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Abstract: As infrastructures are being deteriorated, 

the necessity of non-destructive evaluation in existing 
structures and new building construction for the quality 
control are increasingly demanded. This paper is to study 
the flaw detection techniques of concrete members using 
an impact echo method, which is one of the non-
destructive test methods. This technique is based on 
stress wave propagation. The flaw detections of concrete 
members consist of 4 types in this study; one group for 
the thickness prediction, one group for the position of 
voids, one group for the position of the reinforcement 
bars, and the other group for the position of PVC tubes 
buried in the specimens. The artificial neural network 
technology was used for training of the thickness 
prediction for the concrete members. Experiments were 
performed using four types of flaws simulated in the 
concrete specimens at known locations for tests and 
analysis. Test results of flaws are evaluated and presented 
in this paper. 

Key words: Non-destructive tests, impact echo 
method, artificial neural network, flaw detection, 
compressive strength, diagnosis method 

A. Introduction  
This study presents on the experimental studies 

testing concrete specimens using a non-destructive test, 
and predicts the thickness of slabs using artificial neural 
network method. To study the damages and flaws, 
different types of concrete specimens with varying 
concrete compressive strengths were prepared for 
conducting tests using a non-destructive test called 
impact echo method. The 4 types of specimens 
containing planned testing objects were the varying finite 
thickness, the depth of the voids to simulate the actual 
voids in the existing structures, and testing objects for 
stress wave characteristics on the heterogeneous 
materials inside the concrete such as re-bars, pipes, etc. 
In the result, varying depths of existing concrete 
structures with finite thickness and the results of the 
simulated voids were detected with a tolerable error limit. 
And the heterogeneous materials such as re-bars and 
pipes showed the different wave characteristics of 
respective materials which may be able to characterize 
the properties of different flaws. 

B. Background of impact echo method 
The impact echo method as shown in Fig. 1 is a non-

destructive testing method to use transient stress waves to 
detect damages in the structures and measure free 

boundaries within the concrete structures. When an 
impact is applied on a testing surface like concrete, the 
surface of concrete causes a P-wave (compression wave), 
S-wave (shear wave) which propagates along spherical 
wave fronts through the structure and a Rayleigh wave 
which propagates along circular wave fronts on the 
surface of the structure. 

The P-and S-waves are reflected from internal flaws 
and external free boundaries. The accelerations caused by 
the arrival of these stress waves are collected using an 
accelerometer near the location of impact and are used to 
compute the depth of free boundaries inside the structures 
or external free boundaries. In impact echo test, the 
surface accelerations are produced by compression waves 
form resonance condition [1], which shows maximum 
amplitude. 

 
 

Fig.1. Test set-up of impact echo method 

The surface accelerations caused by reflecting stress 
waves can be collected on time domain basis in a wave 
form of accelerations. Damages and free boundaries can 
be recognized by evaluating these wave forms. However, 
the results can be analyzed distinctively in a frequency 
domain. The amplitude spectrum can be computed in the 
frequency domain waveform using a fast Fourier 
transform method. As the stress wave travels from the 
source to the free boundaries and back to the surface and 
keep repeating the process, a transient resonant condition 
can be formed. In the frequency spectrum, the location of 
damages and free boundaries can be predicted by 
identifying the resonant frequencies and by computing 
the corresponding depths which can represent the 
characteristics of material properties or depths. The depth 
of a free boundary in a concrete structure or an external 
free boundary can be determined using the following 
equation (1): 
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Where H is the free boundary depth, Cp is the P-
wave velocity within the concrete, and f is the frequency 
due to reflection of the P-wave from the free boundaries.   

C. Application of artificial neural network 
A neural network is a massively parallel distributed 

processor that has a neural propensity for storing 
experimental knowledge and making it available for use. 
It resembles the brain as follows: 

(a) knowledge is acquired by the network through a  
(b) learning process, and interneuron connection 

strengths known as synaptic weights are used to 
store the knowledge. 

neural network has a limitation in generalization or 
interpolation. The trained result of the neural network 
used in this study applies to the similar type of forward 
modeling analysis.  

In this study, back propagation training algorithms 
have been used because the algorithms were well suited 
in the result of trial run. Training in a neural network is 
performed by adjusting the weights in the network. The 
back propagation training needs a set of training pairs for 
input and target vectors, where the target vector in a 
training pair represents the desired output in connection 
with the input vector. Training a neural network with the 
back propagation algorithm initiates with training sets 
together with initial weights. 

Network training and operation are divided into two 
categories: feedforward calculations and error back-
propagation calculations. The feedforward calculations 
are used both in training mode and in the operation of the 
trained neural network, and back-propagation 
calculations are applied only during training.   

Using sigmoid activation function, the error back 
propagation calculations of the back propagation training 
algorithm are as follows: 

In error back propagation calculation, the objective 
of the training process is to minimize the average sum-
squared error over all training patterns. Figuring out how 
to minimize the error with respect to the hidden neuron 
was the important issue in developing back-propagation 
model. During the error back propagation calculations, 
the weights are subsequently adjusted as follows. 

1. The new weights between the hidden neurons and 
the output neurons can be calculated as follows: 

 
new Wlj = old Wlj + ηElOj + α( old  ΔWlj)                    (2) 

 
where η is the learning coefficient, α is the 

momentum factor, ΔWlj is the amount of previous weight 
change between the jth  neuron in the hidden layer and the 
lth neuron in the output layer and its initial value is 0, and  
El is an error defined as  

 

El = (Tl - Ol) Ol( 1 - Ol)                                           (3) 
 

where Tl is the lth  element of the target vector.  The 
values of η and α used in this study will be explained 
later. In Eq. (3), Ol( 1 - Ol) is the first derivative of 
sigmoid function Ol = 1/ (1 + exp(-Il)) with respect to Il.   

2. The new weights between the input neurons and 
the hidden neurons can be computed as follows: 

 
new Wji = old Wji + ηEjOi + α( old ΔWji)             (4) 
 

where ΔWji is the amount of previous weight change 
between the ith  neuron in the input layer and the jth 

neuron  in the hidden layer, and Ej is the error defined  by 
In Eq. (10), Oj( 1 - Oj) is the first derivative of 

function Oj = 1/ (1 + exp(-Ij)) with respect to Ij.  Above 
equations are to implement back-propagation of errors 
and adjustment of weights for both groups of weights. 
We first calculate the error terms for each output neuron 

using equation (3), then for each hidden neuron using 
equation (5) for each pattern in the training set. 

D. Experimental set-up 
a) Specimen details: damage detections of concrete 

structures have been conducted using a non-destructive 
test called impact echo test based on the specimens as 
shown in Fig.2 and Fig. 3 to verify the applicability of 
the impact echo test in the concrete structures.  

 
Fig.2. Specimen for thickness Fig.3. specimen for  
measurement    void test 

  
Fig.4. Specimen for re-bar  Fig.5. Specimen for  
measurement  test   PVC test 

b) Instrumentation: To measure compression wave 
velocity, impact-echo test was used. Its instrumentation 
includes a dynamic signal analyzer, a PCB 352C66 
accelerometer receiver which has the frequency range of 
0.5-10000 Hertz, a signal conditioner, and an impact 
source using a steel ball of 12 mm diameter or varying 
diameter. The impact location was 25.4-50.8 mm from 
the receiver. Good couplings between receiver and the 
test surfaces were required. Impact echo tests have been 
conducted at various locations. 

   (5)                             OW )O -(1O  
ln

0l
lljjj ∑

=

=jE
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E. Test results 
E.1. Impact echo test to examine thickness  

Impact echo test has been conducted to examine the 
frequency change [2,3] in the concrete specimen of 21, 
27 and 35 MPa which were designed to show the varying 
thickness from 100 mm to 200 mm increased by 20 mm 
each as shown in Table 1 and Fig. 6. 

Even though free boundaries existed due to the 
creation of steps in the concrete specimen, the tested 
results agreed well with the actual known thickness, 
which can be used in the tests of existing structures. The 
error between the known thickness and the tested result 
was less than 3%.  

Table 1. Tested thickness vs. actual thickness using impact 
echo test with 35 MPa  compressive strength 
Design 
thicknes

s 
(mm) 

100 120 140 160 180 200 

(Hz) 
1826

1 
1496

5 
1228

8 
1139

2 9664 9376 

Tested 
thicknes

s 
(mm) 

98.4 120.1 146.2 157.7 185.
9 

191.
6 

Error 
ratio(%) 1.6 0.08 4.43 1.44 3.28 4.21 
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Fig.6. Frequency spectra to examine the varying thickness, 35 
MPa 

 

E.2. Thickness prediction using neural network 
This application was designed using the error back 

propagation training algorithm and the sigmoid activation 
function was selected. Three layers are adopted [1]–[3]: 
one is the input layer, which is the frequency domain data 
obtained from the FFT algorithm, the other is the hidden 
layer that changes the input data to a hidden space to 
realize the high nonlinear analysis between input vectors 
and output vectors, and another layer is the output vector 
of the third layer which is the thickness of the slab. 

The training tolerance that specified the deviation 
between the training result and designed object was set to 
0.1, which showed the optimum value of parameter that 
determines the split of the training data between the 
estimation and validation subsets.  

0
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1 22 43 64 85 106 127 148 169 190 211 232 253 274 295 316 337 358 379 400

Training data in slabs of 10cm thick

 
Fig.7. Training data in slabs of 100 mm thick. 

Adopting the input data, FFT was applied on the data 
in time-domain for achieving the frequency domain data. 
In the frequency domain, 100 points of every amplitude 
curve were extracted uniformly as sampling points shown 
in Fig 7. 
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Fig.8. Simulation result of neural network 

This program learned 120 training patterns of the 
experiment data for each concrete strength (30, 35 MPa), 
with thickness ranged from 100 mm to 200 mm 
(100,120,140,160,180,200 mm). For the cross validation, 
additional 12 patterns were used for validation subset. 
The output result of the specimens that the concrete 
strength is  

35 MPs was shown in Fig. 8. The error of 3.15% 
between the real and prediction thickness was achieved. 
It obviously displayed the availability of neural network 
with BP algorithm using in thickness prediction of 
concrete slab and flaws detection. 

E.3. Void detection  
The existence of voids has been examined using the 

impact echo test to study the wave behavior of voids 
which was designed at 50, 100, and 150 mm from the top 
surfaces of the specimens. Fig.9 shows the test results of 
specimens with voids at 150 mm from the top surface. 
Time domain data have been collected using dynamic 
signal analyzer in each specimen, and transformed into 
frequency domain data using the fast fourier transform[3]. 
As the result of test above the void located 50 mm above 
the bottom free boundary, the first peak frequency of 
7926 Hz corresponding to the depth of 199 mm agreed to 
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the thickness of specimen which was 200 mm. P wave 
velocity used in the test was 7806 m/sec which was 
measured using the impact echo test. The second 
frequency of 16640 Hz corresponding to the depth of 
95.3 mm agreed to the depth from the top surface which 
was 150 mm.   

 
Fig.9. Void located at 150 mm from concrete top surface 

 
Fig.10. Frequency spectra to examine the re-bars 

E.4. Re-bars detection 
In the study of re-bars, the impact echo test result of 

specimen is shown in Fig. 10. D10 reinforcing rod was 
placed at the depth of 150 mm from the top surface of the 
slab, the position of reinforcement bar was tested using 
the impact echo technique. As we can see in the Fig. 10, 
9088 Hz which is the first resonance frequency was 
found as the frequency of slab thickness, and 11008 Hz 
which is the second resonance frequency was found as 
the reinforcement bar position. As the primary wave 
speed of slab is 3635.2 m/sec in the thickness prediction, 
position of reinforcement bar was calculated as 165.0 mm 
from the top of slab where actual slab thickness was 200 
mm. 

E.5. Conduit 
In the study of Plastic conduit of 100 mm diameter, 

the test object was placed at the bottom bar of specimen 
which was located in the depth of about 70 mm from the 
top of surface. As we can see in Fig. 11, the first 
resonance frequency of 2944 Hz is the frequency of slab 
thickness and the second resonance frequency of 9088 
Hz is the resonance frequency of reinforcement bar 
position. As the primary wave velocity of slab is 1237.3 
m/sec in the thickness prediction, slab thickness was 201 
mm and the position of reinforcement bar was computed 
as 65 mm. Differences 1 and 5 mm were found from the 
actual thickness of 200 mm and the actual conduit 
diameter of 20 mm. The error ratio of slab thickness was 
0.5%, and the error ratio of conduit was 7%. 

 
Fig.11. Frequency spectra to examine the conduit 

F. Conclusions 
Experimental result of NDT, impact echo method, 

and the result of application of neural network technique 
have been summarized as follows.  

1) Experimental results of concrete specimen 
thickness agreed well with the designed thickness with 
the error limit smaller than 3%. 

2) Application of neural network technique in 
detecting thickness showed the error rate of 3.5% 
between NDT application and neural network simulation. 

3) In experimental result of voids, it was found that 
the first peak frequency in the frequency domain was the 
depth of voids inside the concrete structures. 

4) In the results of the study of re-bars and conduit, it 
was found that first peak frequency indicates the entire 
thickness of concrete member, and the second peak 
frequency indicates the location of the re-bars and 
conduit. 
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