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Afy 0.00/—76.60 = 0.00/—18.11 = 0.00/—12.40 &
Af, 0.00/—87.36 = 0.00/—24.81 = 0.00/—15.01 =
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Fig. 10 Damage alert using linear co-integration theory
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Fig. 11 Cointegration residuals based on regime-switching
cointegration approach (using /7, and temperature
data)
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alert accuracy
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Fig. 13 GMM clustering results with different cluster numbers
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Fig. 15 Damage alert results based on GMM-CI method
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the smallest eigenvalue)
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Tab.2 ADF test for principle components P,, P, and their first differences (5% confidence level)

.- ERE L FERE 2 FRHE 3

p I/ r5Eit i R p I/ Gt R p /G R
P, 0.56/—0.24 7 0.62/—0.08 7 0.61/—0.11 0
P, 0.36/—0.80 7 0.52/—0.36 7 0.62/—0.08 0
AP, 0.00/—84.42 P 0.00/—22.10 P 0.00/—15.76 it
AP, 0.00/—86.18 & 0.00/ —24.96 & 0.00/—16.68 &
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Fig. 16 Damage alert results based on PCA-GMM-CI meth-
od
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Fig. 17 Damage alert results based on linear cointegration
method (using the cointegration vector correspond-

ing to the smallest eigenvalue)
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Structural damage alert with consideration of the nonlinear
environmental effects

ZHENG Hong, DUAN Zhong-dong
(School of Civil and Environmental Engineering, Harbin Institute of Technology, Shenzhen 518055, China)

Abstract: Damage accumulation always happens to civil engineering structures during their operations, degrades the structural per-
formance, and may eventually lead to catastrophic event. Therefore, it is necessary to monitor the state of structures and alert dan-
gerous behavior. However, during the long-period monitoring of structures, the changes of structural characteristics resulted from
the variations of environmental factors (such as temperature) often mask the real structural damages, and lead to false warning. In
this paper, a damage warning method based on Gaussian Mixture Model (GMM) clustering and cointegration (CI) theory is devel-
oped to remove the nonlinear environmental effects. This method uses the identified structural modal frequencies as cointegration
variables. Assuming piecewise linear effect of environmental factors on structural frequencies, GMM is applied to cluster the fre-
quency samples extracted from different environmental conditions. Then, the linear cointegration relationship between structural
frequencies is established using Johansen test from the frequency samples in each cluster group. Finally, the damage is identified
through the X-bar control chart using the cointegration residuals as damage indicators. The proposed method is applied to the in-situ
test results of the Z24 Bridge in Switzerland, and the results show that the proposed method can effectively eliminate the nonlinear

effect of temperature on the structural frequencies, and reduces the chance of false alert of structural damages.
Key words: structural health monitoring; damage alert; environmental variation; Gaussian mixture model; cointegration
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