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Abstract: Study on the non-destructive detection techniques and damage identification method is of great impor-
tance in protecting and rehabilitating the ancient architectural structure. In order to identify the location and the
grade of structural damages, a multi-point microtremor measurement is performed on carved brick screen walls at
Songjiang area in Shanghai, and the observed dynamic parameters (natural frequencies and natural modal) are
obtained. On the other hand, the dynamic parameters of the original structure are calculated by finite-element-
method (FEM). Normalizing the observed and calculated parameters on unified physical quantity, the damages
are located by the variation on vibration modal, and the grade of structural damages is quantitatively evaluated
by stiffness losses based on the variation on vibration modal.
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0 Introduction

Most of the existing Chinese traditional ancient ar-
chitectures are masonry structure, which is valuable
heritage of Chinese ancient culture. For thousands of
years, it has been formed a profound and unique sys-
tem, and becomes the represents of oriental architec-
tural culture. Most of the well preserved were built in
Song, Yuan, Ming, and Qing dynasties, such as Nine-
Dragon Wall at Datong and the Great Wall at Beijing.
In the long history, it has been endured loads, natural
weathering, war and earthquakes, and has caused prob-
lem of damages and damage accumulation which could
reduce the functional performance of the structure or
even cause structural damages!!l. For protecting the
traditional ancient architectures and avoiding the dis-
astrous accidents, a convenient and non-destructive de-
tection method is needed to identify the location and
the grade of the damage as early as possible.

There are a variety of non-destructive detection tech-
niques for structural damage. Among them, X-ray pho-
tographic technology, ultrasonic inspection technique,
electromagnetic testing and acoustic detection technol-
ogy are widely used?). Most of them need prior know
the approximate damage and detection positions which
are easy to approach. It is difficult to apply for the
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structures whose damages are invisible, not opening,
large complex, and not easy to approach. The signal
is easy to collect and the sensor can easily be set for
the non-destructive detection techniques using the dy-
namic characteristics of structure. Therefore, a vari-
ety of non-destructive detection methods based on dy-
namic characteristics are used to detect the traditional
ancient structuresl® | such as stress wave nondestructive
testing, resistance detection, resonance method and mi-
crotremore which are widely used in Japan and Italy[4.

The source of microtremor is from deep of the Earth,
and it has no effect on the structure. Moreover, the
equipment of microtremor measurements is lightweight
and easy to operate, so it can be applied to large com-
plex structuresl®. The vibration characteristics of the
structure like amplitude of vibration, natural frequen-
cies and modal are measured by microtremor technique.
The functional performance of the structure is quanti-
tatively evaluated based on the damage identification
using the observed dynamic response as damage iden-
tification parameters.

1 Damage Identification Method Based
on the Varieties of Structural Natural
Vibration Modal

It is well known that structural damage causes loss
of stiffness or mass which resulting in the variety of
structural dynamic characteristics such as natural fre-
quencies, natural modal and damping. In general, the
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structural damage would cause a decrease of the nat- According to

ural frequencies and an increase of the damping ratio. T y 5 )

Therefore, the structural damage can be identified by ¢ K¢ = diag(wy, w3, ,wy), (3)

the variety of the natural frequencies, damping ratio
and modal of vibration. The natural frequencies of
structure show the overall performance and it is difficult
to identify the local damage of the structure. However,
there is more information of structural damage in the
natural modal, especially for evaluation of the damage
location[®. Though it is easy to locate the damage of
the structure by using the variety of structural modal,
the vibration modal is difficult to observe completely,
the deviation is inaccuracy, and the damage grade is
difficult to evaluate quantitatively!”.

1.1 Analytical Method

The damage of structure is located by observing the
mutation of vibration modal, e.g. strain modal and
power modal. For the incomplete information of mea-
surements, the quantitative evaluation of damage can
be iterated by least square method, or the stiffness los-
ing can be calculated by variance of vibration modal.
Analytical procedures are listed as follows.

(1) The natural frequencies and natural modal of the
structure are measured using microtremor, while the
measurement points are setting all over of the structure
according to the structural characteristics.

(2) The dynamic parameters such as natural frequen-
cies and natural modal of the undamaged structure are
calculated by finite-element-method (FEM) according
to the original design and construction data.

(3) Comparing the calculated natural frequencies and
natural modal with the observed results, the damages
of the structure are located by evaluating the mutation
of response.

(4) As the natural frequencies and modal of the struc-
ture are the function of mass and stiffness, the variety of
stiffness and mass of the structure can be identified by
comparing the analytical dynamic characteristics with
the observations:

where, M and K are the mass and stiffness matrixes,
respectively; w; is eigenvalue of the i order; ¢; is the
corresponding eigenvector.
1.2 Stiffness Losing

Generally, the observed structure can be simplified as
a system with n number of degrees of freedom (DoFs).
The w; and ¢; of damaged structure can be obtained
by analyzing the observation data. Suppose n numbers
of eigenvectors (natural modal) compose of an n X n
natural modal matrix, i.e. ¢ = [p1 P2 - D],
and let ¢ be normalized by mass matrix and I is unit
matrix, then there is

oTM¢p=1. 2)

the stiffness matrix of damaged structure can be repre-
sented by the natural modal and natural frequencies:
K = (¢ Y diag(w?, w3, -+ ,w?). (4)
Therefore, the grade of damage of the structure can
be identified by analyzing the variation of stiffness ma-
trix and losing of stiffness. Effectively, there would be
uncertain for structures with many numbers of DoFs or
complex structures, because each natural modal can-
not be measured and usually only several low orders of
modal can be measured!®].

2 Microtremor Measurements of Tradi-
tional Masonry Structure

2.1 Carved Brick Screen Wall at Songjiang
Area

Carved brick screen walls at Songjiang area were
built in Ming dynasty, 1370 A.D., for over 600 years,
located in the west of Shanghai, China. The super-
structure is of 14.90m length and 5.30m height. The
wall is masonry with two types. In 2.43m height
from the ground, the masonry form is one horizontal
and three vertical arrays of black bricks with size of
270mm x 140 mm x 48 mm used to mortar bond, and
the thickness of this part is 630 mm. The other part of
the wall is masonry with one horizontal and five vertical
arrays of black bricks with 230 mm x 85 mm x 40 mm
size used to mortar bond, and the thickness of this part
is 530 mm. Masonry form is shown in Fig. 1.
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Fig. 1 Carved brick screen walls at Songjiang and masonry
form (m)

There are serious damages occurred in the wall, such
as weathering on the surface of sidewall in north, cracks
on the sidewall in south and edges, and other local dam-
ages, leakage and weathering on the tiles of roof. The
wall shows protruding to south, especially in the mid-
dle part, and the maximum tilting of the wall reaches
33.1%o. Therefore, there are multiple potential dangers
in the wall; it is needed to comprehensively evaluate
the safety status for ensuring the safety of the large
brick-carving artistic works.

2.2 Microtremor Measurements
The measuring equipment consists of one handy
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seismometer (Geode, 24 channels, distinguishing ability
24 bit, frequency range of 1.75Hz—20kHz) and one
component high-sensitive velocity detector (the natural
frequency is 4.5Hz). The detectors are connected by
cables for simultaneous acquisition of multi-point data.
Also a simple device which can be effectively coupled
with structure in two directions of east-west (EW) and
north-south (NS) is machining, as shown in Fig. 2.

Fig. 2 Machining device for setting sensors

The detectors (two components) are placed on each
part of the wall with four measurement points at dif-
ferent heights considering the structural form, masonry
style and characteristics of structure components, as
shown in Fig. 3. The measured direction of NS is along
the long axis and the one of EW is along the short axis
of the structure. The interference of human activities
should be avoided during measuring, and the surface
of the structure should be as flat as possible. The sig-
nals of two components (EW and NS) with short-period
microtremor are obtained. It is designed to record at
a sampling rate of 4ms for 150 min. Figure 4 shows

o
— A
o 6 115 20 1 19 24 1 23
— East | part | Middle part | West | part
ot 314 57 6|10
~y 112 918 12011
IIIIIIIIIIIIIIIIIIIIIII IIIIIII IIIII IIIIII
211 534 B 534 211
Fig. 3 Multi-point measurement (m)
275
] 3 1
225 ] f i¥:
: i k4 |
w175 ] s | i
o % 5 3 H
E125 - 3 g
3
75 £ i
25 i %1 ii
O 3 5 7 9 11 13 15 17 19 21 23

Tract number

Fig. 4 Recorded velocity waves of 24 channels

the recorded velocity waves of 24 channels (0—250s).
There is a regular interference on the waves from ca-
bles by the wind and other natural factors, however the
waveform is steady.

2.3 Data Analysis

The frequency characteristics of microtremor can be
obtained by a spectral analysis of its signals used fast
Fourier transform (FFT), and it can be used to probe
into dynamical characteristics of the structure. From
the recorded data of microtremor measurements, 10 sets
of 60s digital data avoided the potential noise sources
during the measurement time of 150 min are selected to
use for FFT analysis. The Fourier spectra of velocity
by a period in NS and EW directions, denoted as S, are
calculated by averaging the 10 sets of Fourier spectra
after smoothing with 10 times Hanning window (fre-
quency band is about 0.1 Hz). The natural frequency,
denoted as f, is determined by analyzing the peak val-
ues of FFT results. The vibration modal correspond-
ing to each natural frequency can be plotted using the
peak amplitude values of Fourier spectra at measuring
points.

Figure 5 shows the Fourier spectra of velocity by a
period in NS direction with different heights of the east-
ern side of the wall. The height of the wall is denoted
as h. It shows the same resonant characteristics of four
measurement points, and the basic three natural fre-
quencies of the wall are 2.43, 3.09 and 4.48 Hz, respec-
tively. The basic three orders of vibration modal can
be obtained by plotting the resonant amplitude corre-
sponding to each natural frequency.
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Fig. 5 Fourier spectra of velocity by a period in NS direc-
tion of the eastern side of the wall

Figure 6 shows the basic three orders of vibration
modal corresponding to each natural frequency distri-
bution considered as the natural modal of the structure.
It is shown that the vibration modal in east and west
parts of the wall is similar, and the response of modal
is different from the middle part. Especially, there is a
mutation occurred on the top of the middle part.
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Fig. 6 Natural modal of the structure in NS direction

3 Structural Damage Evaluations Based
on the Measured Dynamic Parame-
ters by Microtremor

3.1 Dynamic Characteristic of Undamaged
Structure

An undamaged 3D FEM model is established accord-
ing to the historical records, surveying and original de-
sign and construction data, as shown in Fig. 7. The
hexahedral solid element is used, and the bottom of the
model is fixed. The material parameters of the model
are shown in Table 1. Density is p, elastic modulus is
FE, and Poisson’s ratio is p.
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Fig. 7 Three-dimensional FEM Model (m)

Table 1 Material parameters

Part p/(kg-m™3) E/MPa "
) 1700 0.64 0.12
@) 1700 0.80 0.12
® 1700 1.00 0.12

The modal analysis of the 3D wall model is carried
out. As a result, the basic three natural frequencies are
2.45, 3.86 and 6.11 Hz, respectively. Compared with the
observed results, it decreases slightly. The calculated
modal of the basic three orders is shown in Fig. 8, where
U, is the displacement in y direction. The dynamic re-
sponse of the undamaged wall model shows symmetric

characteristic, the ones of the first and second orders of
the vibration modal are predominant mostly, and the
maximum response appears at the top of the wall.
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Fig. 8 Natural modal of the 3D wall model

3.2 Damage Location of the Structure

The physical quantities of natural modal in calcu-
lation are displacement and spectra of velocity by a
period in observation. It is needed to normalize those
results into dimensionless quantity. Then we define D-
value as positive difference between the observation re-
sults and the calculation results. The distribution of
damage is located by D-value, as shown in Fig. 9. The
variety of variation modal is mainly concentrated on the
upper part of the wall, the result of which is consistent
with the measuring deformation of the wall. The mid-
dle part is protruding to the south, and the maximum
tilting of the wall reaches 3.31%.
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Fig. 9 Damaged location of the wall

3.3 Damage Grade of the Structure

Each part of the observed structure can be simplified
to a 3-DoF system according to the structural charac-
teristics and the measurement arrays. In the 3-DoF
system, the stiffness (k1, k2, k3) is unknown, the mass
(my, ma, ms) is constant, and the eigenvalue w and
modal Y are observed. Then the stiffness can be calcu-
lated by

51Y11 + 83Y31 + s2Y0;

k1 =
Y1
_ 53Y31 + s2Yo;
ky = —F—— ) (5)
Yor — Y11

e 53Y31

g= 0731

Y31 — Yo1
— 2 2 2
S1 = wW Mmy, So = W Mma, S3 = w ms,

where Y11, Yo and Y3; are the variation modal which
can be measured. According to the results of FEM
analytical results and microtremor observation results,
the damaged stiffness ko1, and undamaged stiffness kca
can be calculated by Eq. (5). The stiffness losing is
defined as

n= (kobv - kcal)/kcal-

Plotting the stiffness losing on the profile of the wall,
the distribution of damage grade evaluated by stiffness
losing is shown in Fig. 10. It is shown that the west
part is more serious than the east part, and the most
serious part appears in the upper of the middle part
with 62% stiffness losing.

Fig. 10 Evaluation of damaged grade

4 Conclusion

Microtremor technology has low effects on the struc-

ture, and can also probe into the dynamic response of
the structure. The vibration modal of the structure is
regarded as the damage identification parameter. The
damage location can be identified by evaluating the va-
riety of variation modal, and the damage grade can be
determined by calculating the stiffness losing between
the observation results and the FEM analytical results.

Microtremor measurements are conducted on carved
brick screen walls at Songjiang area. The measurement
points are setting considering the structural form, ma-
sonry style and characteristics of structure components,
so that the damage status of structure can be ade-
quately grasped. The basic three natural frequencies
and vibration modal of the wall are obtained by FFT
analysis.

During the practical application, it is needed to nor-
malize the modal as a dimensionless quantity. Com-
paring the analytical results with the microtremor ob-
servation results, the damage location and quantitative
grade are evaluated. The most serious damage part
appears in the upper of the middle part with 62% stiff-
ness losing, the result of which is consistent with the
measuring deformation of the wall. The middle part is
protruding to the south, and the maximum tilting of
the wall reaches 3.31%.
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