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Abstract—Composite structures become intriguing for the design 
of aerospace, automotive and marine applications due to weight 
reduction, corrosion resistance and radar signature reduction demands 
and requirements. Studies on piezoelectric ceramic transducers (PZT) 
for diagnostics and health monitoring have gained attention for their 
sensing capabilities, however PZT structures are prone to fail in case 
of heavy operational loads. In this paper, we develop a piezo-based 
Glass Fiber Reinforced Polymer (GFRP) composite finite element 
(FE) model, validate with experimental setup, and identify the 
applicability and limitations of PZTs for a marine application. A case 
study is conducted to assess the piezo-based sensing capabilities in a 
representative marine composite structure. A FE model of the 
composite structure combined with PZT patches is developed, 
afterwards the response and functionality are investigated according 
to the sea conditions. Results of this study clearly indicate the 
blockers and critical aspects towards industrialization and wide-range 
use of PZTs for marine composite applications. 
 

Keywords—FRP, marine composite, piezoelectric transducer, sea 
state, wave-induced loads. 

I. INTRODUCTION 

N the evolving industrial market, there have been numerous 
ongoing research and development projects for novel 

materials in terms of mechanical performance, endurance and 
cost. Within this scope, interest in composite materials has 
been arisen since they can have different properties due to 
their various ingredients [1], [2]. One of the most commonly 
used composite materials is Fiber Reinforced Polymer (FRP). 
FRP is a composite made from a polymer matrix that is 
bonded with natural fiber which reinforces the material and 
provides strength and stiffness to the composite. FRP 
composites have an important advantage in replacing metals 
due to their low weight. Additionally, they offer high 
corrosion resistance and durability as well as low maintenance 
cost. Due to these reasons, FRP composite structures are 
widely used in marine and aerospace applications. 

In the last four decades, piezoelectric materials with their 
inherent capability to transform mechanical strain energy to 
electrical energy have gained attention to be used for health 
monitoring purposes [3]-[5]. These materials can also be used 
as actuators according to the inverse piezoelectric effects, 
inducing an expansion of the ceramic via an electric field [6]. 
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In the last century, many types of piezoelectric materials have 
been evolved over the past century. The most widely used of 
these are PZT. PZTs have been extensively used in sensors 
and actuators due to their direct coupling and their capability 
to output large voltages [7]. There have been numerous studies 
investigating the applicability of PZTs as actuators or sensors. 
However, most of the studies have focused on cantilever 
beams, clamped plates or disks for the sake of easiness. 
Dragasius et al. [8] used the piezoelectric sensors for health 
monitoring in a composite plate. Presas et al. [9] studied the 
use of PZT patches for submerged disk to determine the 
frequency response functions. Larson et al. [10] investigated 
the active vibration control performance with piezoelectric 
actuators installed to B-1B aircraft fuselage in a laboratory 
environment. Their studies showed that vibration levels at the 
fuselage skin could be significantly suppressed in all 
simulated flight phases. For the investigation of possible usage 
in an automotive environment, Song et al. [11] conducted 
experiments for active vibration control with piezoelectric 
actuators and sensors on a half-scaled passenger vehicle. Their 
experimental results show that the vibration and noise can be 
lowered effectively using piezoelectric actuators and sensors.  

Even though there are massive number of articles 
addressing the proof-of-concept usage of PZTs for aerospace 
and automotive applications, the possible proof-of-concept 
usage in naval structures and critical aspects for the real-life 
applications have been not widely studied. 

This study focuses on the applicability of PZTs integrated 
to a complex marine structure, such as GFRP composite 
marine hull subjected to hydrodynamic loads. First, a simple 
piezo-based experimental GFRP composite beam model was 
created in order to identify the characteristic properties of the 
GFRP material to be used in the numerical study. After the 
numerical model was verified by the experimental study, the 
hull of a boat having a displacement of 10 tones was modeled 
numerically and the applicability of PZTs on the hull was 
investigated under the specified sea-state condition. 

II. PIEZO-BASED GFRP BEAM STUDY 

A. Experimental Setup 

On the purpose of identifying the mechanical characteristics 
of GFRP composite material and validating the 
electromechanical coupling model, an experimental cantilever 
beam set-up having a dimension of 500x50x1 mm (LxWxD) 
was built and a PZT patch was embedded at the clamped side 
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of the beam. In this part of the study, using the inverse 
piezoelectric effect, the structure was excited by the embedded 
PZT patch and the response was measured at the tip via Laser 
Doppler Vibrometer (LDV). The experimental setup and 
measurement system are shown in Figs. 1 and 2, respectively.  

 

 

Fig. 1 Experimental Setup 
 

 

Fig. 2 Measurement System 
 

Physical, material and electromechanical properties of PZT 
patch (PI Dura-act 876.A12) are provided by the manufacturer 
for the used material (PIC 255) and presented in Table I.  

 
TABLE I 

PHYSICAL, MATERIAL AND ELECTROMECHANICAL PROPERTIES OF THE PZT 

PATCH 

Property PZT Patch (PIC255) 

Length (mm) 65 

Width (mm) 31 

Thickness (mm) 0.5 

Elastic Modulus (GPa) 70.2 

Poisson’s Ratio 0.36 

Density (kg/m3) 7800 

Operating Voltage (V) -100 to +400 

Relative Permittivity,  

 1750 

 1650 

Piezoelectric Voltage Coefficient, g31, (10-3 Vm/N) -11.3 

 
TABLE II 

NATURAL FREQUENCIES OF THE COMPOSITE BEAM 

Mode Number Frequency (Hz) Amplitude (dB) 

1 3.2 23.2 

2 19.2 27 

3 50.7 23.1 

 
The natural frequencies of the system were determined from 

the frequency response measured at the tip of the beam. 
Accordingly, with reference to the frequency response, first 
three natural frequencies of the system are given in Table II.  

B. System Identification of GFRP Composite  

According to Euler Beam Theory, the differential equation 
for the lateral vibration of beams is derived from the shear and 
bending moments acting on the elements of the beam, as 
shown in (1) [12]: 
 

02
4

4

 y
dx

yd
EI                                 (1) 

 
where EI is the flexural rigidity, ρ is the mass per unit length 
of the beam and ω is the natural frequency of the beam. The 
natural frequencies are found from (1) to be 
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where the number βn depends on the boundary conditions and l 
is the length of the beam.  

By using the measured frequency response of the structure, 
the damping factor of the GFRP composite was aimed to be 
estimated. For this purpose, Peak-Amplitude Method, one of 
the modal parameter estimation methods, was used [13]. In 
this method, the frequency of the maximum amplitude,  
as well as the the frequencies at where the amplitudes are 

are selected and for each mode n, (3) has to be 
performed. 
 

n

ba
n 


2


                                  (3)                   

 
where ωn is the natural frequency at which the peak amplitude 
occurs, ωa and ωb are the half-power points. Using (2) and (3) 
with respect to the measured frequency responses, the elastic 
modulus and damping ratio of the GFRP composite beam 
were derived as in Table III. 

 
TABLE III 

ELASTIC PROPERTIES OF GFRP COMPOSITE 

Elastic Modulus (GPa) Damping Ratio 

45 0.0228 

C. FE Modeling and Validation  

After identifying the mechanical characteristics of the 
GFRP composite, the numerical composite model was created 
by using the obtained material parameters. PZT material 
properties were modelled as anisotropic to expose the dynamic 
behavior of the piezoelectric material accurately. As in the 
experimental study, PZT patch was used as an actuator and the 
frequency response of the system was determined at the tip of 
the beam and compared with the experimental result. The 
numerical model and frequency response of the structure were 
shown in Figs. 3 and 4, respectively. 

 

World Academy of Science, Engineering and Technology
International Journal of Chemical and Materials Engineering

 Vol:15, No:6, 2021 

128International Scholarly and Scientific Research & Innovation 15(6) 2021 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 C
he

m
ic

al
 a

nd
 M

at
er

ia
ls

 E
ng

in
ee

ri
ng

 V
ol

:1
5,

 N
o:

6,
 2

02
1 

pu
bl

ic
at

io
ns

.w
as

et
.o

rg
/1

00
12

08
0.

pd
f



 

 

 

Fig. 3 Numerical Model of GFRP Composite Beam 
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Fig. 4 Frequency Responses at Tip of GFRP Composite Beam 
 

As shown in Fig. 4, it can be seen that the numerical 
frequency response agrees reasonably well with the 
experimentally measured one. Note that around 38 Hz, there is 
a “bump” in the experimental result because of the constraint 
at the clamped side of the beam. This effect was not included 
in the numerical study because it is not noteworthy. 
Consequently, it can be stated that the numerical model of 
composite structure coupled with PZT patch is valid and the 
piezoelectric and composite material characteristics are quite 
accurately defined to be used for a complex model.  

III. ELECTROMECHANICAL COMPOSITE HULL STUDY 

A. Ship Modeling  

In order to study the applicability of PZT patches on a 
marine composite structure, a 16 m composite boat was 
utilized as the structural model basis. The general 
characteristics of the boat are presented in Table III and the 
FEM model is shown in Fig. 5. For the sake of easiness and 
the computational cost reduction, the hull of the boat was 
considered. 

 
TABLE IV 

GENERAL HULL CHARACTERISTICS 

Length 16 m 

Width 3 m 

Displacement 10 tons 

Draft 0.80 m 

Thickness of Hull 0.02 m 

Freeboard 1.64 m 

Material GFRP 

 

 

Fig. 5 FE Model of Hull 
 

Point masses were properly distributed along the hull. This 
point mass distribution includes the payload, lightship mass 
and the fluid mass on board. In this study, 4 PZT patches (PI 
Dura-act 876.A12) were located at the port side of the bow of 
the ship, as shown in Fig. 6. In order to investigate the effect 
of wave-induced loads on submerged surfaces, 2 of the PZT 
patches were placed below the waterline while the others were 
placed above the waterline. Contrary to the GFRP beam study 
described in previous section, the direct effect of the 
piezoelectricity was considered in this case and the electrical 
potential output was of interest. 

 

 

Fig. 6 Locations of PZT Patches 
 

For the numerical study, it is critical to assign proper 
boundary conditions. Otherwise, high restraint forces and 
other factors may lead to false results in the analysis [14]. For 
sagging and hogging load cases, the rigid body motion 
constraints were applied at the bow and stern locations, as 
illustrated in Fig. 7. 

 

 

Fig. 7 Boundary Constraints [14] 

B. Sea-State Loads 

One of the most common sources for the generation of hull 
vibrations is wave-induced forces which strongly depend on 
the sea-states [15]. The sea-states are defined by the World 
Meteorological Organization (WMO) standard sea-state code 
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(Douglas Scale) and given in Table V for the East 
Mediterranean Sea [16].  

 
TABLE V 

SEA-STATES FOR EAST MEDITERRANEAN SEA (UP TO 6) 

Sea-State Modal Wave Period (s) 
Mean Values of Significant Wave 

Height (m)
0-1 4.42 0.05 

2 5 0.30 

3 6.25 0.88 

4 8.15 1.88 

5 10.16 3.25 

6 11.74 5 

 

Irregular waves can be defined mathematically using 
spectrum formulas that have different formulations throughout 
the research. One of these spectrum formulations was 
recommended by the 12th International Towing Tank 
Conference (ITTC) and defined in terms of modal wave period 
and significant wave height, as shown in (4) and (5) [17]. 
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where ω is the wave frequency in radians per second, A and B 
are constants given in (5) 
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where H1/3 is the significant wave height and Tm is the modal 
wave period. This sea spectrum is unidirectional and 
applicable for the long-crested irregular waves [18]. By using 
the spectrum, the long-crested wave surfaces can be derived 
for a specified time, as shown in Fig. 8. 

 

 

Fig. 8 Long-Crested Irregular Wave at the Spatial Domain 

IV. RESULTS AND DISCUSSION 

In order to investigate the applicability and functionality of 
piezoelectric materials on a GFRP composite hull, the 
aforementioned spectral wave-induced loads were applied as 
the harmonic excitations to the wetted surface of the ship 
model for sea-state 6 and the behavior of PZT patches coupled 
with the hull under this load was determined. 

The strain fields for the port side of the bow are presented 
in Fig. 9 for the selected frequencies. Note that the locations of 
the PZT patches are shown in the figure with black rectangles. 
Besides, the resultant displacements of the PZT patch 
locations and the voltage outputs are displayed in Figs. 10 and 
11, respectively.  

 

(a) f = 9 Hz (b) f = 12 Hz 

 
 
 
 

(c) f = 14 Hz (d) f = 18 Hz 

Fig. 9 Normalized Strain Field at Port Side of Bow 
 
As shown in Figs. 9 and 11, the structure, at where PZT-1 

and 2 are located, exhibits rigid body behavior. In the structure 
showing rigid behavior, very small strain values are obtained. 
It has been determined that voltage outputs cannot be 
generated in PZT-1 and 2, located below the waterline. When 
the equivalent strain and displacement values in the locations 
of the mentioned PZTs are examined, it is clear that the 
structure exhibits a rigid body behavior. Surfaces coupled with 
water behave as rigid bodies since they act in unison with the 
water mass, excited by the wave-induced loads. Therefore, it 
is considered that the wave-induced loads are not effective in 
generating voltage for the wetted surfaces. However, it has 
been observed that high voltage outputs, up to breakdown 
value of piezoelectric material, PIC255, can be produced in 
PZT patches mounted on surfaces above the waterline. 
Especially, PZT-4, which is placed close to the constraint at 
the bow of the ship, has been determined to be the one with 
the highest voltage output due to the high strain values. 

 
TABLE VI 

SENSING CAPABILITY AND BREAKAGE RISK LEVELS OF PZTS LOCATED AT 

PORT SIDE) 

PZT # 
Position w.r.t. 

Waterline
PZT Sensing 

Capability 
PZT Breakage Risk 

Level
PZT-1 Below Low Low 

PZT-2 Below Low Low 

PZT-3 Above High Medium 

PZT-4 Above High High 

 
Table VI presents an overview for the location, sensing 

capability and breakage risk of PZT patches. The preferred 
location is PZT-3 location due to the fact the sensing 
capability is high whereas the breaking risk can be considered 
as medium. This “medium risk” means that the detailed 
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investigation for different static and dynamic loading is still 
required to mitigate the possible breakage risks. 

 

 

 

Fig. 10 Voltage Outputs at PZT Locations 
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(c) @ PZT-3 location 

5 10 15 20 25
Frequency (Hz)

0

1

2

3

4

5
10-3

 
(d) @ PZT-4 location 

Fig. 11 Displacement at PZT Locations 

V. CONCLUSION 

In this study, the applicability of piezoelectricity through 
with direct effects such as energy harvesting and sensing 
properties, on a GFRP composite hull was investigated by 
means of embedded PZT patches. In order to establish a 
validated electromechanical composite model, a GFRP 
composite beam embedded with PZT patches was built. First, 
mechanical characteristics of the composite material were 
determined via experimentally measured frequency responses 
on the beam. By using the obtained parameters, the numerical 
composite beam model was created and validated with the 
experimental results. Having verified model parameters for 
coupled piezoelectric and composite material, a valid GFRP 
composite hull model coupled with PZT patches was created. 
A total of 4 PZT patches were embedded on the port side of 
the bow. Wave-induced loads, one of the common forces that 
the hull is subjected to, were applied to the hull model from 
port bow side for the Sea-State 6 in the Mediterranean Sea and 
the efficiency of the PZT patches was evaluated with the 

obtained voltage outputs. 
Once the obtained results were studied, it was determined 

that voltage outputs could not be obtained from the PZT 
patches below the waterline, while a satisfactory amount of 
voltage output could be obtained from other PZT patches. 
Wetted surfaces coupled with water exhibit rigid behavior 
with the water mass when exposed to waves, therefore no 
displacement is observed on the surface and voltage cannot be 
generated by PZT patches. As far as the wave-induced loads 
for the excitation are concerned, it can be stated that it would 
be appropriate not to place PZT patches on the surfaces below 
the waterline and to investigate the strain field of the structure 
based on the wave encounter frequencies primarily, then to 
place patches on the surfaces above the waterline as close to 
the constraints as possible. 

In this study, only long-crested waves at sea-state 6 were 
considered and the functionality of the PZTs was investigated. 
In the future study, it is aimed to study the behavior of PZTs 
with changing sea-state conditions. Besides, short-crested 
waves will be taken into consideration as the operational load 
acting on the hull and energy harvesting will also be carried 
out under the circumstances where PZTs are applicable with 
the appropriate sea-states. 
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