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Abstract: Nowadays, piezoelectric materials are most widely used in structural health monitoring (SHM) system for non-
destructive evaluation. In this paper the damage study using electro-mechanical impedance (EMI) technique, which is non-
destructive method of SHM. This paper presents a numerical analysis of four-story steel frame and multiple damages were
induced in the steel frame by utilizing smart material like Lead Zirconate Titanate (PZT). A PZT-4 piezoelectric material was
embedded in the beam of the frame. The type of damping used in steel frame model was Rayleigh damping. The numerical
analysis was done in COMSOL MULTIPHYSICS 6.2 and frequency domain analysis was done, from that admittance values
were find out for 30-300KHz frequency range. The real part of the admittance gives conductance values. Then, conductance
verses frequency graph was created that will indicate the structural health and performance. Moreover, root mean square
deviation (RMSD) index was found out for each case that provides a quantitative measure of deviation.

Keywords: Electro-mechanical impedance, Lead zirconate titanate, Rayleigh damping, Conductance, Root mean square
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L. INTRODUCTION

The electro-mechanical impedance technique is based on the principle of direct piezoelectric effect utilizing piezoelectric material
[1-2]. Itis a cost-effective method for SHM and for non-destructive evaluation for different types of engineering structures. SHM is
a technique that deals with inspection and detection of damage of the structural system [3-5]. Therefore, SHM is important for
scientists, all types of researchers in various disciplines. In EMI technique, smart material like PZT patch is embedded to the model
to find out the structural health, it generally detects the variations occur in the structure, the PZT-patch works in high frequency
range of 30KHz to 400KHz. Various studies were done on electro-mechanical impedance techniques as in [6-8]. Generally, non-
destructive tests are time-taking, require bigger-size equipment that is why smart materials become more popular, also they have
large frequency response range [9]. The static analysis of PZT actuator was done using finite element tool i.e. comsol [10]. Smart
materials like lead zirconate titanate are very sensitive in detecting the damage in structural system it generally converts mechanical
energy into electrical energy [11]. The admittance is the electrical response that we get by PZT-patch which consists of conductance
and susceptance, where as conductance is real part and susceptance is an imaginary part [12]. The quantitative measurement of
damage is generally measured in terms of damage index, two widely use damage indices are- root mean square deviation and
correlation coefficient deviation metric [13-14]. The type of damping used in this paper was Rayleigh damping, the discretized
matrix equation for finite element model under forced vibration can be represented as

[MIX + [CIX + [KIX = F(t) @)
Where, M, C and K are square matrices of NxN for structural mass, Rayleigh damping and stiffness respectively. Rayleigh damping
can be expressed as

[C]= o[M] + B[K] )
Whereas o is constant mass matrix multiplier and B is constant stiffness matrix multiplier both values depend upon the modal
damping (¢,.) that can be expressed as

g =2 4 Ber 3)

2wy 2
Whereas w, is the damping resonance frequency. Generally, for piezoelectric vibration o is assumed to be O by researchers for
viscous damping. But under harmonic excitation § can be expressed as

p=2r (4)
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Using third equation, o and B can be easily determined for viscous damping or Rayleigh damping [15]. This paper deals with the
four-storey steel frame structure, in which PZT-4 sensor was embedded as shown in fig.1. The dimension of the PZT patch was
10x10x0.3 mm3. Multiple damages were induced in the beam which will discuss in this paper and type of finite element analysis
software used was COMSOL MULTIPHYSICS 6.2.

\7‘
-_/\!\>__
Y

X

X7

)

e

\
A

e

Fig.1 PZT patch Fig.2 Steel model with embedded PZT
transducer

1. METHODOLOGY
A four-story steel structure was modelled in FEA software hamed as COMSOL MULTIPHYSICS 6.2 and EMI technique was used
to find out the signature of the beam damage in the steel model. A PZT-4 patch was embedded in the four- storey steel model. All
properties of materials were assigned like modulus of elasticity, Poisson’s ratio, density of material etc. The boundary conditions
were applied in 4-story steel frame and tetrahedral meshing was done in steel frame model. Frequency domain analysis was done to
find out the admittance value for particular frequency range that varies from 30KHz to 300KHz. All members were connected by L-
shape angles, there was four number of columns in the steel model. The L-angles has size of 24.4mmx2mm. The length of the
column was 1100mm, the length of the front, rear beams were 530mm and the length of left, right-side beams were 550mm and the

height of each floor was 275mm.
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Fig.3 Isometric view Fig.4 Side view

The isometric view of the four-story steel model is shown in fig.3 in which height of each floor was 275mm. The side view of the
steel frame is shown in fig.4 in which left and right-side length of the beam was 550mm. The top view of the steel frame is shown in

fig.5 in which the size of angle was 24.4mmx2mm.
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Fig.5 Top view
TABLE |
PHYSICAL PROPERTIES OF STEEL FRAME
Physical Properties Parameter Values(mm)
Length 1100
Column dimension Width 24.4
Thickness 2
Length 530
Front and back beam’s dimension Width 24.4
Thickness 2
Length 550
Left and right-side beam’s dimension Width 24.4
Thickness 2
TABLE Il
PROPERTY OF STRUCTURAL STEEL
Parameter Unit Values
Modulus of elasticity GPa 180
Density of structural steel Kg 7850
m3
Poisson’s ratio - 0.3
TABLE IlI
PROPERTY OF PZT-4 PATCH
Parameter Value Unit
Density of PZT material 7500 Kg
m3
Poisson’s ratio 0.3 -

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 |




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 12 Issue X Oct 2024- Available at www.ijraset.com

TABLE IV
RAYLEIGH DAMPING PARAMETERS VALUE
Parameter Value Unit
Damping type Rayleigh damping -
Input parameters Alpha and beta -
Mass damping parameter 0 1/s
Stiffness damping parameter 3E-9 S

Parameters to be considered in modelling involved in the analysis of four-story steel frame model which was modelled in COMSOL
MULTIPHYSICS are as followed-

A. Geometry and dimension

In COMSOL MUTIPHYSICS a four-story steel frame model was made, the all components of the model like beams, columns etc
were made by using “block” command which was available in the “geometry” tab. First of all, the dimensions were set like length in
mm and angular unit in degree as shown in fig.6. Then, after that the length, width, height of the block was mentioned as shown in
fig.7. There were some other parameters that involved in this like position of base, axis type, work plane, rotation angle whose
values were also assigned by clicking on the build all objects option. The whole model was prepared in the same way as the single
block was made. After making the all blocks of the model “form union” command was used to make the structure as a whole
structure.

Settings  Properties -a

BlOCk

%' Build Selected v & Build All Objects &

Label: Geometry 1 ~ Size and Shape

¥ Units Width:  24.4 mm
< = P Depth: 2 mm
[] Scale values when changing units 2
L th it Height: 1100 mm
ength unit:
- - ~ Position
Angular unit: Base:  Corner -
Degrees v x 0 R
y: 0 mm
¥ Advanced z 0 mm
Geometry representation: v Axis
CAD kernel v Axis type: z-axis -

[_] Design Module Boolean operations ~ Rotation Angle

Default repair tolerance: .
Rotation: 0 deg

Automatic "
- v Coordinate System
|+ Build new operations automatically

[ Build automatically when leaving geometry Work plane:  xy-plane -

Fig.6 Units option in geometry command Fig.7 Size and shape in block command

B. Material Properties

The material properties were defined to all the structural components like beams, columns of steel model. The properties were
defined by using option “add material”. In “add material” command go to the “built-in” then “select structural steel” then after that
select the all domains as shown in fig.8. and PZT selection shown in fig.9.
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Material Materia
Geometric Entity Selection Label: Lead Zirconate Titanate (PZT-4) i
: : = Name: mat2
Geometric entity level: ~ Domain v
Selection: Allldomaine < Geometric Entity Selection
=0 1 a Geometric entity level: Domain v
‘ ’ L =
2 Selection: Manual v
3 5] —
63 a
4
5 =0 i
6 »
Override
Material Properties
Override

v Material Contents
Material Properties

Property Variabl¢ | Value Unit v Material Contents

[ | Relative permittivity epsilo... | 1 1

[ | Density tho | 7850[kg... kg/m® | premeny Variable| Value | Unit

[7 | Young's modulus E EM Pa [/ | Density rho 7500[Kg... | kg/m®

7 | Poisson’s ratio nu nu(™) 1 [/ | Elasticity matrix, Voigt notation | {CE11,... | {1.38999... Pa
Isotropic structural loss factor | eta_s 0.02 1 [~ | Coupling matrix, Voigt notation | {€ES1... ' {0[C/mA*...|C/m?
Relative permeability mur_is... | 1 1 [/ | Relative permittivity {epsil... [{762.5,7.../1
Heat capacity at constant pres... Cp 4750/(k... |)/(kgK) Relative permittivity {epsil... | {762.5,7.../1
Thermal conductivity k_iso ;... |44.5[W/... | W/(m-... Compliance matrix, Voigt not... |{sE11,...  {1.23e-0...| 1/Pa
Electrical conductivity sigma... | 4.032e6[... S/m Coupling matrix, Voigt notation {dET1...  {O[C/N]....  C/N
Coefficient of thermal expansi... alpha_...| 12.3e-6[... | 1/K Relative permittivity {epsil... {1475,1... 1
Fig.8 Material property selection shown Fig.9 PZT selection

C. Boundary conditions

The boundary conditions were assigned to make steel frame as a fixed frame from the bottom. So, the commonly used fixed type of
supports were used in steel frame. For this, go to the “solid mechanics” then go to the “fixed constraints” and then do boundary
selection manually as shown in fig.10.

Fixed Constraint QA v @H Lyl Oy @y @@y BY =2y B-WD-

ElE %o~ $vaf

Label: Fixed Constraint 1 5 )

v Boundary Selection
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Fig.10 Fixed ends at the bottom of frame shown
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D. Meshing
The meshing was done in the whole steel structure by go to the “mesh” then calibrate for “general physics” and select size then

choose “custom” option and define element size parameter as shown in fig.11. The select the type of mesh as “free tetrahedral”.
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- Statistics

Size

%' Build Selected & Build All Complete mesh
Mesh vertices: 146747

Label: Size &
Element type: All elements >

Element Size Tetrahedra: 434968

Galibrate for: Triangles: 299244

Edge elements: 31586
General physics N

Vertex elements: 498

) Predefined Fine Domain element statistics

® Custom Number of elements: 434968

o ini 1 lity: O.

— e See s Minimum element quality: 0.06612
Average element quality: 0.5264

Maximum element size: Element volume ratio: 5.412E-4

1209000.0 mm?

6 mm Mesh volume:
Minimum element size: Element Quality Histogram
1 mm

Maximum element growth rate:
1.45

Curvature factor:

0.5

Resolution of narrow regions:

0.6
L

Fig.11 Meshing element size Fig.12 Mesh statistics of steel frame

E. Analysis Output
After assigning all parameters we move towards the “study” option and select the type of study as “frequency domain”. The unit of
eigen frequency was selected as KHz. Then choose the range of frequency from 30 to 300KHz at interval of 10, then click on

“compute” as shown in fig.13.

= Compute (* Update Solution

Label: Frequency Domain 5

¥ Study Settings

Frequency unit: kHz v
Frequencies: range(30,10,300) kHz
Load parameter values: % Browse ¥

[[= Read File
Reuse solution from previous step: No v

["] Include geometric nonlinearity

Results While Solving
¥ Physics and Variables Selection

[] Modify model configuration for study step

»

Physics interface Solve for | Equation form

® | Solid Mechanics (solid) Automatic (Frequenc...
®  Electrostatics (es) Automatic (Frequenc...
» X ) ) .
Multiphysics couplings Solve for Equation form
® Piezoelectricity 1 (pze1) ™ Automatic (Frequency d...

Fig.13 Computation of frequency domain
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1. DAMAGE STUDY
In the four-story steel model, the damage was done on the front side of the beam whose length was 530mm at height of 275mm. In
all types of damages, the length and thickness of the damage was same except the width of the damage. The length and thickness of
the damage were 24.4mm and 2mm. At point “C”, there was a damage of constant width of 10mm at distance of 265mm from
corner of x axis in all cases as shown in fig. 15. At point “B” there were variable width damage of Imm, 5mm and 10mm at distance
of 132.5mm from corner of x axis. The PZT patch was embedded at point “A” which was at 1200mm distance from corner of x axis
as shown in fig.15. The dimension of PZT patch was 10x10x0.3mm?®. The three cases of damage were-
Case 1 damage: 10mm at mid and 1 mm at one-fourth distance
Case 2 damage: 10mm at mid and 5 mm at one-fourth distance
Case 3 damage: 10mm at mid and 10 mm at one-fourth distance

N

|

f

A [

width damage
of 1,5,10mm

va
|

10mm constant width damage

Z

Fig.14 Steel model with multiple Fig.15 Zoomed image indicating damage location
damages

V. RESULT AND DISCUSSION
After the frequency domain analysis, the probe table of admittance and frequency was generated in the COMSOL MULTIPHYSICS
6.2 software, in which the frequency was varying from 30KHz to 300KHz. In admittance the real part denotes the conductance and
an imaginary part denotes the susceptance. Here, we need only real part of the admittance which is conductance. From that we made
conductance verses frequency graph which is known as signature of the damage steel frame model.

1E-09
9SE-10
8E-10
7E-10
6E-10
5E-10
4E-10
3E-10
2E-10
1E-10

0 sl

30 80 130 180 230 280

Frequency (KHz)

Conductance (S)

—®— Case 1 damage —®— Case 2 damage Case 3 damage

Fig.16 Conductance response obtained for frequency range of 30-300KHz
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Fig.17 Conductance response obtained for frequency range of 260-280KHz

To get the quantitative measure of damage the root mean square deviation was find out for Case 1 damage it was 27.604%, for Case
2 damage it was 28.57%, for Case 3 damage it was 30.76%.

V.  CONCLUSION

In this paper the electro-mechanical impedance technique was used that is very crucial in examining the behaviour of damage
structure. In this technique, a PZT piezoelectric material was embedded in the structure that will convert mechanical energy into
electrical energy. The type of PZT sensor used was PZT-4 whose size was 10x10x0.3mm?. The frequency domain analysis was done
to get the conductance response for frequency range of 30-300KHz. For that, admittance reading was taken whose real part will give
the conductance of the damage structure. Then, conductance and frequency graph were made that represents the signature of the
damage structure. Then, RMSD values was find out that represents the quantitative measure of damage and that was increasing as
the amount of damage increases.
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