pattern

number 1 2 3 4
0 0.713 1.480 0.470 0.408
1 0.062" 0.050" 0.027" 0"
2 1.294 0.581 0.087" 0.433
3 0.351 0.031° 0.518 0.749
4 0.551 0.764 1.057 0.325
5 0.188 0.299 0.526 0"
6 0.702 1.227 0.189 0.319
7 0.473 0.447 0.727 1.307
8 0.713 0.122 0.090 0.089

" Location of true damage.

Table 3 shows that the damaged elements identi-
fied using DLV's method are in good agreement with
those detected using Damage Index method and the
known damage patterns.

3.3.3 Damage Severity Estimation in Experiment
After localization of the damage, the damage extent
was estimated using the second order eigen-
sensitivity approximation method based on the iden-
tified natural frequencies. The loss of stiffness in
damaged elements is shown in Table 4. The agree-
ment between identified value and theoretical value
of stiffness loss proves the effectiveness of this
damage severity estimation method.

Table 4. Identified stiffness loss in all damage patterns.

Mode . Loss of stiffness (%)
Damage  Damaged used in lterative Identified  Theoretical
pattern element . steps
analysis value value
1 2 1 3 49.33 45.6
2 46.43 45.6
2 4 ! 3 4624 456
2 55.43 45.6
3 3 1.2 4 33.19 23.6
2 59.57 45.6
4 6 ! 3 31.13 40.6

4 CONCLUSIONS

In this paper, an experiment on a two-story steel
braced-frame model structure was performed to ver-
ify the effectiveness of the damage diagnosis meth-
ods presented. Four known damage patterns includ-
ing singe damage, symmetric, asymmetric and
multi-story damages, were simulated by removing
different braces. Modal parameters of undamaged
and damaged structures are extracted utilizing the
natural excitation technique (NExT) in conjunction

with the eigensystem realization algorithm (ERA)
from acceleration responses induced by hammer im-
pacts and simulated ambient excitation. Furthermore
the damage index method and the damage location
vectors (DLVs) method are utilized respectively to
identify the damage locations. The second order ei-
gen-sensitivity approximation method is employed
to estimate the damage severity. Although there are
the measurement noise and uncertainties of the dis-
tribution of the stiffness and mass of the model
structure in the experiment, the vibration-based
methods are shown to be effective to diagnose dam-
age. Since only a few of the lower frequency modes
are needed to diagnose damage, the methods can be
used in the health monitoring of large structures.
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