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Abstract. Fast methods to identification and recognition of structural defects are important issues
for the industry. In recent years, a growing interest has been on quick structural inspection to
significantly reduce inspection’s cost and time, while minimizing the number of Non-Destructive
Testing (NDT). Investigations on damage detection methods based on vibration monitoring have
been developed in the last decade. This paper presents a study on Inner Product Vector (IPV)
method. The IPV method is a new vibration based damage detection technique. In this method
vibration responses are measured before and after damage occurrence. The vibration responses
include the time domain acceleration (or displacement or velocity). The IPV method has the
potential to significantly reduce costs by minimizing the need for NDT methods. For damage
detection via the IPV method, a threshold should be selected for classifying the damaged and
undamaged sections of a structure. Proper determination of the threshold value requires selection
of Confidence Interval Factor (CIF). In this study, a new algorithm for the IPV method is
suggested in which a new optimized model for damage detection is presented. Aforementioned
optimized model can provide an accurate value for the CIF. To ascertain the exact CIF, the damage
detection method is simulated. An accurate threshold makes the IPV method capable to accurately
detect damages. The method has been verified by means of an FEM model as well as an
experimental case study. The results show that the optimization process can be used as a reference
to ascertain value for the CIF. The IPV method can be used as a Structural Health Monitoring
(SHM) method, but it’s necessary to optimize the IPV method for each sample.

Keywords: structural health monitoring, damage detection, cross correlation function, inner
product vector method, non-destructive testing, modal dynamic analysis.

1. Introduction

Fast methods to identification and recognition the structural defects are important issues for
the industry. Non-Destructive Testing (NDT) methods are used traditionally for identifying
defects, each one having advantages and disadvantages, making it more or less appropriate for a
given application. Some of NDT methods are radiography, ultrasonic testing, penetrant testing,
magnetic testing, eddy current method, and time of flight diffraction (TOFD) and phased array.
Limited access, time-consuming, expensive and complex structure configurations restricts the
type of indirect or direct NDT methodologies which can be applied by inspectors. In recent years,
a growing interest was on quick structural inspection to significantly reduce inspection’s cost and
time, while minimizing the number of Non-Destructive Testing (NDT). This paper presents a
study on a new Vibration-Based Damage Detection technique (VBDD). Investigations on VBDD
methods have been developed in the last decade. In recent years, research on VBDD methods has
become very popular. Previous studies on VBDD methods indicate that structural damage is
detected by measuring dynamic characteristics related to vibration such as, natural frequency [1],
mode shape [2], time-domain response [3], frequency response functions [5, 6], power spectral
density [7], transmissibility functions [8], coherence functions [9], correlation functions
[10-12], etc.

In 2010, the IPV-based structural damage detection method for the first time was presented by
Le Wang et al. [13]. The IPV method is a new vibration based damage detection technique. In this
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method, cross correlation functions between vibration responses under band pass white noise
excitation is used for damage detection [14]. The IPV method is invaluable inspection method
during the manufacturing, construction and the operation. The IPV method has the potential that
could lead to significantly lower costs by minimizing the need for NDT methods. Previous studies
indicate that the IPV method is able to detect surface damages [12-15]. Le Wang et al. [13], studied
a honeycomb sandwich composite beam with a single damage and showed that the IPV method is
able to detect damage. Also, they indicate that the IPV method is able to detect damage in the 8
storey shear frame structure [13]. Current studies indicate that the IPV method is able to detect
internal damages; Lack of Root Penetration (LOP) and Lack of side-wall fusion (LOSWF) in a
butt weld and lamination defect in AL2024-T3 plate, as well. [16, 17]. One of the first examples
of the practical application of the IPV-based structural damage detection method is presented by
Le Wang et al. [13]. They have studied to detect the damage occurring on the interface between
the stringers and the aircraft stiffened panel using the IPV method. In this work, four different
structure states with different bolt loosenings are studied. The results indicate that the IPV method
is able to correctly locate the bolt loosening location in the aircraft stiffened panel. Structural
damage detection using the IPV method damage is detected by the local maximum of the damage
index. For structural damage detection by the IPV method is needed to select a threshold for
separating the damaged and undamaged structure [13-15]. Application of the IPV method requires
the selection of an appropriate Confidence Interval Factor (CIF) to determine the threshold value.
In previous studies, the CIF achieved with experimental test on a similar structure [12-15]. There
are many limitations in experimental determination of CIF. In this study, a new algorithm for the
IPV method is suggested to provide a new optimized model for damage detection. Optimized
IPV-based damage detection can provide an accurate value for the CIF. FE model of a damaged
pipe has been used as the numerical case study. The FE model is constructed in ABAQUS; while
MATLAB is employed to calculate the numerical routines. In order to verify and validate the
method, the results of the simulated IPV model are compared with an experimental test result.

The remainder of the paper is organized as into six sections: Section 2 describes theory of [PV
and damage index using IPV. In Section 3, IPV-based structural damage detection will be
discussed. Optimization theory of IPV is presented in Section 4. Verification and validation of
optimized model for the IPV method will be discussed in Section 5; the conclusion is reported in
Section 6.

2. Theory of IPV and damage index using IPV

La Wang et al. [15] indicate that the IPV is obtained by one row (or column) of the pXp
dimensional matrix. The pXp dimensional matrix can be obtained considering the cross
correlation function between all combinations of response measurement points 1, 2,..., p as
X1, X2, -, Xp When the time lag T = 0. The IPV can be obtained by calculating the displacement,
velocity and acceleration response, respectively, are defined as: [13-15]:

RS 5 = [Run, (0 Rey ()., Ry, (O] Z 5 g, (1)
RIEL 5 = [Reve, (00, Reye, (O, R, O] Z g, @)
RESS 5 = [Ree, (0, Reye, (O, Ry O] Z < g, 3)

where | "“S| |(J"“’l| and | ““| are weighting factors, and the modes in the summation for
calculating IPVs are dependent on the frequency range of the band pass white noise excitation

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. JUN 2017, VOL. 19, ISSUE 4. ISSN 1392-8716 2579



2483. OPTIMIZATION THE INNER PRODUCT VECTOR METHOD AND ITS APPLICATION TO STRUCTURAL HEALTH MONITORING.
SATTAR MOHAMMADI ESFARJANI, MEHDI SALEHI

[14]. Damage caused to decrease the effect of measurement noise [14, 15], i.e. Using the difference
between the IPVs of the intact and damaged structures, a local damage index is defined:

— pd _ pu
DIPV,j _RIPV,]' RIPV,]" “4)

where Rjpy ; and RIdPV_ ; indicate the ith element in the IPVs of the undamaged and damage

structures, respectively. Then, the damage index is defined as Djpy ; = {szv,p Dipy 2, ooy Dipy, Nm}'
Structural damage detection using the IPV method damage is detected by the local maximum of
the damage index. Also, it is needed to select a threshold for separating the damaged and
undamaged structure. In this paper, we used the threshold that it is adopted by Le Wang et al. [15],
ie.

th=Up + acOp, ti=lip — AcOp, )

where: up is the mean value of D;py (or D;pyy or Dipy), 0p is the standard deviation of D;py (or
Dipy or Dipy), @ is a coefficient corresponding to a confidence interval.

Structure is undamaged, if the elements of D;py (or D;py or D;py), fall in the region between
t; and t;, , the structure; otherwise, the structure is damaged. [15]

3. Damage detection process using the IPV method

For structural damage detection using the IPV method, firstly vibration responses are measured
before and after damage [15]. The vibration responses include the acceleration (or displacement
or velocity) in the time domain. Then, the local damage index (D;py or D;py or D;py) are
calculated. Next, a value for the CIF (a) should be selected to calculate the threshold. Finally,
we will be able to classify the undamaged and damaged sections of a structure [15]. A typical
procedure for the method is depicted as shown in Fig. 1.

| 1 > 2 Recording vibration responses of the undamaged structure >
| > ; Creating damage in the structure >

>> Recording vibration responses of the damaged structure

4 >> Calculation the local damage index (Djpy or Dipy or Djpy)

5 >> Selection a value for the CIF (a¢)

>> Calculation the threshold (t; and ty,)

V'V VNV NV

| 7 >> Classification the damaged and intact sections of a structure

Fig. 1. Damage detection process using the [PV method
4. Optimization of damage detection process using the IPV method

The focus of attention in this paper is on optimization of the IPV method. As shown in Eq. (5),
after calculating the local damage index (D;py, or Djpy or D;py), a value for the CIF («) should
be selected to calculate the threshold. In previous studies the CIF was determined by experimental
testing [13-15]. There are some drawbacks in experimental determination of the CIF such as cost,
time consumption, retest restrictions and creating damage in different places of the sample. The
suggested improved algorithm for the IPV method is shown in Fig. 2. It can provide an accurate
value for the CIF. To ascertain the exact CIF, the damage detection method is simulated. The
simulation of the IPV method can provide an accurate baseline model for damage detection. As
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shown in Fig. 2, selection process of the CIF is continued until achieving an appropriate threshold.
An accurate CIF improves the reliability of the [PV method.

i=1

| Select a value for the CIF (af)

| Calculation the threshold (t; and t;) |

Damage is
detected?

Damage is
detected?

|—>| Calculation the threshold (t; and t;,) |

a.=al™t Rl

| The method is optimized to obtain an accurate value of the CIF |

Fig. 2. Optimization damage detection process using the I[PV method

5. Verification and validation of optimization damage detection process using the IPV
method

In this section, the results of the [PV on simulated model are compared with an experimental
test results. In numerical study, an FE model is used to simulate the IPV method using ABAQUS.
This software (Abacus/CAE 6.10-2, ©Dassault Systems, 2010) is used to model the pipe
physically considering boundary conditions and respective loading conditions, to analyze the
corresponding numerical model, and to obtain the vibration responses. Finally, MATLAB
(MATLAB R2011a, The Math Works, and Inc.) is used to manipulate the IPV method.
(See Fig. 3).

| Modelling of the structure |

v

| Damage created in the model |

l A
i

FE modeling of the intact structure
FE modeling of the damaged structure

7 '

| IPV calculation |

Fig. 3. Damage detection process using the IPV method in simulation study

5.1. Experimental case study

As shown in Fig. 4, the pipe has a dimension of 60 cm in lengths; 1.5 cm in out diameter and
1 (mm) in wall thickness. The outer surface of the pipe is painted and 2 cm of pipe is used as a
fulcrum. As shown in Fig. 1, vibration responses from the intact and damaged structure are utilized
to calculate the IPVs and fulfill the damage detection. [12].
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5.1.1. Recording vibration responses of the undamaged structure

For recording vibration responses of the structure is needed to excitation of sample. For
damage detection using the IPV method, it requires excitation of sample at one point. In this study,
a bolt has been installed on the vibration table to excite the pipe (see Fig. 5). For recording
vibration responses of the undamaged structure, eight equally spaced accelerometers are affixed
along the pipe. The test setup is shown in Fig. 6. Finally, vibration responses are obtained from
the intact pipe.

5.1.2. Recording vibration responses of the damaged structure

First, a transverse crack was created on the outer surface of the pipe. The damage site is about
42-43 cm from the fixed-end (see Fig. 7). Finally, we obtained vibration responses (acceleration)
from the damaged pipe.

5.1.3. Result of experimental test

The vibration responses from the intact and damaged structure are utilized to calculate the
local damage index (D;py or D;py or D;py). Structural damage detection using the IPV method
damage is detected by the local maximum of the damage index. Also, it is needed to select a
threshold for separating the damaged and undamaged structure. Selection a value for the CIF (a.)
is needed for calculation a threshold. The choice of CIF (a.) seriously affects the damages
detection [13-15]. In this study, the choice of CIF was based on the optimization method
(see Fig. 3). Fig. 8 shows the damage detection result of the experimental test. Structure is
undamaged, if the elements of D;py (or D;py or D;py ), fall in the region between t; and tp,;
otherwise, the structure is damaged [13- 15]. As shown in Fig. 8, if either the value of 1.5 or 1.8
selected for the CIF, the threshold would not be able to classify the damaged and intact sections
of a structure. When the CIF is 1.1 the damage can be detected. As shown in Fig. 8, damage is
predicted between 40 cm to 50 cm from the fixed-end of the pipe. Approximately, damage location
is 41-43 cm from the fulcrum.

L - L
Fig. 4. Boundary conditions Fig. 5. A bolt was installed on the vibration table
in the experimental test for the vibrating pipe

b &
: RG < .
Fig. 6. The experimental test setup Fig. 7. A transverse crack was created
on the outer surface of pipe
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T Damage Detection - PV methad
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Damage Index - D”ipy
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Length (cm)
Fig. 8. Damage detection results of crack transverse using acceleration responses with experimental test

5.2. Simulation study of damage detection based on IPV method in pipe

A mild steel pipe used in the experimental test were modelled through the FE software
ABAQUS (see Fig. 9). The pipe is excited at one point. Vibration responses of eight nodes are
obtained along the pipe with identical intervals (see Fig. 10). Then, A transverse crack was created
in model similar to the experimental case (see Fig. 11). Acceleration responses of damaged pipe
are recorded (see Fig. 12). Fig. 13 shows the damage detection results. Selection of CIF is based
on the optimization of IPV method (see Fig. 3). As shown in Fig. 13, when the value of 1.5 or 1.8
is selected for the CIF, the threshold line doesn’t make confluence with the IPV graph; in other
words, the threshold will not be able to classify the damaged and undamaged area. When the CIF
is 1.1 the damage can be detected. As shown in Fig. 13, damage location is predicted between
40 cm to 50 cm from the fixed-end of the pipe. Approximately, damage location is 41.5-43 cm
from the fulcrum.

a)
Fig. 9. a) A finite element model of the pipe was created using ABAQUS software,
b) The boundary conditions for the experimental test

} 58 (cm) {

Signal acquisition system

Amplifier — Shaker
\— Signal generator
Fig. 10. Sketch of the test setup and the undamaged pipe is excited and acceleration responses are recorded

‘___________,_J

<o

Fig. 11. A crack transverse defect was created in the model

t 58 (cm)

)
i
f—18 (cm) —

Signal acquisition system
Transverse crack

Amplifier — Shaker
L Signal generator
Fig. 12. Sketch of the test setup and the damaged pipe is excited and acceleration responses are recorded
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Fig. 13. Damage detection results of crack transverse using acceleration responses with simulation test
5.3. Damage detection results

As shown in Figs. 8 and 13, it can be concluded that the ability of damage detection in
experimental and simulation tests has been satisfactory. This experimental test demonstrates
validation of the simulation and optimization process based on the IPV method used in this article.
As shown in Figs. 8 and 13, the value of the CIF that was obtained by simulation study is best
selection to classify the damaged and undamaged areas for experimental test. The results of the
optimization process can be used as a reference for the value of the CIF. Thus, the IPV can be
used as an efficient SHM method if; it is optimized for each sample.

6. Conclusions

This paper presents a study on the IPV method. This method has the potential to significantly
reduce costs by minimizing the need for NDT methods, especially for inspection of a large area.
In IPV-based damage detection, a threshold should be selected for classifying the damaged and
undamaged sections of a structure. To determine the threshold value, a Confidence Interval Factor
(CIF) should be selected in advance. The problem with this approach is in that it, the CIF was
determined by experimental testing. In this study, a new technique in the IPV method is suggested,
providing a new optimized model for damage detection. The proposed technique can provide an
accurate value for the CIF. To ascertain the exact CIF, the damage detection method is simulated.
Simulation is an effective way to optimize the IPV method, in other words, the accuracy of the
IPV method can be improved by the optimized method. FE model of a damaged pipe is used for
verification. In order to validate the optimization process, the results of the IPV simulation model
are compared with an experimental test results. The results show that the experimental test and
simulation test were able to detect the location of defects in structure. Comparison of the results
showed that the value of the CIF that was obtained by simulation study is best selection to classify
the damaged and undamaged areas for experimental test; moreover, the results of simulation can
be used as a reference to choose a proper value for the CIF.
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