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ABSTRACT: The parameter identification method in frequency field now is widely used in the structural damage diagno-
sis and health monitoring, and has been receiving considerable attention. But the low order modal parameters obtained
from structural dynamic testing contain mainly global information of a structure and are insensitive to local
change of the structure. So it is necessary to develop an identifying method by which the local characteristics
of structures can extracted based on the frequency field information. In this paper the dense high order mode
section and local mode of a frame structure were defined by modal analysis. A local exciting method was
used to obtain high order local mode information of a reinforced concrete frame. From experimental modal
analysis it is shown that the stiffness change of a column in the frame structure can be detect by the maximum

energy high order mode.

1 INTRODUCTION

It is a common method for Non-Destructive Test-
ing and Evaluation to identify structural damage
with displacement mode. Generally, it is difficult to
identify local damage using vibration signal ob-
tained from frequency domain since it presents the
global structural characteristics and is insensitive to
varying of local structural characteristics. A better
idea is to identify structural local damage by obtain-
ing information containing local structural state di-
rectly from possible damaged positions. From
1990s, methods such as strain mode and curvature
vibration shape have been applied to structural dam-
age diagnosis, whose basic tenet is to identify varie-
ties of structural parameters utilizing structural local
state information (Lu et al. 1999, Yao et al. 1992,
Elkordv et al. 1994, Pandey et al. 1991).

Chou et al. define global mode as integral mode
or structural mode while local mode denotes signifi-
cantly lager vibration amplitude of some local parts
relative to other parts (Chou et al. 1990). Mou et al.
presented that (1) global structural mode is the mode
with uniform deformation on each structural part and
with large deformation on main structure; (2) local
mode is the mode with small or without deformation
on main structure such as frame or truss, while with
local deformation on auxiliary structure such as
plate and shell (Mou et al. 2001). Maalej et al. iden-
tify structural natural vibration frequency utilizing

spectrum evaluation of strain response of local
bridge member and monitor the varieties of struc-
tural local mechanical performance by the relation-
ship between natural vibration frequencies of struc-
tural members and their stiffness or support
conditions (Maalej et al. 1999). Koh et al. identify
physical parameters of substructures directly by dy-
namic response of substructures. On the basis of re-
ceptance theory, interface forces are eliminated by
using different sets of measurements in the substruc-
ture concerned under the same dynamic excitation
(Koh et al. 2003). Li et al. proposed two-step identi-
fication method and identify the constrained condi-
tions and section stiffness of frame beam concerned
using first 4 orders of natural frequencies tested (Li
& Li 2002). However, the algorism ignored the dy-
namic (inertia) coupling between member and struc-
ture and its identification results are to be verified.

This paper found that the high order modes of
frame present local mode behavior characterized by
bending vibration of beam-column by mode analy-
sis. The local bending modes of frame structures
were obtained using local bending mode testing
method. On the basis of the characteristics of these
modes, the reasonable applications of high order lo-
cal modes to damage diagnosis have been discussed
in this paper.



2 HIGH ORDER LOCAL MODE OF FRAME
STRUCTURES

The frame structure vibrations can be classified as
space global vibration and local vibration. The low
order modes present the characteristics of structural
space global vibration while the high order modes
exist as local vibration modes of members such as
plates, beams and columns.

Structural analysis indicates that the vibration
mode of continuous beam with same section size
and span length can be treated as the combination of
that of single-span beam. The distribution of natural
vibration frequencies of multi-span continuous beam
on the frequency domain groups according to single-
span vibration modes. The range where natural fre-
quencies concentrate is called mode-dense-region.
Generally, the number of natural frequencies and the
number of continuous beam spans are the one and
the same in the mode-dense-region (Qian P. 1964).
For the regular multiple-story frame structure the
basic member is each story. The mechanic behavior
of columns of frame is like that of the vertical con-
tinuous beam under loads. The column differentiates
from continuous beam in the axial force and connec-
tion between columns and beams. Since there exists
static and dynamic coupling between the substruc-
tures, it is hardly to obtain correct results if we sim-
ply choose one beam or column from the frame
structure as a beam simple elastic supported at both
ends and solve the inverse problem for its support
stiffness and structural stiffness using natural fre-
quencies tested without considering the dynamic in-
teraction between substructures.

Model parameters of different orders in structural
high mode-dense-region can be obtained by charac-
teristic value analysis of structures using FE method.
This paper defines the bending vibration shape local
mode of the same kind of members corresponding to
the first order bending shape of a single-span beam
is the first local mode-dense-region. The 2" and 3"
local mode-dense-region may be deduced by anal-
ogy.

FE model of transverse frame plan is shown in
Figure 1. The column of frame is divided into 6 ele-
ments while the beam is simulated by one element.
There are 12 vibration shapes in the first local mode-
dense-region of frame columns, as shown in Figure
2. These modes lie in between 8" and 23" in the dis-
tribution of structural global frequencies, with a few
axial deformation modes of beams and columns
among them. Figure 2 illustrated that there exists
only rotation displacement and no horizontal dis-
placement for local modes of frame nodes, which is
one of the features of local modes.

To attain accurate local mode information from
the test, the time history response of structure under
impact excitation were solved out by vibration shape

addition method. The first 144 modes were utilized
for vibration shape addition computation. Structural
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Figure 1 FE model of the frame structure
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Figure 2 the 12 modes of column in 1st local
mode-dense-region
damping value is 0.003. Power spectrum of re-
sponses was obtained applying excitation to the mid-
dle point of edge column of first story (Node 18) and
middle point of edge column of third story (Node
28), as shown in Figure 3 and 4. (The longitudinal
axes denote power in these figures). Figure 3 and 4
illustrated that all of high order modes cannot be ob-
tained by local excitation. The contributions of local



modes excited by different node excitation are not
the same. Two natural frequencies of mode-dense-
region were obtained under excitation on node 18
while five under excitation on node 28.
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Figure 3. Power spectrum of responses of node 18 with exci-
tation on node 18

0. 00150

0.00157] 255.98Hz T

0. 00100 4

0. 00075 4

ooocs0| 115.97Hz 208-13Hz ]

0. 00025 A140.99)‘-ﬂ2 322.03Hz 1

0. 00000 — T JT T T \Jk ‘JL T T T (HZ)
0 50 100 150 200 250 300 350 400 450 500

Figure 4. Power spectrum of responses of node 28 with exci-
tation on node 28

3 CHOOSING OF HIGH ORDER MODE BASED
ON MAXIMUM ENERGY

It is difficult to obtain all the modes in structural
local mode-dense-region as discussed above. The
more feasible method is to diagnose damage utiliz-
ing test results of single structural member based on
structural high order local modes.

It is apparent in power spectrum of responses of
single member under excitation that the peak value
of each mode in the mode-dense-region is different.
The contribution of corresponding mode with the
frequency which is the maximum peak value in the
same mode-dense-region is the most to the structure
member concerned, which presents the performance
of the member comprehensively. Therefore, the
natural frequency with the highest peak value in the
same mode-dense-region in the power spectrum of
responses was chosen as the index of damage diag-
nosis for members in this paper. In practice, it pre-
sents as the frequency with the highest peak value in
the same mode-dense-region in the power spectrum
of responses, whose relative varying ratio between
the value before damage and the value after damage
indicates the existence of damage.

To investigate the feasibility of applying struc-
tural high order local mode to damage diagnosis, the

damage diagnosis of frame structure was simulated
and the damage simulation cases are listed in Table
1.

Table 1. Damage simulation cases of frame structure

CASE DAMAGE DESCRIPTION
1 Impaired 20% for the edge frame column of the
first story (Element 21~26)
2 Impaired 20% for the edge frame column of the
third story (Element 33~38)
3 Impaired 50% for the edge frame column of the

third story (Element 33~38)

Low order global modes frequencies of frame
structure and the varying of high order local modes
frequencies of frame columns were obtained by mo-
dal analysis of frame structure under each damage
case, as illustrated in Figure 5.
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Figure 5. Damage CASE1~CASE3:Rate of relative change of
natural frequencies of the structure

Figure 5(a) illustrates that when damage occurred
in the first frame column, the high order local modal
frequency which has the maximum energy is more
sensitive to damage than the low order modal fre-
quency, showing the existence of damage appar-
ently. A few high order modal frequencies varied a
lot when damage occurred in the columns of the
third story. Furthermore, the relative varying ratio of
modal frequencies increases with the damage degree



increasing. Compared with the vibration shape in
Figure 2, the corresponding first story column dis-
placement of the first high order mode is large. The
varying is also large for the corresponding natural
frequencies while the stiffness of columns in the first
story changes. Similarly, the corresponding third
story column displacement of the fourth high order
mode has the maximum value. The varying is also
the largest for the corresponding natural frequencies
while the stiffness of columns in the third story
changes. The corresponding third story column
modal displacements of the seventh, tenth and
twelfth order modes have large magnitudes. The cor-
responding natural frequencies vary a lot, too.

Power spectrum of responses of part of tested
points were obtained by applying impact excitation
to middle points of columns on each story respec-
tively, as shown in Figure 6. It illustrates that the lo-
cal mode with the maximum energy in all high order
modes shows the highest peak value in the power
spectrum of responses after damage.
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Figure 6. Power spectrum of responses under case 1-3

Therefore, the basic index utilizing high order lo-
cal mode for structural stiffness diagnosis is the rela-
tive varying ratio of natural frequency which the
maximum energy concentrates in.

4 TESTING OF LOCAL MODES OF
REINFORCED CONCRETE FRAME MODEL

To obtain the high order local modes of frame col-
umns accurately, a reinforced concrete frame struc-
ture model was tested. The model plan and section
size of frame beams are shown in Figure 7. It is a
frame with 2 spans and 4 stories. The height of first
story is 1333 mm while the height of other stories is
1000 mm. The section size of frame column is
133mm X 133mm with compression strength of con-
crete 25 MPa and 1.2% reinforcement.
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Figure 7. Plan of the reinforced concrete frame model

Sinusoidal stable sweeping excitations with multi-
point acquisition were applied on the frame on axis
2. The layout of testing points is shown in Figure 8.
Figure 9 and 10 present that the vibration of frame
columns are mode dense type. Although different
modal frequencies exist for frame columns in mode-
dense-region, they correspond to the same mode
shape approximately. Differences lie between the
testing results and computation results shown in Fig-
ure 2-6 because the model tested is a space frame
while the computational one is a plan frame.
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Figure 8. Layout of test points
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Figure 9. Cross power spectrum of middle point & base point
of column in the second story
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Figure 10. Cross power spectrum of middle point & base point
of column in the third story

Impact excitation was also used in the experi-
ments. As a result, the peak frequency of transfer
function coincides with results under stable excita-
tion (Xu L. 2004).

Vibration shapes of frame edge column corre-
sponding to natural frequencies 267Hz and 394Hz
were obtained through experimental modal analysis,
as shown in Figure 11. The vibration shapes in Fig.
11 presents that the frame vibration is space vibra-
tion when natural frequency equals 267Hz. The vi-
bration shape of column on axis 3 is different from
that on axis 2. At the same time, the vibration shape
of column on axis 2 is different from results of mo-
dal analysis. Therefore, the mode corresponding to
267Hz is not the high order local mode we expected.
When natural frequency equals 394Hz, the vibration
shape of column on axis 3 is the same as that on axis
2, and is very close to 11™ mode vibration shape
from the modal analysis. Furthermore, they have al-
most the same natural frequency.
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Figure 11. Local mode vibration shapes of edge column of the
frame
Therefore, we can draw a conclusion that the
maximum energy of the frame column vibration
concentrates on the mode using the stable excitation
method utilized in this paper. The varying of column
stiffness should influence this mode a lot.

5 LOCAL MODAL DIAGNOSIS OF VARYING
COLUMN STIFFNESS OF REINFORCED
CONCRETE FRAME MODEL

To investigate the influence of varying of column
stiffness to high order local mode, the edge columns
on second story on axis 2 of the model were
strengthened by one-layer brick wall. The wall uses
clay bricks of MU10, mixed mortar of M10 and
115mm of width. The size of combination section of
the strengthened column is 133mmX200mm, 31%
stronger for its section bending stiffness. Sinusoidal
stable sweeping excitation was used again for the
dynamic test of strengthened model.

Cross power spectrum is given for column with
increased stiffness in Figure 12. Compared with Fig-
ure 9, there is not much difference between them.
Nothing is different for point with 267Hz frequency
and the 394Hz frequency changed to 397Hz, with
rate of relative change 0.75%. The low order natural
frequencies changed because of the varying in the
column stiffness, as shown in Table 2.
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Figure 12. Cross power spectrum of middle point & base point
of column in the strengthened second story

The analysis of modal vibration shape indicates
that there is no apparent change for the first 4 modes
and vibration shape with the maximum energy local
mode after the strengthenlng on the edge columns of
2" story. There is some small change for modal vi-
bration shape according to theoretical analysis.
However, the analysis of the testing data did not
show any change because of the error in the testing
and modal fitting. The first 4 natural frequencies of
longitudinal vibration and torsion vibration were
also tested in the experiments. No change was ob-
served for them after the strengthening.

Table 2. Comparison of the low order natural frequency (Hz)
and its rate of relative change of the frame structure be-
fore/after strengthening columns in the 2" story

Structural Natural Natural Relative  Rate of
low order frequency  frequency change relative
mode before after change
strengthen  strengthe
-ing n-ing
Horizontal
translational  7.810 7.810 0 0
first order
Horizontal
translational  24.796 24.796 0 0
second order
Horizontal
translational ~ 45.455 45,650 0.195 0.43%
third order
Horizontal
translational  66.961 67.351 0.39 0.58%

fourth order

The above results of testing and analysis present
that the higher order modes in the structural global
vibration modes and the high order local modes are
more sensitive to the structural local change. The
position of stiffness change of frame structure can be
detected by the maximum energy high order mode
method proposed in this paper.

To further analysis the quantities change of col-
umn stiffness using dynamic testing data and the
maximum energy high order mode method, FE
model was built for the frame. Take the structure be-
fore strengthening as a benchmark with given mass,
calculate the increment of structural natural fre-
quency with the change of element stiffness of edge
columns on the 2™ story, and obtain the relation
curve between bending stiffness change of the ele-
ment Ak, and natural frequency change Af, of
frame column first order maximum energy local
mode and the 3 , 4™ natural frequencies corre-
sponding to structural horizontal translational dis-
placements. The computational results are shown in
Figure 13. Note that the mass of columns increased

when frame columns were strengthened by brick
wall. Therefore, if the increment of stiffness is small,
the change is a negative value because of the lower-
ing of the frequency by the increased mass. With the
same mass increment, the stronger the stiffness is,
the higher the natural frequency. Figure 13 illus-
trates that the stiffness increment of edge column on
the second story corresponds the change of tested
natural frequency. The curve in Figure is in fact the
sensitivity curve of natural frequency. The change of
frame column stiffness can be obtained using inter-
position by testing change of natural frequency of
frame column according to Figure 13. The results
are shown in Table 3.
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Table 3. Change of column stiffness AK identified by differ-
ent natural frequencies (kN-m?)

Horizontal Horizontal the  maxi-
translational  translational ~mum energy
third order fourth order  local mode
The stiffness
change  Of  oe 6(7206)  454.2(58%)  274.3(34%)
columns on

second story
Note: The value in brackets is relative change of column stiff-
ness.

Based on the analysis of 3 curves in Figure 13, it
is found that the sensitivity of natural frequencies of
structural global low order modes is smaller than
that of high order local modes to the change of col-
umn stiffness, i.e., the structural low order natural
frequencies are insensitive to varying of column



stiffness. The computational results using material
mechanics are more close to the identifying column
stiffness change by the maximum energy local mode
method and are quite dissimilar to the identifying
stiffness by low order global modal frequency
method. This shows that the maximum energy local
mode method can identify the local stiffness change
of frame structure more accurately.

6 CONCLUSION

This paper discussed the characteristics of local
modes of frame structure and investigated the feasi-
bility of applying structural high order local mode to
damage diagnosis.

(1) Frame structure high order local modes are
characterized by bending of beams and columns
without translational displacement on nodes. High
order local modes gathered in mode-dense-region.
The number of natural frequencies and the number
of members of the same kind are identical in the
mode-dense-region.

(2) Modal analysis and Modal tests show that all
modes in the mode-dense-region cannot be excited
by local excitation although high order local modes
of frame structure can be excited. The basic index
utilizing high order local mode for structural stiff-
ness diagnosis is the relative varying ratio of natural
frequency which the maximum energy concentrates
in.

(3) The results of modal testing present that global
low order natural frequencies of frame structure are
insensitive to the local change structural stiffness.
The position of stiffness change of frame structure
can be detected by the maximum energy high order
mode method proposed in this paper and with a good
accuracy.

This paper identifies the stiffness change of mem-
bers in a frame structure utilizing high order local
mode in the comparison experiments. To give the
qualitative evaluation of physical parameters of
members, computational models for evaluation of
physical parameters based on local modes are neces-
sary because the testing results of local modes are
relative to excitations, which will carry on in the
later research.
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