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Abstract: Many methods have been used in the past two decades to detect crack damage in steel joints
of the offshore structures, but the electromechanical impedance (EMI) method is a comparatively
recent non-destructive method that can be used for quality monitoring of the weld in structural steel
joints. The EMI method ensures the direct assessment, analysis and particularly the recognition of
structural dynamics by acquiring its EM admittance signatures. This research paper first briefly
introduces the theoretical background of the EMI method, followed by carrying out the experimental
work in which damage in the form of a crack is simulated by using an impedance analyser at different
distances. The EMI technique is used to identify the existence of damage in the welded steel joints
of offshore steel jacket structures, and Q345B steel was chosen as the material for test in the present
study. Sub-millimetre cracks were found in four typical welded steel joints on the jacket platform
under circulating loads, and root average variance was used to assess the extent of the crack damage.

Keywords: electromechanical impedance; piezoelectric transducers; damage detection; non-destructive
test; Q345B steel materials; welded steel joints

1. Introduction

The electromechanical impedance (EMI) method is a recent non-destructive evaluation
(NDE) method that utilizes a single piezoelectric material to behave both as actuator and
sensor. The piezoelectric material produces an electric charge when exposed to mechanical
stress. The electrical impedance of piezoelectric material is directly associated with the
mechanical properties of the host structure. The variations of dynamic properties in the
host structure caused by the presence of damage also influence the measured impedance
plots, which are used in the process of damage assessment [1]. The piezoelectric material
is widely used due to its light weight and availability in various sizes and shapes [2,3].
Among the mentioned methods in the literature for structural health monitoring, the
EMI technique is considered the best promising approach due to its high sensitivity to
local incipient damage [3,4]. This technique acquires variations in local dynamics due to
incipient structural damage at the proper level. These variations are very complicated
and very small and are not easily detectable with the ordinary low-frequency vibrations
techniques. The EMI method can be implemented very easily to identify the damage in the
host structure [4].
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In the literature, various applications of the EMI technique have been discussed,
such as damage detection of the steel composite materials and concrete structures using a
piezoelectric transducer (PZT) patch connected to the host structure. The need for structural
damage monitoring has increased more in the past few years due to the excessive use
of composite materials as construction materials [5–8]. Sun et al. [9] have used the EMI
technique for detection of the integrity of the laboratory-sized truss. Pearis et al. [10]
proposed a new version of the EMI technique using the FFT analyser with improved
qualities. This new version of the EMI technique was further expanded by Xu et al. [11]
and Panigarhi et al. [12]. Tseng and Naidu [13] performed an experimental study for the
damage detection using the PZT transducers on aluminium specimens, and they concluded
that the PZT transducers have a remarkably effective area for detection of small initiatory
damages. The EMI technique was also used by Giurgiutiu [14] for the damage detection
of an aging aerospace structure, and it was concluded that the EMI technique has a wide
prospect in detection of damages in the aerospace field. Several studies in the literature
have discussed a wide range of successful applications of damage detection for various
types of structures for the impedance-based method [15–23].

With development of marine resource exploration, many large-scale marine structures,
for instance, oil rigs, undersea tunnels, and cross-sea bridges, must be constructed. Unlike
onshore structures, offshore structures are often affected not only by workloads but also by
other loads from storms, waves, tides, and corrosion of seawater. These offshore facilities
need under-water welding during the manufacturing phase and also for repair [24,25].
High-Strength-Low-Alloy (HSLA) steel is commonly used in building construction, off-
shore construction, and automotive industries [26–28]. Using HSLA steel will excessively
reduce the welding costs [29–32]. Part of the structure that works under water may need re-
pair work. Amongst the three most important methods in water welding, i.e., wet method,
dry chamber hyperbaric weld method, and coffer dam system method, the majority use
the wet welding method, where the electric arc, as well as joints, are in direct interaction
through water [33–35].

The wet welding can be done by covered electrodes and flux connector cables. As
a welding atmosphere, water causes many problems in obtaining the quality of the
joint [36–41]. The main significant problem in the undersea welding of martensitic struc-
tures is the Heat-Affected-Zone (HAZ) [42,43]. The construction of the welding joint has the
characteristics of low plasticity and high rigidity. Another major problem is the occurrence
of diffuse hydrogen content in welded metals [44]. The hydrogen comes from water vapour,
as well as from electrode coverings. Compared to the H5 or H10 levels of land welding, the
hydrogen content in the joins under wet welding circumstances is at the 50–80 mL/100 g
placed in the metal range [45–50]. Di et al. [51] performed a study in which the sheets of
Q345B steel were welded, and the microstructure of the joints was analysed. The results
show that the presence of the internal defects in the welded Q345B steel joints depends
on the stir–pin rotation speed, weld speed, and cooling intensity during welding. Mihajlo
et al. [52] performed both numerical and experimental studies in order to understand the
fracture behaviour of welded joints with multiple defects. The results suggest that the
weakness of the welded joints are due to the misalignment and incomplete root penetration
and also due to the unseen internal defects.

Chalioris et al. [53] utilized PZT transducers in various settings to diagnose and
demonstrate flexural damages caused by concrete cracking and steel yielding. Two large-
scale flexural beams were used that were subjected to monotonically increased loading
until failure. Small-sized PZT patches were bonded by epoxy on the steel surface of
the tension reinforcing bars and also on the external concrete face of the beams. The
damage in the steel was diagnosed from the difference of the response signals from the
PZT transducers for the baseline healthy state and for the state when the loading caused
the damage. PZT transducers were used for the real time structural health monitoring of
reinforced concrete members and for the earthquake damage detection in seismic-prone
regions. The comparison of the response signals acquired from the bonded piezoelectric
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patches for the healthy and the damaged states showed the location and intensity of the
damage in the steel bars inside the concrete [54]. The transportation of carbon dioxide
during the process of carbon dioxide capture, storage and utilization is carried out by
means of pipelines that are normally exposed to a variety of environmental conditions. In
order to safely transport the carbon dioxide to the injection point, these pipelines should
be prevented from the various types of failures. The fatigue failure may be one of the
possible causes of the pipeline’s failure and should be monitored continuously during the
process of carbon dioxide capture, storage and utilization [55–60]. The offshore pipelines
are continuously exposed to the waves in the sea that is a continuous dynamic load and
can be a potential cause of the pipeline failure. The underwater structures can failed by
a variety of failure mechanisms that include fatigue failure, corrosion failure, internal
sheath damage etc. The enhanced Risk Based Inspection (RBI) methodology can be used to
maintain the integrity of steel pipeline that are used in offshore applications [61–66].

This paper is focused on the experimental study about the electromechanical impedance
(EMI) technique used for the damage crack detection in four types of welded steel joints for
offshore jacket platform structure. In all the specimens, the sub-millimetre size cracks were
successfully detected and estimated using the root mean square deviation (RMSD) method.

2. Theory of Electro-Mechanical Impedance Techniques

Liang et al. [67] studied the theoretical background of the EMI techniques for the first
time. A single PZT Transducer of 10 mm2 size was used to acquire the response of a host
structure that was excited above 20 kHz. The PZT was connected to the host structure using
an adhesive, and 1 V of low voltage was utilized to excite the structure. The 1-D model
given in Equation (1) relates the reverse impedance of the electrical PZT with the mechanical
impedance of the structure. Any possible changes in the properties of the structure can
be identified by continuously monitoring the changes in the electrical impedance of the
PZT transducer attached to the structure. The termsω, α, εT

33, d2
3x, γE

xx, and δ represent the
input frequency, geometric constant, dielectric constant, coupling constant, loss tangent,
and Young’s modulus, respectively. Due to the temperature sensitivity of the dielectric
constant εT

33, the imaginary part of the impedance will be affected, and therefore, only the
real part of the impedance will be used for the EMI method [9,68].

γ(ω) = iωα
(
εT

33(1 − iδ)− Zs(ω)

Zs(ω) + Za(ω)
d2

3xγ
E
xx

)
(1)

Various other studies in the literature have also worked on the theoretical aspects
of the EMI method while considering the system as 1-D [69–73]. Zagrai and Giurgiu-
tiu [74] considered a 2-D model for a circular 2-D structure and validated it against the
experimental outcomes. Their model considered axial and flexural vibrations of a target
structure by taking into consideration the sensor dynamics. The suggested model is given
in Equation (2). The term k2

p is the planar coupling, v is Poisson’s ratio, J0 and J1 are the
Bessel functions of the first kind of order zero and one, respectively.

Z(ω)

{
iωC

(
1 − k2

p

)
×
[

1 +
k2

p

1 − k2
p

(1 + v)J1(ϕa)

ϕa J0(ϕ)− (1 − v)J1(ϕa − x(ω)(1 + v)J1(ϕa)

]}
(2)

A 2-D impedance model was proposed by Bhalla et al. [75], in which the shear lag
effect, produced by the adhesive bond layer between the PZT transducer and the host
structure, was considered. Figure 1 demonstrates the 2-D impedance model with the
shear lag effect. The model given in Equation (3) was compared to work of Bhalla and
Soh [76], which clearly explained the phenomenon of shear lag. In Equation (3), the term
T is the complex tangent ratio that is theoretically equal to tan (kl)/kl, where k is the
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wave number, and Za,e f f and Zs,e f f are the actual impedance of the PZT and the host
structure, respectively [76].

Y = G + Bj = 4ωj
l2

h
[εT

33 −
2d2

31YE

1 − v
+

2d2
31YE

1 − v
(

Za,e f f

Zs,e f f ,eq + Za,e f f
)T] (3)
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Figure 1. PZT Transducer deformation and bond layer.

The EMI technique is normally applied by utilizing impedance analysers such as
Agilent 4194A. Due to the huge costs of these impedance analysers, low-cost ways are
proposed in various studies in the literature. Peairs et al. [10] present a costs efficient
method for employing the EMI technique using the FFT analyser with a simple circuit. In
this method, the input voltage and the current are used to calculate the impedance (Z).
Figure 2 shows the above-mentioned simple circuit.
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Figure 2. Circuit for calculating the PZT impedance.

The key operational principle of the EMI technique is the monitoring of the varia-
tions in the mechanical impedance of the host structure from the PZT element’s electrical
impedance. The EMI technique utilizes high frequencies in the range of 20–400 kHz [50].
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As shown in Equation (4), Girugiutiu [77] used the Root Mean Square Deviation (RMSD)
method to quantify the intensity of the structural changes.

RMSD = (
N

∑
k=1

[(Re(Zk)j − Re(Zk)i]

∑N
k=1[Re((Zk)i)

)

1
2

(4)

where, (Zk)i and (Zk)j are the reference impedance of the PZT at the kth measurement point [76].

3. Experiment Setup

Four types of specimens were used in laboratory measurements: The first one is
welded steel plates, manufactured at Marine Engineering Experimental Institute at Zhejiang
University, Hangzhou, China, prepared by welding the two steel plates of same size in
horizontal direction with an electrode having similar composition to the metal being
welded, as shown in Figure 3a. The second one is T-type welded steel plates, manufactured
at Marine Engineering Experimental Institute at Zhejiang University, Hangzhou, China,
prepared by welding the two metallic plates of different sizes in such a way that the first
plate is placed in a vertical direction and second smaller plate is placed in a horizontal
direction, as shown in Figure 3b. The third specimen is the combination of the plate and a
pipe of the T-type welded metallic joint, manufactured at Marine Engineering Experimental
Institute at Zhejiang University, Hangzhou, China, prepared by welding the two metallic
plates and pipe of different sizes in two different directions, such that the longer plate
is placed in vertical direction while the smaller pipe is placed in horizontal direction, as
shown in Figure 3c. The fourth specimen used in the testing is a combination of two
steel pipes of different sizes, manufactured at Marine Engineering Experimental Institute
at Zhejiang University, Hangzhou, China, prepared by welding the two steel pipes in a
T-type joint in such a way that the longer pipe is placed in a horizontal direction, while the
smaller pipe is placed in a vertical direction, as shown in Figure 3d. Q345B is a low alloy
structure steel, with good mechanical properties, low temperature performance, plasticity,
and conditional weldability. Q345B is mainly used in low-voltage vessels, fuel tanks,
vehicles, cranes, mining machinery, power stations, mechanical components, construction
structures, offshore platform structures, and general metal parts. The mechanical properties
are given in Table 1. Q345B steel plate is always hot-rolled and can be used in areas above
−40 degrees centigrade temperature. In order to estimate the weldability of the base
metal Q345B, the carbon equivalent (CEQ) was calculated for the base metal using the
following equation.

CEQ = C + Mn/6 + Ni/15 + Cu/15 + Cr/5 + Mo/5 + V/5 (5)

The chemical composition values needed in Equation (5) are given in Table 2. The
CEQ value shows that the Q345B steel has conditional weldability with CEQ value of 0.49%
and can be used in the above-mentioned various applications. Based on the weldability
analysis of Q345 steel, the welding parameters and electrode types were selected, as given
in Table 3. The material used in all of the specimens is steel Q345B, and the properties are
given in Table 1. The chemical composition of Q345B steel is given in Table 2.

Table 1. Material properties of specimens [78–80].

Properties Value

Tensile Strength 490–675 (MPa)

Yield Strength ≥345 (MPa)

Elongation after Fracture ≥21%
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Table 2. Chemical composition of Q345B steel [78–80].

Elements Contents

C≤ 0.2

Mn 1.0–1.6

Si≤ 0.035

S≤ 0.035

Al≥ 0.02–0.15

Nb 0.015–0.06

V 0.02–0.15

Table 3. Welding parameters.

Specimen Welding Current
[A] 50–100

Arc Voltage
[V] 18–21

Welding Speed
[mm/s] 5–20

Heat Input
[kJ/mm]

B03
90 20.0 6.5 0.28

75 19.0 5.0 0.27

I13
85 19.5 5.35 0.31

94 20.5 6.5 0.30

H09
98 18.5 5.0 0.37

88 21.0 6.18 0.30

T04
95 19.0 6.3 0.35

82 18.5 5.1 0.31
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CO2 gas shielding is used to weld the specimens. Before connecting components, the
surface of steel parts is cleaned with an electric grinder, manufactured at Marine Engi-
neering Experimental Institute at Zhejiang University, Hangzhou, China, for corrosion,
oil stains, oxide scales, and other substances harmful for welding. Steel plates must be
pre-heated properly before the welding to prevent hardened structures and cold cracks.
The preheating of the area around the weld joint or the entire part to a specified temper-
ature before welding will help in reducing the cooling rate of the weld and drives out
moisture, which in turn helps prevent hydrogen build-up and cracking. The specimens
were heated in an oven, manufactured at Marine Engineering Experimental Institute at
Zhejiang University, Hangzhou, China, within a temperature range of 100 to 150 degrees
centigrade based on the base metal chemistry as specified in Equation (5). The heat input
value of welding in the water environment is determined using Equation (6), excluding the
welding efficiency factor.

Heat Input (Q) = U∗I/V (6)

The values of the parameters needed in Equation (6) are given in Tables 1–3. Welding
parameters are provided in ranges. The magnitude of the selection of welding parameter
from a given range depends on the welding quality requirements. Macroscopic image of
the welded joint is shown in Figure 4. From the side view of the welded joint, in Figure 4,
the thickness of the heat-affected zone is shown. It can be seen that the welding is efficiently
done with an optimum thickness of the heat-affected zone. The main focus of the current
study is to detect the activation of cracks in already welded specimens. The variation in the
impedance of the impedance tester is an indication of the damage in the welded specimens.
The maximum value of the impedance corresponds to the occurrence of the damage in the
welded specimens. Growing damage causes a shift of most resonance peaks, which is the
result of increasing dynamic changes of the host structure when the crack is introduced.
Cyclic loading, acting on the host structure, continuously changes its dynamical properties,
and therefore, the EMI results from each damage case would be different from other cases
for a specific host structure during the entire loading condition.

Table 3 also provides information about the thermal input (kJ/mm). If defects, such as
pores and slag inclusions, are present after the welding, the defective parts must be cleaned
with an electric portable grinder and repaired with manual arc welding.
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3.1. Specimens and Load

Each specimen was loaded with a different load, and they showed different reactions to
the loading conditions. Specimen B03 was loaded with a load of 180 kN magnitude, which
showed good resistance in the case of tension, but it cannot withstand the compressive load.
Specimens I13 and H09 were loaded by a load of 150 kN magnitude to detect the crack. It
should be noticed that the load condition of T04 is quite different from other situations. It
was loaded by a load of 100 kN magnitude for a fixed period of cyclic loading to detect the
crack. Different load conditions of the four specimens are shown in Table 4.
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Table 4. Load specifications of the specimens.

Specimen Load (kN) Note

B03 180 Repeated tension without
compression in the case of buckling

I13 150 Push–pull fatigue

H09 150 Push–pull fatigue

T04 100 Push–pull fatigue with fixed period

3.2. Experimental Arrangement

An experimental process was performed in the Marine Engineering Experimental
Institute at Zhejiang University. The experimental setup consists of an impedance tester
(WK6500B), manufactured by Wayne Kerr Electronics, UK, a PC programmed with VEE Pro
software, developed by Keysight Technologies, USA, having the ability to handle MATLAB
details for signal preparation and information analysis, and an integrated piezoelectric
lead zirconate titanate structural system, as shown in Figure 5.
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The WK6500B impedance tester is incorporated to get the impedance signature from
the PZTs. The applied quality management system of the WK6500B impedance analyser is
in line with BS EN ISO 9001, which can measure the impedance from 20 Hz up to 120 MHz
and is capable of performing fully automated high-speed testing. The impedance analyser
is connected to the PC by a cable (LAN JR45-type) to get the measured results. The PC used
in the experiment was programmed with VEE Pro software. PZTs were pasted on each
specimen by using some special power epoxy gel to have good contact with the surface. A
pair of PZT transducers, manufactured by Piezo Direct, CA, USA, were hooked up to the
impedance analyser in a two-terminal pair configuration. The Material Test System (MTS)
load frame machine is connected through a computer to control the applied load and to
measure the strain produced in the specimen during testing. Each specimen is gripped
by the Materials Test Systems (MTS) load frame machine, manufactured by MTS Systems,
MN, USA, and monotonically loaded in tension. The exact gripped location at both sides
of the specimen was marked by markers, and the length of the specimen was measured
between the jaws of the load frame in order to inspect the enlargement due to the cyclic
tensile loading process.

The experimental setup is shown in Figure 6. This setup is located in the Marine
Engineering Experimental Institute at Zhejiang University. Once the PZT are attached to
the specimens, the specimens are loaded in the load frame machine. All the specimens
were checked twice by using the impedance analyser for any possible error before applying
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the load. The experimental procedure in the current study is designed based on the
guidance provided in the ASTM E466-15 standard force-controlled fatigue tests, ASTM
E647-15e1 standard for measurement of fatigue crack growth rates, E739-10(2015) standard
for statistical analysis of linear or linearized stress-life (S-N) and strain-life (ε-N) fatigue
data, and E1049-85(2017) standard for cycle counting in fatigue analysis. The cyclic load
from the load frame is continuously applied on the specimen until the crack is detected.
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Each specimen bounded with PZT transducers was loaded in the MTS load frame
machine as shown in Figure 6. Before applying any tensile load, the specimens were
checked twice by an impedance analyser to get the impedance signature for an intact case
for making sure that the specimen is good for testing, and there is no difference between
both results. Tension load is applied to levels of 1.5% strain. The data of the undamaged
case were saved in the PC memory as a baseline signature of the host structure as in the
“as-received” condition. To detect the crack, a penetration test is applied after having some
change in length of specimen, and the specimen is analysed using a digital microscopic
camera. The results were displayed by VEE Pro software on the computer screen. If the
cracks are not detected by a digital microscopic camera, the MTS load frame machine
is continued again for cyclic tension load until the crack has been detected. The test is
terminated after the detection of a crack. DPT-8 dye penetrate inspection material is used
to perform the penetration test to create a more visible surface of specimen for detection by
digital microscopic camera, manufactured by Dino-Lite, CA, USA.

The location of the damage affects the sensitivity of PZT. If the damage location is
closer, then the PZT is more sensitive. In the case of specimen B03, PZT is pasted on some
distances away from the welded zone, due to cyclic tensile loading, because it cannot
remain attached during the whole experiment, while, in other cases of T-type specimens
(I11, H09, and T04), PZT is pasted near to the welded zone for achieving better impedance
results. Cracks were detected and measured in each specimen by using a microscopic
camera. The variations in the dynamic properties of the host structures, caused by the
occurrence of damage, influence the recorded impedance plots.
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4. Results and Discussion

Digital macro-tests have shown that all the welded joints have many defects, which
are typical for underwater conditions [46,81,82]. The most common detected are undercuts
and cracks. Garg et al. [83] concluded that increasing the cooling rate can lead to an
increase in the number of cuts in the electro-weld joints. High cooling rates under wet
welding conditions result in bottom cuts in all the specimens. Digital macro-tests of
Controlled thermal severity (CTS) specimens showed differences compared to pad welding
observations made in previous surveys [84]. Cold cracks in welded joints are caused by
different thermal conditions. These differences are related to the different shapes of the
specimen and presence of notches in the CTS sample [85,86].

In the current study, the recorded admittance signatures of EMI obtained at each PZT
show the variation caused by the presence of damage and provide good information for
damage localization. The damage detected by the digital microscopic camera is shown in
Figures 7 and 8. Arrow signs shown in Figures 7 and 8 depict the crack location in different
cases of the EMI-based damage assessment testing. All the specimens were successfully
inspected for the sub-millimetre cracks.
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Figure 7. Crack locations in the specimens: (a) welded steel plates (B03), (b) crack detected in the
welded steel plates (B03), (c) T-type welded steel plates (113), and (d) crack detected in the T-type
welded steel plates.
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Figure 8. Crack locations in the specimens: (a) combination of the plate and a pipe (H09), (b) crack
detected in the combination of the plate and a pipe (H09), (c) combination of two steel pipes (T04)
and (d) crack detected in the combination of the two steel pipes (T04).

The developed EMI-based technique has the efficient capability of detecting the pres-
ence of cracks in the welded specimens. The variation in the impedance of the impedance
tester is an indication of the damage in the welded specimens. The variation in the
impedance for the four specimens is shown in Figure 9. In Figure 9, the variation in the
impedance is given for the intact case as well as for the other cases with different cyclic
loading time periods (T). The maximum value of the impedance in Figure 9 corresponds to
the occurrence of damage in the welded specimens.
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The destruction can largely be noticed by the modifications in the holding evaluations.
It was expected that certain PZT sensors far away from the welded zone and crack location
would register less modification in the electromechanical holding signature as compared
to the sensors adjacent to the welded zone of the crack location. Figure 9 shows a clear
identification of variation in the impedance by comparing the electromechanical impedance
responses to the intact case for the host structure. Growing damage causes a shift of
most resonance peaks, which is the result of increasing dynamic changes of the host
structure when the crack is introduced. Cyclic loading, acting on the host structure,
continuously changes its dynamical properties, and therefore, the EMI results from each
damage case would be different from other cases for a specific host structure during the
entire loading condition.

As shown in Figure 9, most of the variations in the impedance occur between the
frequency ranges of 140–170 kHz. It can be seen from Figure 9 that the magnitude of the
impedance varies excessively for the three types of cyclic periods with respect to the intact
case. The maximum variation at a certain cyclic period shows the occurrence of damage in
that specific specimen.

It can be realized by looking at the results of experiments that the damage has caused a
shift in the EMI peak signature. Usually, when the damage appears, it reduces the system’s
rigidity, and consequently, it develops the transpose of the entrance top that shows a sign
of damage, which confirms the feasibility of the EMI type destruction analysis method.
According to Figure 9, the cyclic period (T) of loading for specimens represents different
result cases of E/M impedance signatures.

To estimate the validity of EMI-based damage detection methodology, the Root Mean
Square Deviation (RMSD) damage detection metric from Equation (4) is used to evaluate
the accuracy of experimental results. According to the RMSD metric, the receptivity and
susceptibility of actual and fictional sections of the PZT’s EM signatures for crack analysis
have been logically observed, and overall outcomes uphold the description. The values of
the RMSD metric of the impedance signature were calculated for each damage case. The
damage was modelled as a vertical notch for each damage case. The RMSD histograms are
given in Figures 10 and 11, which demonstrates the variation of RMSD with an increase in
the destruction severity for specimens B03, I13, H09, and T04. From the graphs can be seen
that RMSD’s results for specimens B03, I13, H09, and T04 show an explicit inclination of
damage severity towards the lower damage cases.

For all the analysed destruction cases, an important plane nexus was viewed among
the destruction indicator worth and mark volume and size, except for specimen T04 as it
may be caused by the special fixed form and loading conditions. Based on the trend of the
bar, it can be observed that the RMSD destruction indication may smartly display the mod-
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ifications of the EM impedance entrance signs among the intact and discovered destruction
cases. The largest RMSD value of damage cases represents very effectively the occurrence
of damage. In other words, the RMSD analysis provides significant data for destruction
detection. The usability of the developed systemic fitness surveillance mechanism is very
common for detecting breaks in engineering systems in various environmental conditions.
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Impedance-based methods might be applied for existing aging structures, as well
as for future new structures. Besides that, productive individuals are not needed to
forecast the electromechanical impedance signs, as they need not be very efficient in
knowing the mechanical concepts of structural properties and in the statistical estimation
of the RMSD metric. The sensitivity of the electromechanical impedance technique is very
commensurable as compared to ultrasonic techniques. Despite that, various ultrasonic
approaches failed to detect fractures perpendicular to the wave propulsion surface [16,87].
To detect damages, the EM impedance-based techniques are very efficient in significant
cost savings and safety enhancement through the wide area of implementation. In the
upcoming period, the EMI method will be significantly connected with extra methods,
especially wireless techniques for more productive structural health monitoring.
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5. Summary

This paper is focused on the experimental study of the electromechanical impedance
(EMI) technique used for damage detection in four types of welded steel joints for offshore
jacket platform structures. In all the specimens, the sub-millimetre size cracks were suc-
cessfully detected and estimated using the RMSD method. The outcomes of the current
study are summarized below:

• The admittance signals from PZTs cause the reflection of cracks inside welded steel
joints. When the damage appears in the welded zone of the specimen, it influences
the recorded impedance plots and presents the variations of dynamic properties in
the host structures that help in locating the initiated cracks.

• The maximum value of the impedance corresponds to occurrence of the damage in
the welded specimens. Load acting on the host structure continuously changes its
dynamical properties, and therefore, the EMI results from each damage case would
be different from other cases for a specific host structure during the entire loading
condition.

• The value of the RMSD smartly displays the modifications of the EM impedance
entrance signs among the intact and discovered destruction cases. The largest RMSD
value of damage cases represents very effectively the occurrence of damage. The
RMSD analysis provides significant data for destruction detection.

• The EMI technique has the strength of detecting cracks in the welded joints in initial
phases which can help in avoiding catastrophic failures of offshore structures.

• The efficiency of the EMI technique, based on the root means square deviation method,
expresses a good capability of the proposed methodology for detecting cracks in
welded metallic structures.

• Based on the crack detection results in the current study, the EMI technique is highly
efficient and reliable and can be used in a variety of engineering applications.

6. Future Work

Although a lot of research has been carried out related to the EMI techniques, there
are still a lot of problems related to their implementation in various applications. Some
of these problems are locating and identifying the damage type, the imperfect sensing
variety, the requirement to choose the right frequency range, and so on. The artificial neural
network (ANN) is a possible solution to the above-mentioned problems because it has
given promising outcomes for various similar applications. Along with the use of ANN for
measuring the structural damage, it can also be used for a variety of other applications, such
as selecting an appropriate frequency range, temperature recompense, forecasting concrete
strength, etc. Advancements in computer technologies and the continuous efforts from the
scientific community will bring the EMI technique one step closer to commercialization.
The current study can further be extended to cover non-destructive testing in various
underwater applications.

Author Contributions: Conceptualization, L.A., S.K., N.I., S.B., H.H. and Y.B.; methodology, L.A.,
S.K., N.I., S.B., H.H. and Y.B.; software, L.A., S.K., S.B., H.H. and Y.B.; validation, L.A., S.K. and Y.B.;
formal analysis, L.A., S.K., N.I. and Y.B.; investigation, L.A., S.K., N.I., S.B., H.H. and Y.B.; resources,
L.A., S.K., N.I. and Y.B.; data curation, L.A., S.K., N.I., S.B., H.H. and Y.B.; writing—original draft
preparation, L.A., S.K., N.I., S.B., H.H. and Y.B.; writing—review and editing, L.A., S.K., N.I., S.B.,
H.H. and Y.B.; visualization, L.A., S.K., N.I., S.B., H.H. and Y.B. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available by contacting the corresponding authors.



Materials 2021, 14, 7168 16 of 19

Acknowledgments: The authors appreciate and acknowledge the support provided by King Fahd
University of Petroleum and Minerals (KFUPM) by providing all the essential resources to conduct
this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Na, S.; Lee, H. Steel wire electromechanical impedance method using a piezoelectric material for composite structures with

complex surfaces. Compos. Struct. 2013, 98, 79–84. [CrossRef]
2. Chopra, I. Review of state-of-art of smart structures and integrated systems. AIAA J. 2002, 40, 2145–2187. [CrossRef]
3. Tawie, R.; Lee, H. Piezoelectric-based non-destructive monitoring of hydration of reinforced concrete as an indicator of bond

development at the steel–concrete interface. Cem. Concr. Res. 2010, 40, 1697–1703. [CrossRef]
4. Song, H.; Lim, H.; Sohn, H. Electromechanical impedance measurement from large structures using a dual piezoelectric transducer.

J. Sound Vib. 2013, 332, 6580–6595. [CrossRef]
5. Na, S.; Lee, H.K. Resonant frequency range utilized electro-mechanical impedance method for damage detection performance on

composite structures. Compos. Struct. 2012, 94, 2383–2389. [CrossRef]
6. Na, S.; Tawie, R.; Lee, H.K. Electro-mechanical impedance method of FRP adhesive joints in corrosive environment using a

reusable piezoelectric device. J. Intell. Mate. Syst. Struct. 2012, 23, 737–747. [CrossRef]
7. Park, G.; Cudney, H.; Inman, D.J. Feasibility of using impedance-based damage assessment for pipeline systems. Earthq. Eng.

Struct. Dyn. 2001, 30, 1463–1474. [CrossRef]
8. Sodano, H.A.; Park, G.; Inman, D.J. An investigation into the performance of microfiber composites for sensing and structural

vibration applications. Mech. Syst. Signal Process. 2004, 18, 683–697. [CrossRef]
9. Sun, F.P.; Chaudhry, Z.; Liang, C.; Rogers, C.A. Truss Structure Integrity Identification Using PZT Sensor-Actuator. J. Intell. Mater.

Syst. Struct. 1995, 6, 134–139. [CrossRef]
10. Peairs, D.M.; Park, G.; Inman, D.J. Improving Accessibility of the Impedance-Based Structural Health Monitoring Method. J. Intell.

Mater. Syst. Struct. 2004, 15, 129–139. [CrossRef]
11. Xu, B.; Giurgiutiu, V. A Low-cost and field portable electromechanical (E/M) impedance analyzer for active structural health

monitoring. In Proceedings of the 5th International Workshop on Structural Health Monitoring, Stanford University, Stanford,
CA, USA, 15–17 September 2005.

12. Panigrahi, R.; Bhalla, S.; Gupta, A. A cost-effective variant of electromechanical impedance technique for structural health
monitoring. Exp. Tech. 2008, in press.

13. Tseng, K.K.-H.; Naidu, A.S.K. Non-parametric damage detection and characterization using smart piezoceramic material. Smart
Mater. Struct. 2002, 11, 317–329. [CrossRef]

14. Giurgiutiu, V. Active sensors for health monitoring of aging aerospace structures. In Proceedings of the 7th International
Conference on Nondestructive Evaluation and Health Monitoring of Aging Infrastructure, Newport Beach, CA, USA, 6–9 March
2000; Paper 3. Volume 3985, pp. 294–305.

15. Park, G.; Inman, D.J. Impedance-Based Structural Health Monitoring Damage Prognosis for Aerospace, Civil and Mechanical Systems.
Part II; Wiley: New York, NY, USA, 2005; pp. 275–292.

16. Giurgiutiu, V.; Rogers, C.A. Electro-mechanical (E/M) impedance method for structural health monitoring and non-destructive
evaluation. In Proceedings of the International Workshop on Structural Health Monitoring, Stanford University, Stanford, CA,
USA, 18–20 September 1997; pp. 433–444.

17. Seunghee, P.; Chung-Bang, Y.; Yongrae, R.; Jong, J.L. PZT-based active damage detection techniques for steel bridge components.
Smart Mater. Struct. 2006, 15, 957–966.

18. Venu, G.M.; Chee, K.S. Application of electromechanical impedance technique for engineering structures: Review and future
issues. J. Intell. Mater. Syst. Struct. 2009, 21, 41–59.

19. Soh, C.K.; Tseng, K.K.; Bhalla, S.; Gupta, A.K. Performance of smart piezoceramic patches in health monitoring of a RC bridge.
Smart Mater. Struct. 2000, 9, 533–542. [CrossRef]

20. Zagrai, A.N.; Giurgiutiu, V. Electro-Mechanical Impedance Method for Crack Detection in Thin Plates. J. Intell. Mater. Syst. Struct.
2001, 12, 709–718. [CrossRef]

21. Rosiek, M.; Martowicz, A.; Uhl, T. Structural health monitoring system based on electromechanical impedance measurements.
In Proceedings of the 8th International Workshop on Structural Health Monitoring, Stanford, CA, USA, 13–15 September 2011;
pp. 314–321.

22. Yaowen, Y.; Yuhang, H. Electromechanical impedance modeling of PZT transducers for health monitoring of cylindrical shell
structures. Smart Mater. Struct. 2007, 17, 015005.

23. Xu, J.F.; Yang, Y.W.; Soh, C.K. Electromechanical impedance-based structural health monitoring with evolutionary programming.
J. Aerosp. Eng. 2004, 17, 182–193. [CrossRef]

24. Pessoa, E.C.P.; Liu, S. The state of the art of underwater wet welding practice: Part 2. Weld. J. 2021, 100, 171–182. [CrossRef]
25. Zhang, M.; Han, Y.; Jia, C.; Dong, S.; Maksimov, S.; Wu, C. Process Stability, Microstructure and Mechanical Properties of

Underwater Submerged-Arc Welded Steel. Metals 2021, 11, 1249. [CrossRef]

http://doi.org/10.1016/j.compstruct.2012.10.046
http://doi.org/10.2514/2.1561
http://doi.org/10.1016/j.cemconres.2010.08.011
http://doi.org/10.1016/j.jsv.2013.07.023
http://doi.org/10.1016/j.compstruct.2012.02.022
http://doi.org/10.1177/1045389X12440754
http://doi.org/10.1002/eqe.72
http://doi.org/10.1016/S0888-3270(03)00081-5
http://doi.org/10.1177/1045389X9500600117
http://doi.org/10.1177/1045389X04039914
http://doi.org/10.1088/0964-1726/11/3/301
http://doi.org/10.1088/0964-1726/9/4/317
http://doi.org/10.1177/104538901320560355
http://doi.org/10.1061/(ASCE)0893-1321(2004)17:4(182)
http://doi.org/10.29391/2021.100.014
http://doi.org/10.3390/met11081249


Materials 2021, 14, 7168 17 of 19

26. Qiang, X.; Bijlaard, F.S.; Kolstein, H. Elevated-temperature mechanical properties of high strength structural steel S460N:
Experimental study and recommendations for fire-resistance design. Fire Saf. J. 2013, 55, 15–21. [CrossRef]

27. Topaç, M.; Günal, H.; Kuralay, N. Fatigue failure prediction of a rear axle housing prototype by using finite element analysis. Eng.
Fail. Anal. 2009, 16, 1474–1482. [CrossRef]

28. Omajane, J.; Martikainen, J.; Kah, P. Weldability of thermo-mechanically rolled steels used in oil and gas offshore structures. Int. J.
Eng. Sci. 2014, 3, 62–69.
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