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Table 1     Training functions and testing variables used in point estimation method

Model Training function
Testing variable

Input Output
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Figure 1    Probability density functions for αj and αj´ and probability of  damage existence, Pd
j
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Figure 2     Finite element model of  the frame

Table 2    E values for scenario 1 and scenario 2

Segment 1 2 3 4 5 6

Scenario 1 0.4 × E 1.0 × E 1.0 × E 0.2 × E 1.0 × E 1.0 × E

Scenario 2 0.4 × E 1.0 × E 0.3 × E 1.0 × E 0.4 × E 0.3 × E

Table 3    Frequencies of  frame for undamaged, scenario1 and scenario 2 for the first three modes

Undamaged Scenario 1 Scenario 2

Mode 1 4.628 3.9373 3.530

Mode 2 16.112 12.567 11.269

Mode 3 20.649 16.491 14.891
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4.0	 Artificial neural network model

An ANN model was developed to achieve a model that can relate modal parameters 
with stiffness parameters of  the frame. This model was trained using data from original 
FE model. A multilayer perceptron with Levenberg-Marquardt backpropagation 
algorithm was utilised to train the model. There were 1200 data used in training. 
The training data were selected using Latin hypercube sampling [17]. To deal with 
overfitting problem, early-stopping method [18] has been used, therefore the data 
were divided to three parts with the ratio of  2:1:1. A trial and error method based 
on Kalmorogov’s and Lippmann approach [19] was utilised to attain the best ANN 
topology. To avoid the ‘curse of  dimensionality’ as discussed by Bishop [20], only nine 
mode shape points and frequencies for the first three modes were used as the input 
parameters. The output parameters are Young’s modulus (E values) of  every sections. 
The numbers of  neurons in the input and output layers are the same as the number 
of  input and output variables respectively.
	 The reliability of  the trained ANN model was then assessed by using modal 
parameters of  the two damage scenarios. Figure 4 shows the predicted E values in 
comparison with the actual values. Damage severities are quantified using an elemental 
Stiffness Reduction Factor (SRF), defined by Equation (5). The higher the SRF, the 
more severe is the damage. 

							          E´	                     
		  SRF = 1 – ––	 (5)
		                    E           

Figure 3    Mode shapes for undamaged, scenario1 and scenario for first 3 modes
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Figure 4	 Prediction of  ANN for scenario 1 and scenario 2 compared to the actual value using noise-
free input data
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Figure 5	 Prediction of  ANN for scenario 1 and scenario 2 compared to the actual value using input 
data with error
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Table 4    K-S test result

Section
K-S test

KS value Critical value

1 0.067 0.097

2 0.078 0.097

3 0.051 0.097

4 0.089 0.097

5 0.039 0.097

6 0.041 0.097
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Table 5    Probability of  damage existence (PDE) for every section of  scenario 1 and scenario 2

Section 1 Section 2 Section 3 Section 4 Section 5 Section 6

Scenario 1 0.850 0.385 0.003 1.000 0.000 0.000

Scenario 2 1.000 0.0342 0.998 0.333 1.000 1.000

Figure 6     Mean values and coefficients of  variation (C.O.V) of  E values in undamaged state
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