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HIGHLIGHTS

« Advanced real-time condition-based
monitoring methodology is proposed
using electromechanical behavior
data and sequential Monte Carlo
algorithms.

« Proposed methodology overcomes
the limitations of previous real-time
prognostics self-sensing research
under repeated impacts.

« Damage states with various types of
damage were monitored in real time
using electromechanical behavior
under multiple impacts.

« Damage status and remaining
number of useful impacts were
predicted real-time using particle
filter within a 10% error.

« Applicability was confirmed by
monitoring and predicting the health
state of a wind-turbine blade under
multiple impacts.
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GRAPHICAL ABSTRACT

Prognostics and Health Management of Composites Structures under Multiple
Impacts through Electromechanical Behavior and a Particle Filter
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ABSTRACT

Self-sensing techniques are restricted to monitoring the various types of damage caused during repeated
impact testing, and only a few studies have investigated the prognostics of carbon fiber reinforced plastics
(CFRPs); in these studies, the electrical resistance of CFRPs was gauged in real time during multiple-impact
testing. Therefore, real-time prognostics and health management using electromechanical behavior data
obtained from CFRP structures under repeated impact testing are proposed herein. The health condition
of the CFRP is observed in real time during impact testing using mechanical and electromechanical behavior
data. Further, the types of failure observed during impact testing are investigated using real-time self-
sensing data. Moreover, a particle filter is used for predicting the electromechanical behavior and the
remaining number of useful impacts during repeated impact testing conducted using a physics-based prog-
nostics tool. The applicability of the proposed methodology was confirmed by monitoring and predicting
impact damage growth on the wind-turbine blade within a 5% prediction error. An advanced-condition-
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based monitoring technique with the diagnostics and prognostics of the current health state was designed
successfully, and an application of the introduced method was demonstrated for industrial use.
© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Carbon fiber reinforced plastic (CFRP) has become considerably
popular in several industries. Structures built using CFRP are
widely used in wind-turbine blades, for which lightweight and
high-specific-strength material is suitable. In the wind-turbine sys-
tem industry, wind-turbine blades measuring over 60 m are man-
ufactured using carbon fiber for increasing the energy efficiency
and reducing the weight [1-3]. However, the wind-turbine system
suffers from several challenges—it is exposed easily to mechanical
impact such as storms, bird strikes, hail, and other types of
mechanical strikes [4-6]. Structural health monitoring (SHM) in
CFRP structures has been studied under impact conditions using
nondestructive evaluation (NDE) methods such as eddy currents,
acoustic emissions, and fiber Bragg grating sensors [7-12]. The
SHM and prognostics and health management (PHM) of CFRP is
conducted using the piezoresistive effect, which generates a
change in electrical resistivity when a structure is subjected to
mechanical strain. This NDE technique helps in real-time SHM
because extra sensors are not required, and it incurs a low cost
for SHM. To date, several self-sensing techniques under impact
testing conditions have been reported [13-17]; however, limited
studies have analyzed the various types of damages caused in CFRP
and focused on the prediction of electromechanical behavior.

The PHM of material property prediction and the remaining
useful lifetime (RUL) calculation have been studied extensively.
Two types of prognostic methods are used: data-driven and
physics-based. In the former, recurrent [18-20] and convolutional
neural networks [21-23] are utilized for PHM. Several Monte-
Carlo-based, that is, physics-based, prognostic studies on compos-
ite structures have also been reported [24-26]. In addition, several
other studies have reported on nondestructive evaluation (NDE)
prognostics performed using data-driven and multimodal-based
approaches [27-29]. Multisensor NDE and multimodal prognosis
methods have been used for assessing the fatigue life in glass-
fiber-reinforced plastic (GFRP) composite structures in a reliable
manner. Most previous studies have utilized data from sensors
such as acoustic emission, lead zirconate titanate (PZT), and strain
gauges. However, studies that focus on the life prediction and
prognostics of CFRP using self-sensing data remain deficient. Fur-
ther, studies that analyze the impact number under repeated
impacts in composites based on electromechanical behavior are
limited. Studies that focus on the real-time prediction of material
properties and the calculation of the remaining number of useful
impacts using electromechanical behavior data also remain
limited.

A real-time advanced-condition-based maintenance (CBM + ),
which includes SHM and PHM, using electromechanical behavior
data is introduced in this study. The structural health status of
CFRP structures is observed in real time using self-sensing data
under multiple-impact testing. Various types of damage are inves-
tigated during repeated impact testing using electromechanical
data. For the PHM of CFRP structures, the particle filter (PF) is used
to predict the electromechanical behavior and the remaining num-
ber of useful impacts during impact testing in real time. The appli-
cability of the proposed CBM + is verified by investigating the
three-dimensional (3D) shape of the wind-turbine blade. Further,
a scaled-down blade is manufactured using vacuum-assisted resin
transfer molding (VARTM). The self-sensing data are obtained from

the wind blade under repeated impacts. The proposed CBM + with
real-time NDE technique is investigated to analyze the health sta-
tus and various damages in the composites; it can predict the
health condition of the structures. In this study, the applicability
of the CBM + technique to the investigation of various types of
damage in composite structures in various industries is verified.

2. Experimental
2.1. Materials

A 3 K plain shaped carbon fiber (CF) fabric (Mitsubishi, Japan)
was obtained from Jet Korea Corp. (Changwon, Korea) with a thick-
ness and density of 0.2 mm and 305 g/m?, respectively. Vinylester
(RF-1001MV, Epovia, Korea) comprising 45% styrene and 55%
epoxy acrylate and a curing agent (Arkema Corp., USA) comprising
methyl ethyl ketone peroxide were blended in a 1.0% weight ratio
of the vinylester resin. The electrode on the CF fabric was embed-
ded with a 30 AWG (0.25 mm) copper wire and silver paste (P-100,
Elcoat, USA). The copper wire has a small diameter to avoid affect-
ing the fractures in the CFRP during the repeated impacts. A quick-
epoxy adhesive (Mississauga, Canada) was applied on the parts of
the blade for bonding.

2.2. Sample preparation

A 150 mm x 100 mm x 4.5 mm CFRP specimen with 20 plies
was manufactured using VARTM as illustrated in Fig. 1(a). The
CFs were laid on a mold, and four electrodes were embedded on
the CFs, as illustrated in Fig. 1(a). Instead of the woven shape of
the CF, unidirectional (UD) CF could also be used for real-time
condition-based prognostics. However, UD CF exhibits directional-
ity of electrical conductivity (high electrical conductivity along the
fiber direction and low electrical conductivity in the direction hor-
izontal to the fiber direction). Therefore, the sensitivity of compos-
ite structures could vary based on the stacking sequence of the UD
CF. Silver paste was used to minimize the contact resistance at the
electrodes during the measurement of the electrical resistance. The
electrodes on the carbon fiber textile were embedded using 30
AWG (0.25 mm diameter) copper wires; this diameter was exceed-
ingly small to minimize any effect on the crack or initiation point
in the CFRP during impact testing.

To verify the proposed CBM + system, a 3-kW wind-turbine
blade, with a scale-down ratio of 4:1, was manufactured using 10
plies of the CFs (Fig. 1(b)) using VARTM; the dimensions were
80 x 505 x 2.5 mm. The lower and upper molds were manufac-
tured through CNC machining and reverse engineering surface
techniques. Four electrodes were installed on the upper part of
the blade using the silver paste. The lower and upper parts of the
blade were cropped following VARTM manufacturing. Epoxy adhe-
sive was spread on the lower part of the wind blade. Thereafter, it
was bonded and cured with the upper part for 5 min.

2.3. Test setup for repeated impacts

Repeated impacts were conducted to investigate the electrome-
chanical behavior of CFRP and the wind-turbine blade using a
CEAST 9350 drop-weight impact tester. Two different impact levels
(multiple 8- and 9-] impacts) were loaded on the 20-ply CFRP sam-
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Fig. 1. (a) Schematic of CFRP sample with four electrodes used for impact testing and (b) wind-turbine blade sample.

ple. The scaled-down carbon-fiber-based wind blade was subjected
to multiple 4- and 5-] impacts using a CEAST 9350 drop-weight
impact tester. Multiple impacts were conducted in the composite
structures at the middle of the electrodes. Two guide supports
were used for fixing the scaled-down blade and preventing
rebound of the composite structures during the multiple-impact
testing. If higher energy levels were set, less than 20 impacts would
need to be exerted on the composite structures. This implies that
the prognostic studies would be conducted with 20 impacts, which
is insignificant for the prediction of an electromechanical property
because of the prediction over the foreseeable future or a short
time period. When the impact energy levels were lower than these,
a significantly higher number of impacts (>200 times) would have
to be exerted on the composite structures to obtain penetration
damage states. Therefore, the impact energy levels were optimized
to cause puncture failure between 20 and 200 impacts for efficient
prognostic studies. C-scan cannot be applied to hollow-shaped or
porous structures [34-38]. Therefore, damage identification using
scanning-based nondestructive test (NDT) could not be applied in
this study because the wind blade was made of hollow composite
structures. Damage identification was investigated using real-time
electromechanical behavior, mechanical property analyses, and
actual photographs of the damaged wind blade. All the CFRP sam-
ples were impacted until penetration occurred in the structures.

The dc electrical resistance was measured with a digital multi-
meter (Keithley 2002, USA) using the four-probe electrical resis-
tance measurement technique for eliminating the contact
resistance during repeated impact testing. The photographs of a
drop-weight impact tester, data acquisition (DAQ) systems, and a
digital multimeter for simultaneous electrical resistance measure-
ment and impact testing are presented in Fig. 2. In addition, the
photographs of the experimental setup used for the impact testing
of the scaled-down blade are depicted in Fig. 2(b) and 2(c).

2.4. Particle-filter-based prognostics

Particle filter is popularly used in the sequential Monte Carlo
methodology, which is referred to as physics-based prognostics.
In the PF, the prior for the current step is investigated using the
posterior of the previous step when new information from the sen-
sor, utilized for evaluating the likelihood, is calculated from a sen-
sor; the parameters are updated through multiplication with the
likelihood.

The PF distribution comprises particles with their own likeli-
hood weight each. Based on the Bayesian theorem, the prior distri-

bution weight of a particle (6') can be calculated as follows:

w(t) L) _ @) "

g(0) (0

where f(0'|y) and g<0i> denote the probability density function val-

ues in the importance and the posterior distribution, which is ran-
domly chosen, respectively. In the PF, the weights are renewed
whenever new data are observed. The process of the PF is explained
below:

Prediction: At the first step (k = 1), all parameters in the n par-
ticles are spread with their initial distribution. The prior distri-
butions at the current kth step are calculated based on the
posterior distributions at the previous (k - 1)th step.

Update: The degradation states and model parameters are mea-
sured based on the likelihood function (y,), which represents
the observed information. Further, y, and the weight (w}) can
be estimated, respectively, assuming that noise is distributed
normally as follows:

SN B R B 7 1Y)
f(yk|zk70k> - \/2—7_50_ |:2 o2 1= 17 2, 3,...7 n (2)
; f(yk|z;<79§<>

Models from the previous step are assigned based on their mea-
sured weights. The accuracy can decrease as multiple update pro-
cesses are estimated for the posterior distribution, and it can, in
turn, reduce the bounds of distribution by causing the samples to
have low weights.

Resampling: Particles in the update are either eliminated or
duplicated to ensure particles with identical weights when
the model exhibits low or high likelihood values, respectively.
Resampling is performed to avoid the degradation of the sys-
tem; this ensures that all the particles retain the same weight.

The posterior distribution is estimated once these prediction,
update, and resampling steps are repeated; thereafter, the last pos-
terior distribution is utilized to estimate the state variables. The
schematic for the overall procedure of the PF is presented in Fig. 3.
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Fig. 2. Experimental setup for simultaneous electrical-resistance-change measurement and impact testing; (b) setup for wind-turbine blade impact testing.
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Fig. 3. Schematic for overall procedure of PF.

3. Results and discussion
3.1. Electromechanical behavior analysis in CFRP

Various types of damage were investigated using the mechani-
cal values obtained during the repeated impacts, as depicted in
Fig. 4, as referenced in studies on damage analysis under repeated
impacts [30-33]. A total of 73 and 68 repeated impacts were
exerted with 8- and 9-] step impact energies, respectively. Three

different types of damages were investigated in the force and dis-
placement graphs under repeated 8- (Fig. 4(a)) and 9-] (Fig. 4(b))
impacts. Delamination and matrix cracking mainly occurred in
the CFRP within the red lines depicted in Fig. 4(a) and 4(b) for a
low number of impacts. Fiber breakage started to occur with an
increase in the number of impacts at the decreasing and increasing
points of the peak force and maximum displacement at the 25th 8-
] repeated impact and 23rd 9-] repeated impact, respectively. Fiber
breakage occurred and was more severe, as represented by the
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Fig. 4. Force vs displacement graph during (a) 8- and (b) 9-] repeated impacts and energy graphs for multiple (c) 8- and (d) 9-] impacts.

blue lines. Penetration started in the CFRP because the displace-
ment was not recovered during the impact. The penetration
occurred within the yellow lines during the repeated impacts.
Three different types of damages were investigated, as depicted
in the force and displacement graphs, under repeated 8- (Fig. 4
(a)) and 9-] (Fig. 4(b)) impacts, similar to the damage analysis per-
formed in previous studies [30-33], which analyzed the impact
failure mechanism under multiple impacts.

The energy absorption and maximum displacement are mea-
sured during the repeated 8- and 9-] impact testing performed
for investigating the failure mechanism during the repeated impact
testing, as depicted in Fig. 5. At a low number of impacts, the
indentation failure mechanism, which is caused mainly by matrix
cracking and delamination, was observed. The locally compact
area, which may decrease the energy absorption owing to an
increase in the impact resistance caused by the compressed loca-
tion, was investigated at the low number of impacts position.
The indentation started at the first impact. As the composite was
condensed by multiple impacts, the energy absorption decreased.
However, it could not be infinitely compressed by impacts. There-
fore, the energy absorption reached a steady state after approxi-
mately 10 impacts. Thereafter, the energy absorption started to
increase with fiber breakage damages, that is, a more severe plastic
deformation that may decrease the impact resistance. The energy
absorption increased at the 25th and 23rd fiber breakage starting

points indicated in Fig. 5(a) and 5(b), respectively. Beyond the fiber
breakage start point, the maximum displacement increased more
rapidly than that before the fiber breakage point. In the penetration
damage state, the step impact energies of the 8- and 9-] impacts
are totally absorbed, as indicated in Fig. 5(a) and 5(b), respectively;
further, the maximum displacement is not increased in the pene-
tration state.

The electrical-resistance-change ratio was estimated during
repeated impacts to investigate the damage types and health sta-
tus of the CFRP in real time. The electrical-resistance-change ratio
at every impact is shown in Fig. 6.

Before the start of fiber breakage, the electrical-resistance-
change ratio decreased as indicated in Fig. 6 because the indenta-
tion damage, where matrix cracking is dominant, exists in the
CFRP, as depicted in Fig. 7(a)-(d), before the fiber breakage starting
point. This leads to the compact electrical network in the CFRP;
therefore, the electromechanical behavior reduces. The fiber break-
age depicted in Fig. 6(a) and 6(b) causes electrical network break-
age during the repeated impacts. The impact damage and fiber
breakage in the CFRP become more severe with an increase in
the number of impacts, as exhibited in Fig. 7(e)—(i). This causes
the electrical network to break, which leads to an increase in the
electromechanical behavior. The electrical-resistance-change ratio
increases as the impact damage area is increased before the pene-
tration damage states are reached. At the penetration damage state
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Fig. 6. Electrical-resistance-change ratio during the 8- and 9-] repeated impacts on CFRP.

depicted in Fig. 6, the electrical network breakage is not greater breakage damage mechanism would occur at the first impact. This
than that before because it was already totally penetrated, as implies that a decreasing trend, which is mainly caused by inden-
exhibited in Fig. 7(j). Therefore, the electromechanical behavior tation with delamination, in the electromechanical behavior can-
does not change in this damage state. If significantly high not be demonstrated during multiple impacts; only an increasing
multiple-impact energies were exerted on the CFRP, then the fiber trend in the electromechanical behavior can be illustrated during
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Fig. 7. Top view of the CFRP samples after (a) 1 impact, (b)-(i) 5, 10, 20, 30, 40, 50, 60, and 70 impacts, respectively, and (j) the last impact. Bottom view after (k) 1 impact, (1)-
(s) 5, 10, 20, 30, 40, 50, 60, and 70 impacts, and (t) the last impact with 8 ] of repeated impact energy.

multiple impacts. The current health and damage states could be
observed in real time during repeated impact testing using the
in situ electromechanical data.

The mechanical properties of the CFRP structures were mea-
sured and compared with the electromechanical behavior data in
real time. Various damages such as delamination, matrix cracking
(wherein the electrical-resistance-change ratio decreases), fiber
breakage (wherein the electrical-resistance-change ratio
increases), and penetration (wherein the electrical resistance is
constant) were monitored in real time using the electrical resis-
tance measurement under repeated impact testing. Further, the
increase in the impact damage area was analyzed using self-
sensing data. In this study, the behavior and failure mechanism
exhibited by GFRP were similar to those exhibited by CFRP. How-
ever, GFRP cannot be monitored in real time using self-sensing
because it has no electrical properties. The GFRP failure mechanism
can be observed using self-sensing aided by carbon-nanomaterials
in the same way as described in this study. Specimens with UD CFs
instead of woven fibers also exhibited similar mechanical behavior
and failure mechanisms under multiple impacts. Although the sen-
sitivity against multiple impacts should vary based on the stacking
sequence of the UD CF, the overall electromechanical behavior,
which was reduced by the compact electrical network and
improved by the electrical detour path with fiber breakage, is sim-
ilar to that of the woven CF. The health status of the composites,

impact damage accumulation, and damage severity could be
observed and evaluated in real time using electromechanical
behavior data.

3.2. PHM of CFRP

The electromechanical behavior was predicted based on the
empirical self-sensing information for investigating the future
health status of the CFRP using the PF. Furthermore, the remaining
number of useful impacts was predicted and measured based on
the prognostics analysis. When impacts were exerted with the
same time interval between each impact, the degradation equa-
tions of electromechanical behavior were formulated considering
repeated impact testing. Assuming that the change in time (At) is
linearly proportional to the resistance-change ratio (R, — Ry_1),

R = C¥(At) + Ry (4)

Every prediction during repeated impacts with two different
types of impact energies was conducted using Eq. (4) and the PF.
A simple physical equation for the degradation reduced the com-
putational calculation time and allowed it to be practical for the

real-time prediction. All initial C* standard deviation and average
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Fig. 8. Predicted electromechanical behavior during repeated impacts with (a) 8 J and (c) 9 J and calculated RUL with (b) 8 ] and (d) 9 J.

values were 0.005 and 0, respectively. All electromechanical
behaviors were predicted at the last point of data used for deciding
the random variables in the PF algorithm.

The electromechanical behavior was predicted after the fiber
breakage point. The predicted electromechanical behavior is pre-
sented in Fig. 8(a) and 8(c) with 8- and 9-] of repeated impact ener-
gies, respectively. The electromechanical behavior was well
predicted in the 90% prediction internal (PI) range. The increasing
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trends in the electrical-resistance-change ratio were well prognos-
ticated, which implies that damage accumulation and impact dam-
age growth were well prognosticated. That is, the health state of
the CFRP under repeated impact was well predicted in real time
using the electromechanical behavior data and PF.

The RUL of the CFRP structures during repeated impact testing
is calculated based on a probabilistic density function used for
the prediction of the electromechanical behavior depicted in
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Fig. 9. Calculation of remaining number of useful impacts with (a) 8 J and (b) 9 J of repeated impact energies.
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Fig. 8(b) and 8(d). Using the fact that multiple impacts were
exerted on the CFRP in the time interval between each impact,
the remaining number of useful impacts were calculated for 8
and 9 ] of repeated impacts as indicated in Fig. 9(a) and (b). The
estimated probabilistic remaining number of useful impact values
for the CFRP with the 8- (43 times) and 9-] (38 times) impact spec-
imens match well with their real remaining number of useful
impact values (47 and 42 times, respectively). The standard devia-
tions were 0.639 and 0.588, and the prognosis errors were 8.51%
and 9.52% for the CFRP with 8- and 9-] impact energies,
respectively.

Real-time PHM was investigated with real-time electromechan-
ical data to prevent unexpected failure in the composite structures.
The electromechanical behavior of CFRP that gradually increased
under repeated impact was well predicted in the 90% PI in real
time. Based on this prognostics analysis, damage accumulation,
and material degradation during multiple impacts can be pre-
dicted. In addition, the remaining number of useful impacts was
calculated using the probabilistic density function of the RUL in
the self-sensing data measurement. The prediction results were
estimated by the electromechanical behavior data during multiple
impacts. It can indicate prior warnings about failure in composite
structures and the impact damage growth and can be issued to
raise warnings about the current and future health state of the
composites during operation. Maximizing the life cycle and mini-
mizing the unexpected maintenance cost of the CFRP structures
are the expected effects by implementing the proposed
CBM + based on the prediction results.
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3.3. CBM + of scaled-down wind-turbine blade

To verify the applicability of the proposed CBM + methodology
to 3D CFRP structures, repeated impact testing was performed to
identify the damage, predict the electromechanical behavior, and
calculate the remaining number of useful impacts in the carbon-
fiber-based wind blade using its real-time self-sensing data mea-
sured for multiple 4- and 5-] impacts.

Fiber breakage started in the blade at the beginning of the
impact. For a low number of impacts, the maximum displacement
increased rapidly owing to the fiber breakage damage in the struc-
tures, as depicted in Fig. 10(b) and 10(d) under multiple 4- and 5-]
impacts, respectively. A larger maximum displacement than those
of the CFRP plate shape samples was observed because of the hol-
low shape of the blade. The displacement did not increase near the
structural failure. However, energies up to 4 and 5 | were absorbed,
which exerted a force on the CFRP wind blade, as depicted in
Fig. 10(a) and 10(c).

Electrical resistance was observed in real time during the
repeated impacts on the CFRP wind-turbine blade, and the change
ratio of electrical resistance was calculated in Fig. 11(a) and 11(b)
under two different multiple impacts. A total of 43 and 40 impacts
were exerted on each CFRP wind blade. The resistance-change ratio
increased rapidly with the start of the fiber breakage. Further, the
electromechanical behavior improved gradually with an increase
in the number of impacts, and the impact-damaged area increased
because of the accumulation of impact damage. The structural fail-
ure of the wind blade occurred following the last impact. The
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Fig. 10. (a) Energy absorption graph and (b) maximum displacement graph with multiple 4-] impacts; (c) energy absorption graph and (d) maximum displacement graph

with multiple 5-] impacts in the wind-turbine blade.
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Fig. 12. Predicted electromechanical behavior during repeated impacts with (a) 4 and (c) 5 J; calculated RUL with (b) 4 J and (d) 5 J on a wind-turbine blade.

electrical-resistance-change ratio tends to infinity because of the
fracture in the blade, which was divided into two parts. This is
referred to as the general failure mechanism in the industry [4-
6]. The health state of the wind blade, which includes failure
modes, damage severity, and accumulation, can be analyzed in real
time using real-time electromechanical behavior data. In addition,
the fractures in the composite structures can be monitored.
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The electromechanical behavior was predicted after the fiber
breakage point using the PF and Eq. (4). The predicted electrome-
chanical behavior under 4 and 5 ] of repeated impact energy is pre-
sented in Fig. 12. The electromechanical behavior was well predicted
in a 90% PI range. Further, the increasing trend in the electrical-
resistance-change ratio was well prognosticated. This implies that
damage accumulation and impact damage growth were well prog-
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nosticated. That is, the health status of the CFRP wind blade under
repeated impact was well predicted in real time using the elec-
tromechanical behavior data and PF. The RUL of the CFRP structures
during repeated impact testing was calculated based on a proba-
bilistic density function of the electromechanical behavior predic-
tion presented in Fig. 12(b) and 12(d). Multiple impacts were
performed on the blade in the same time interval between each
impact. Thus, the remaining number of useful impacts was calcu-
lated under repeated impact, as depicted in Fig. 13. The calculated
probabilistic remaining number of useful impact values for the wind
blade with 4 J (37 times) and 5 ] (34.5 times) agreed well with their
actual remaining number of useful impact values (38 and 36 times,
respectively). The standard deviations were 0.292 and 0.361, and the
prognosis errors were 2.6% and 4.1% for the CFRP wind blade with
multiple 4- and 5-] impacts, respectively.

Various damage types and the remaining number of useful
impacts in 3D composites were analyzed in real time using self-
sensing data and the PF algorithm. Owing to the large size of the
wind-turbine blade (>60 m), manufactured using CF, it cannot be
subjected to CEAST 9350 drop-weight impact testing. Therefore,
the scaled-down blade was used to validate the applicability of
the monitoring system. Condition-based monitoring along with
the prognostics of the scaled-down wind blade, described in this
paper, can be applied to various sizes of composite wind blades
with similar structures. In addition, the glass-fiber-reinforced
wind-turbine blade can be monitored and aided by carbon-
nanomaterials. The current health states such as impact damage
severity and accumulation in the blade could be observed in real
time. Electromechanical behavior was predicted using the histori-
cal self-sensing data in real time. Material degradation during
repeated impacts was well prognosticated. In addition, the remain-
ing number of impacts was calculated within a 5% error. Ten
impacts were exerted on the wind-turbine blades. All specimens
exhibited similar electromechanical behavior and condition-
based monitoring with prognostics analysis. The proposed
CBM + can be utilized not only for wind blades but also for other
carbon-fiber-based structures exposed to multiple impacts using
their real-time electromechanical behavior data.

4. Conclusions

The proposed CBM + methodology for CFRP structures was used
based on real-time electromechanical behavior data during
repeated impact testing. The health status of the CFRP was
observed using electromechanical data in real time. The PF was uti-
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lized to predict the electromechanical behavior and damage prop-
agation during repeated impacts. The electromechanical behavior
was well predicted in real time within a 90% PI. The health state
of the CFRP including damage propagation and material degrada-
tion during repeated impacts could be prognosticated through pre-
diction analysis. In addition, the remaining number of useful
impacts was calculated within a 10% error.

Repeated impact testing was conducted on a CFRP wind-turbine
blade in the same way as that for the plate-shaped CFRP, and the
applicability of the proposed CBM + methodology for the 3D wind
blade was verified. In future work, the electromechanical behavior
and remaining number of useful impacts on composite structures
should be predicted at various levels of multiple-impact energies
and under random impact location conditions.

This paper proposed a real-time CBM + methodology that uti-
lizes the electromechanical behavior data of composites. The dam-
age analysis and prediction were investigated using
electromechanical behavior. The failure mechanism under repeated
impacts was analyzed. Further, the level of severity of the damages
caused in the CFRP structures and the remaining number of impacts
were estimated. This paper confirmed the applicability of the
CBM + system to the analysis of the 3D shape of CFRP structures
applied in a wide range of industries such as the aircraft and auto-
mobile industries. Furthermore, the component cost per electrode
is $0.2, which is extremely cheaper compared with the cost of other
sensor types or nondestructive evaluation (NDE) systems. The mea-
suring equipment is relatively low-cost compared with other NDE
methodologies. Therefore, installing electrodes on composite struc-
tures would not negatively affect the remaining life and total cost of
the component. The proposed real-time condition-based mainte-
nance methodology can improve maintenance decision making,
increase the life cycle of the composite structure, reduce mainte-
nance cost, increase system availability, and detect upcoming
equipment failure. Thus, it is a more practical monitoring system
when compared with other real-time NDE techniques.
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