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ABSTRACT :

While a variety of modal-based damage indices have been proposed in the past two decades, their applicability
to seismic damage detection of building structures has scarcely been verified using real measurement data. This
paper presents an experimental verification study on vibration-based post-earthquake damage identification of
tall building structures. A 1:20 scale model of a 38-story residential building was tested on a shaking table to
subject to four levels of earthquake (minor, moderate, strong, and super-strong earthquakes). Accordingly, the
structure suffered from trifling, moderate, serious, and complete (nearly collapsed) damage, respectively. After
the earthquake excitations at each level, post-earthquake ambient vibration responses of the tested structure
were measured by accelerometers deployed at different floors. This experiment makes it possible to verify the
applicability of vibration-based identification methods in identifying damage of different severities for the same
structure. With the identified modal properties from ambient vibration responses, damage in the structure after
experiencing each level of the earthquake attacks is evaluated making use of five modal-based damage indices,
respectively. By comparing the identification and observation results, it is concluded that the modal flexibility
damage index (MFDI), story damage index (SDI), and approximate story damage index (ASDI) perform well in
identifying and localizing the seismic damage of different severities.
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1. INTRODUCTION

The devastating Wenchuan Earthquake occurring in southwest China's Sichuan Province on 12 May 2008 has
highlighted again the need for real time damage assessment of important and critical civil structures after a
major hazardous even. Knowledge of structural damage is the basis for decision making on whether retrofitting,
partial replacement or demolition is necessary after severe hazards. Despite much recent research and some
successful applications in recent years, assessing post-earthquake damage that occurs in complex structures
such as tall building structures remains as a challenging task for civil engineers. Since the ambient vibration
responses of a tall building structure before and after experiencing an earthquake can be easily measured, the
vibration-based damage detection technique has attracted great interest for researchers and engineers in the past
two decades (Ko and Ni 1999). Utilizing the ambient vibration monitoring data prior to and posterior to an
earthquake in conjunction with an appropriate vibration-based identification method offers a viable approach to
post-earthquake damage evaluation of tall buildings.

A variety of modal-based damage indices have been proposed for structural damage identification (Sohn et al.
2004). However, their applicability to tall building structures for post-earthquake damage identification has
scarcely been verified using real measurement data. In particular, no experimental study has been carried out on
examining and comparing their performance in identifying different levels of damage. In the present study, an
experimental verification is conducted on a 38-story tall building model to compare the damage identification
capability of various modal-based indices when the structure suffers from different levels of seismic damage.
This 1:20 scale reinforced concrete structure represents a typical high-rise apartment building in Hong Kong
with large open-space at the lower stories. It is tested on a shaking table to subject to four levels of earthquake
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including minor earthquake, moderate earthquake, strong earthquake and super-strong earthquake. Accordingly,
the structure suffers from trifling, moderate, serious and complete (nearly collapsed) damage, respectively.
After exerting earthquake excitation at each level, white-noise random excitation is applied to the structure to
imitate ambient vibration, and the acceleration responses at nine floors of the structure during the ambient
vibration are measured. Natural frequencies and mode shapes of the tested structure in healthy state and after
incurring each of the damage scenarios are identified from output-only response signals and used to construct
five damage indices which are the coordinate modal assurance criterion (COMAC), mode shape based Z-value,
modal flexibility damage index (MFDI), story damage index (SDI), and approximate story damage index
(ASDI). All these indices can be obtained without use of a structural finite element model. The performance of
these indices in identifying trifling, moderate and serious damage is evaluated by comparing the predicted
damage with true damage observed during the tests.

2. EXPERIMETNT AND MODAL IDENTIFICATION

2.1. Shaking Table Tests

The tested structure, as shown in Figure 1, is a 1:20 scale model of a
typical high-rise residential building in Hong Kong with the transfer
plate system and large open-space at the lower stories, from which it
can be seen that the accelerometers distribute nearly uniformly along
the wvertical direction. The prototype building is a 38-storey \H=
reinforced concrete structure with 34 stories typical floors supported
by a transfer plate and a three-level podium. The scaled model,
which is 2.370m long, 2.160m wide and 6.515m high, is constructed
with No. 1-3 bottom floors, one transfer plate, No. 4-38 typical
floors, and No. 39-42 top machine floors. In the model structure,
sizes of the concrete beams, columns, slabs and shear walls and core
walls are strictly fabricated following the dimensional scale ratio
1:20, and the structural materials (including additional masses and
reinforcements) are selected according to the similitude law. The
section area and number of reinforcements are designed to meet the
requirement of the reinforcement ratio used in the prototype
building.

The model structure was tested on a 5m x 5m, 6-DOF shaking table
by exerting successively enhanced earthquake waves (minor
earthquake, moderate earthquake, strong earthquake and
super-strong earthquake excitations). Accordingly, it was subjected
to seismic destroy extending from trifling, moderate, serious damage
till to complete (nearly collapsed) damage. When the structure was
subjected to minor earthquake excitations, fine ‘hair-line’ cracks
were found in several structural members at the podium level
(transfer plate). These cracks were barely noticeable with small
width. When subjected to moderate earthquake excitations, cracks
previously appeared under minor earthquake excitation propagated
with slight increase in crack width. More importantly, new horizontal
and diagonal cracks were found between floors No. 4 and 8 above
the transfer plate, indicating the shift of structural damage to the
stories above podium level. Under strong earthquake excitations,
besides increase in the crack width and propagation of the cracks
found in moderate earthquake excitations, more than 50 new cracks
were found. Most of them appeared at stories above the transfer plate  Figure 1 Tested tall building model
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and at the middle and upper stories. When subjected to super-strong earthquake excitations, integrity of the
structure was destroyed. The failure is mainly due to complete separation of an end shear wall at the vicinity
above the transfer plate. Horizontal cracks appeared on the surfaces of the floor slabs in all the stories, with the
severest cases at floors No. 4 to 10. More detailed descriptions on the shaking table tests and observed damage
of the tested structure refer to Li et al. (2006).

After experiencing each level of earthquake excitations, the structure was subjected to 20-minute white-noise
random excitation of low intensity at its base to generate ambient vibration, and the acceleration responses
under the ambient vibration were measured for modal damage identification. Because the level of the
white-noise random excitation is considerably low, it is regarded that the structure keeps the same damage state
during the ambient vibration. The acceleration responses were measured with a sampling rate of 100 Hz and
only the records in one horizontal direction (referred to as X-direction) are used in the present study.

2.2. Modal Identification

The ambient vibration acceleration responses obtained from the structure after experiencing each level of
earthquake excitations are used for modal identification. The output-only Complex Mode Indicator Function
(CMIF) method (Ni et al. 2005) is applied to identify the modal parameters. Table 1 shows the identified natural
frequencies of the first mode in X-direction. Due to the limited space, only the natural frequencies and modal
shapes of the first translational modes in X-direction are given here and used for damage evaluation, though the
translational modes in Y-direction and torsional modes are also identified. It is observed that the natural
frequencies decrease with the increasing magnitude of earthquake excitation. The mode shapes of the first
translational modes in X-direction for the tested structure after experiencing each level of earthquake
excitations are illustrated in Figure 2, which will be used for damage evaluation.

Table 1 Identified natural frequencies for the 1st mode in X-direction

Case CMIF method (Hz)
No damage (N) 461
Trifling damage (T) 455
Moderate damage (M) 4.32
Serious damage (S) 3.70
Complete damage (C) 2.58
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Figure 2 Identified mode shapes for the 1st mode in X-direction
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3. SEISMIC DAMAGE IDENTIFICATION

In this section, five modal-based indices are constructed in terms of the measured natural frequencies and mode
shapes for seismic damage identification. They are all structural model free.

3.1. Coordinate Modal Assurance Criterion (COMAC)
The COMAC index is defined as (Lieven and Ewins 1988)
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where p and r denote the modal coordinate and modal order, respectively; ¢ and ¢ represent the mode
shape vectors before and after structural damage; and N indicate the total number of measured modes.

Figure 3 shows the COMAC vectors for the trifling damage, moderate damage, serious damage and complete
damage cases, respectively. All the values are obtained using the modal shapes of the first translational mode in
X-direction. In comparison with the visual inspection results of damage, it is found that the COMAC index can
roughly indicate the damage locations (floors) except for the damage at floor No. C10.

Figure 3 COMAC vectors for four damage cases

3.2. Mode Shape Based Z-Value
The Z-value damage index is defined as (Wang et al. 2000)
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where i and j denote the mode coordinate and mode order, respectively; I; is the distance between the ith and
(i+1)th mode coordinates; o and M denote the standard deviation and mean value of the Index sequence.

The Z-value vectors obtained using the modal shapes of the first translational mode in X-direction are shown in
Figure 4 for the four damage cases. From this figure it is seen that the Z-value index does not give a consistent
indication on the damage locations for the four cases with successively increased damage severity. Moreover,
the damage locations indicated by the Z-value index do not conform to the visual inspection results of damage.
In conclusion, the Z-value index constructed using the modal shapes of the first translational mode in X-direction
fails to identify the damage.

LVALLE LVALUE

Figure 4 Z-value vectors for four damage cases

3.3. Modal Flexibility Damage Index (MFDI)
The dynamic modal flexibility matrix is defined as

[F1=[2] [4]'[®] ®)

in which [A] and [@)] are the eigenvalue and eigenvector matrices, respectively. The elements in the matrix [F]
can be expressed as

1 Lo
Z 2 ¢ir¢jr I+ J
r @,

(6)

1 ..
Z—2¢i$ 1=
a)r

where a represents the modal frequency of the rth mode. In the present study, the modal flexibility damage
index is defined as the percentage change of the diagonal elements in [F] (Ni et al. 2008)
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The MFDI vectors obtained using the natural frequencies and modal shapes of the first translational mode in
X-direction are shown in Figure 5 for the four damage cases. The MFDI index correctly indicates damage
locations (floors), conforming favorably to the visual inspection results of damage. From both the identification
and observation results, it is found that the earthquake-induced cracks mainly concentrate on the lower floors
and the transfer plate in the trifling and moderate damage cases. The cracks gradually expand to the whole
structure in the serious and complete damage cases where the MFDI index attains to large values at the upper
floors (C25 to C42).

Figure 5 MFDI vectors for four damage cases

3.4. Story Damage Index (SDI)
By defining damage in a building as the reduction in percentage of story stiffness before and after damage, the
story damage index for the Ith story can be expressed as (Wang et al. 2007)
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where k; and m; are the stiffness at the Ith floor and the mass at the ith floor for an N floor shear building frame;
@; is the ith element of the jth mode shape; and the asterisk (*) denotes the damage state.
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The SDI vectors obtained using the natural frequencies and modal shapes of the first translational mode in
X-direction are shown in Figure 6 for the four damage cases. By comparing the identified damage and the true
damage observed during the tests, it is found that the SDI index can correctly indicate the damage locations
(floors). Same as the MFDI index, the SDI index also indicates the evolution trend of damage along the
elevation of the tested structure. The SDI index offers an easier way to identify the damage due to its simple
expression and less modal parameters in need for damage evaluation.

Figure 6 SDI vectors for four damage cases
3.5. Approximate Story Damage Index (ASDI)

By assuming a uniform distribution of floor masses along the building height, the approximate story damage
index for the Ith story can be derived from Equation (8) as
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Figure 7 ASDI vectors for four damage cases
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Figure 7 illustrates the ASDI vectors obtained using the natural frequencies and modal shapes of the first
translational mode in X-direction. Although the tested structure has a nonuniform mass distribution along the
height, the ASDI index provides almost the same damage identification results as the SDI index for all the four
damage cases. It is therefore concluded that the ASDI index without considering the floor mass is still able to
provide reliable damage identification for nonuniformly distributed structures.

4. CONCLUSIONS

An experimental investigation of a 38-story structural model has been conducted to study the applicability of
various modal-based indices for seismic damage evaluation of tall building structures based on post-earthquake
ambient vibration measurement. All the modal-based indices employed in this study can be constructed without
use of structural finite element model. The experiment has been designed to be able to examine the capability of
these indices in identifying different levels of damage. It is found that when using only the modal information
from the first mode, the modal flexibility damage index (MFDI), story damage index (SDI) and approximate
story damage index (ASDI) perform much better than the coordinate modal assurance criterion (COMAC) and
mode shape based Z-value. Especially, the ASDI index is able to identify structural damage at various severities
even for the structures with nonuniformly distributed floor masses.
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