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ABSTRACT: A two-stage structural damage detection approach is developed and is applied to the Phase II 
experimental benchmark studies sponsored by the IASC (International Association for Structural Control) –
ASCE ( American Society of Civil Engineers) Task Group on Structural Health Monitoring. Stage I locates 
possible damaged elements using the damage index method. Stage II estimates the damage severity of those 
elements identified by stage I using a second order eigen-sensitivity approximation method. The experimental 
acceleration response data of a four-story benchmark model structure under the ambient excitation are used 
for the system identification, and modal parameters were extracted using the natural excitation technique 
combined with the eigensystem realization algorithm. Notice from the analysis results that the two-stage ap-
proach is able to successfully identify the location and severity of damage in various damage cases of the 
braced benchmark problems. 

1 INTRODUCTION  

Structural health monitoring (SHM) techniques 
based on the analysis of vibration signals have re-
ceived significant attention in the civil engineering 
field. Which primary idea is to utilize changes in 
modal parameters identified form the available dy-
namic data before and after damage to detect, locate 
and assess the severity of any structural damage pos-
sibly caused by earthquake, hurricane etc. natural 
disasters, or long-term environmental effect. Various 
vibration-based SHM algorithms (Doebling et al. 
1998) have been developed and implemented on dif-
ferent numerical and/or experimental structures. In 
order to facilitate a comparison of commonly used 
SHM methodologies, a series of benchmark prob-
lems was set up by the International Association of 
Structural Control and the Dynamics Committee of 
the American Society of Civil Engineers (IASC-
ASCE) Task Group on SHM. Phase I of the SHM 
benchmark problems focused on the simulated cases, 
which considered issues such as sensor noise, mod-
eling errors and incomplete sensor information 
(Johnson et al. 2004). And Phase II performed both 
simulated and experimental benchmark studies, 
which was more realistic and difficult compared 
with simulated Phase I (Bernal et al. 2002, Ching & 
Beck 2003). 

This paper developed a two-state SHM method to 
determine the location and extent of damage. Firstly, 
the normalize damage index is used to locate the 

possible damage elements, and then the severity of 
damage is estimated using the second order eigen-
sensitivity approximation method. Applying this 
method to the Phase II experimental benchmark 
problems, results are presented for various damage 
cases for the braced structure under the ambient ex-
citation. 

2 TWO-STAGE APPROACH 

In this section, a two-stage damage detection ap-
proach is designed to locate and estimate severity of 
damage in structures from changes in the modal 
characteristics before and after damage. The first 
stage, damage localization, utilizes the identified 
modes to locate possible damaged elements in a 
structure. The second stage, damage extent estima-
tion, estimates the severity of the damage using a 
second order eigen-sensitivity technique base on the 
first stage results. 

2.1 Stage I: Damage Localization 
The vibration-based damage index method proposed 
by Kim & Stubbs (2002) is introduced to determine 
possible damaged locations in structures. This 
method is no need for mass-normalized mode 
shapes, and in which only few low-order modes are 
required. For a linear, undamaged structure with ne 



elements, the ith modal stiffness, Ki, and the contri-
bution of jth member to Ki, Kij, are given by, 

iiiK KΦΦ T= ,     (1) ijijijiij EK ΦkΦΦkΦ 0
TT ==

where K = system stiffness matrix; kj = contribution 
of jth element to the system stiffness matrix; Φi = ith 
modal vector; Ej = parameter representing material 
stiffness properties of jth element; and kj0 = matrix  
involving only geometric information of jth element. 
The fraction of modal energy of the ith mode and the 
jth element is defined as, 

iijij KKF /=                              (2) 
Let the damaged structure is characterized by as-

terisks, the following approximation (Kim & Stubbs 
2002, Stubbs et al. 2000) is made for low-order 
modes, 
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For nm vibration modes, a damage index for the 
jth element is obtained by, 
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Then the normalized indicator is given by, 
βσββ /)( −= jjz                          (5) 

in which β  and βσ  = mean and standard devia-
tion of all the indicators, respectively. Here specifies 
that damage is probably present at element j if zj >0, 
and the larger the value of zj is, the more possible 
damage occurs at jth element. 

2.2 Stage II: Damage Extent Estimation 
For a linear, damaged structure with ne elements, the 
system stiffness matrix can be written as, 
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where αj = damaged coefficient of jth element, and 
for undamaged element, αj = 1. From equation (6), 
the modal parameters of damaged structure are a 
function of αj. And as damage increases, the effects 
of non-linear relation between modal parameters 
changes and damaged severity will become more 
obviously. So a second order approximation for the 
change in modal frequency λk with the extent of 
damage matrix Δα is made as follows using a Taylor 
series (Messina et al. 1998), 
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where Δλk = change of kth natural frequency of 
structure before and after damage; S1k and S2k = the 
first and second order eigen-sensitivity matrices of 

kth natural frequency to damage coefficients; and Δα 
= damaged severity matrix. They are given by, 
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in which Δαj = αj - 1; and m = total number of possi-
ble damaged elements determined by stage I. 

Equation (7) can be solved using Newton iterative 
formula as follows, 
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and while ε≤−+ )()1( ii ΔαΔα , the iterative is termi-
nated. 

While nm = m, equation set (7) has the unique so-
lution, while nm > m, equation set (7) has the least 
square solution, and while nm < m, equation set (7) 
will give a particular solution related to the initial 
value Δα(0) using MATLAB. Here the initial value is 
selected as follows, 
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3 BENCHMARK STUDIES 

3.1 IASC-ASCE Benchmark Structure 
The experimental benchmark structure proposed by 
 

 
Figure 1. Benchmark model test structure 



 
Figure 2. Analytical model 
 
IASC-ASCE Task Group on SHM is a 4-story, 2-
bay by 2-bay steel-frame scale-model structure 
shown in Figure 1. It is a 2.5m × 2.5m plan and is 
3.6m tall, 4000kg supplemental masses are placed at 
each of the first, second and third levels, and 3000kg 
supplemental masses are placed on the fourth floor. 
A diagram for the analytical model of the bench-
mark structure is shown in Figure 2. Accelerometers 
are placed near the node of 2, 8, 11, 17, 20, 26, 29, 
35, 38, and 44 to measure the responses of the struc-
ture along the strong axis in the north-south direc-
tion, and are mounted near the node of 5, 14, 23, 32, 
and 41 to measure the east-west motion of the struc-
ture along the weak axis. Ambient vibration and two 
types of forced excitations are considered in the 
tests, data records and more detailed information 
about the experimental benchmark problems can be 
found at: http: //wusceel.cive.wustl.edu/asce.shm/. 

In this section, the experimental data of the struc-
ture excited by ambient vibration is analyzed, four 
damage cases described in Table 1 are considered 
for the braced structure, and damage is simulated by 
removing braces. 
 
Table 1. Description of damage cases considered 
Case Description 

0 Fully braced structure 
1 Removed all east side braces 

2 Removed braces on all floors in one bay on southeast 
corner 

3 Removed braces on 1st and 4th floors in one bay on 
southeast corner 

4 Removed braces on 1st floor in one bay on southeast 
corner 

3.2 Modal Identification 
Modal parameters of the experimental benchmark 
structure are extracted using a combination of the 
natural excitation technique ( NExT) developed by 
James et al. (1993, Farrar & James 1997) and the ei-
gensystem realization algorithm (ERA) (Cao et al. 

2001), which does not require knowledge of the ex-
citation. For implementation of this technique, ex-
perimental data from the undamaged and damaged 
cases is filtered using the Chebyshev I band-pass fil-
ter ranged from 1 to 50 Hz. The acceleration re-
sponses of the fourth floor are selected as the refer-
ences, and in the computation of the cross-spectral 
density functions, a Hamming window is used to re-
duce the effects of leakage and 1024 sampling points 
and 50% overlap are considered. The identified 
natural frequencies for all cases under the ambient 
excitation are listed in Table 2, which are very close 
to those given by Ching & Beck (2003), and the ef-
fect of sensor noise on the identified modes is lim-
ited. 
 
Table 2. Frequencies identified from the ambient cases (Hz) 

f1 f2 f3 f4 f5Case E-W N-S Torsion E-W N-S 
0 7.48 7.77 14.48 19.85 21.02 
1 7.75 5.18 12.74 20.13 15.02 
2 7.63 6.66 13.45 20.03 18.92 
3 7.60 7.35 13.98 20.12 19.71 
4 7.60 7.45 14.05 19.85 20.65 

3.3 Damage Diagnosis 
According to the distribution of accelerometers on 
the benchmark test structure, a 12-element damage 
diagnosis model, shown in Figure 3, is utilized. 
Elements 1, 4, 7 and 10 correspond to the first, sec-
ond, third and fourth floors of the structure in X-
direction on west side, elements 3, 6, 9, 12 corre-
spond to the first to fourth levels in X-direction on 
east side, and elements 2, 5, 8, 11 correspond to the 
first to fourth levels of middle frame in Y-direction. 
Using the second and fifth order identified mode 
shapes to compute the normalized damage index, the 
results are shown in Figure 4 for both cases, and the 
locations of possible damaged elements are summa-
rized in Table 4, which are the same as the known 
damaged scenarios. 

Based on the damage localization results of the 
first stage, the damage severity is estimated using  
 
 

 
Figure 3. Damage diagnosis model 



 
Figure 4. Possible damaged elements for all cases 
 
Table 4. Damaged localization for all cases 
Case Possible damaged elements 

1 elements 3, 6, 9, 12, the first to fourth levels in X-
direction on east side 

2 elements 3, 6, 9, 12, the first to fourth levels in X-
direction on east side 

3 elements 3 and 12, the first and fourth levels in X-
direction on east side 

4 element 3, the first level in X-direction on east side 
 
the second order eigen-sensitivity approximation-
method. In computing the eigen-sensitivity matrices, 
the mass-normalized mode shapes of undamaged-
structure calculated by SAP finite element model are 
utilized. The damage severity is estimated using the 
12-element damage diagnosis model, and the identi-
fied results are shown in Table 5. In which theoreti-
cal values of stiffness loss are calculated by element 
stiffness of damage diagnosis model, and the loca-
tion marked with an asterisk denotes that the damage 
extent failed to estimate. 
 
Table 5. Identified stiffness loss for the ambient cases 

Stiffness loss (%) 
Case Ele-

ments Modes Iterative 
step Identified 

value 
Theoreti-
cal value 

3 117.55* 55.35 
6 75.9 55.35 
9 74.1 55.35 1 

12 

2, 5 5 

27.2 55.35 
3 54.58 27.67 
6 46.29 27.67 
9 22.26 27.67 2 

12 

2, 5 5 

8.66 27.67 
3 36.03 27.67 3 12 2, 5 4 25.26 27.67 

4 3 2 3 30.61 27.67 
* failed in estimation. 
 

Notice from Figure 4 that for all damage patterns 
considered, stage I successfully identifies all simu-
lated damage locations simply on the basis of the 
identified mode shapes from noisy experimental data 
before and after damage. Results in Table 5 show 
that damage extent can be determined based on the 
calculated mass-normalized mode shapes of undam-

aged structure and the identified natural frequencies 
of all cases except for element 3 in case 1, although 
there is bias in the level of damage severity in case 1 
and 2 due to the effects of modeling error. However 
in stage II, only few modes and few iterative steps 
are used and the bias is also acceptable compared to 
the theoretical level of damage. The two-stage ap-
proach combines the merit of damage localization 
and severity estimation, and is relatively insensitive 
to sensor noise. But the results of damage detection 
have great relation to the selection of diagnosis 
model, it is recommended that the selection of an 
appropriate damage diagnosis model is critical for 
successful damage detection 

4 CONCLUSIONS 

A two-stage damage detection method using time-
domain response data was presented. The feasibility 
of the methodology was demonstrated using experi-
mental data of ambient excitation of Phase II 
benchmark problems proposed by IASC-ASCE Task 
Group on structural health monitoring. The damage 
detection results obtained are satisfactory. In all 
cases considered, stage I successfully identifies all 
simulated damaged locations and in stage II, the 
identified damage extent is slightly bias due to the 
effects of modeling error. But only few modes and 
few iterative steps are used and the bias is also ac-
ceptable. In order to successful damage detection, 
the selection of an appropriate damage diagnosis 
model is critical. 
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