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ABSTRACT To commercialize tidal power turbines, it is essential to ensure high efficiency and structural
integrity. In this study, a rule of mixture design approach is applied to the turbine blades, and the optimal
structural design is determined based on criteria for structural safety and mass reduction. The blades for
megawatt tidal power turbines are hydrodynamically designed using blade element momentum (BEM)
theory, and made of composite materials—glass fiber-reinforced plastics and carbon fiber-reinforced plas-
tics. The layered structure of the composite is designed to meet the failure criteria under both normal and
extreme operating conditions, and the structural integrity of the layered blade design is verified through finite
element modeling, adhering to failure theories based on limit criteria, interaction criteria, and separation
mode criteria. Additionally, a genetic algorithm is employed to calculate the optimal structural design model,
setting the shell and spar cap as design parameters and performing load analysis according to the stacking
reduction ratio. Using this process, the candidates for the optimal design model are selected based on the
assigned weights on the Pareto frontier. As a result, the mass of the blade is reduced by 23.6% compared to
the initial model, and the structural safety factors meet all the failure criteria under extreme load conditions,
thereby ensuring a broad operational range for the tidal power turbines.

INDEX TERMS Failure criterion, genetic algorithm, optimal structure design, structural safety factor, tidal
current turbine blades.

NOMENCLATURE
BEM Blade element momentum.
FRP Fiber-reinforced plastic.
MW Mega-watt.
GA Genetic algorithm.
SRR Stacking reduction ratio.
NREL National renewable energy laboratory.
TE Trailing edge.
LE Leading edge.
UD Uni-directional.
DB Double-bias.
QA Quadra-axial.
NS Non symmetry.

The associate editor coordinating the review of this manuscript and

approving it for publication was Frederico Guimarães .

IRF Inverse reserve factor.
NOC Normal operating condition.
EOC Extreme operating condition.
a Axial flow induction factor.
a′ Tangential flow induction factor.

I. INTRODUCTION
The energy produced by tidal current turbines is predictable
due to the regular and consistent patterns of tidal flows [1].
These turbines demonstrate greater output and structural load
than wind turbines, because of the higher density of seawater.
A key factor in their performance is the rotor blades, which
serve as the main components for both power generation and
structural load. Consequently, these blades must be designed
to meet stringent performance and durability standards [2].
Blade design for tidal turbines must account for variations in
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power output and mechanical loads resulting from environ-
mental factors such as water depth and current velocity at the
installation site. Therefore, the development of advanced and
robust blade design technologies is crucial for establishing a
competitive and efficient tidal turbine system.

Rotor blades are exposed to high thrust and bending
moments in extreme environments for extended period,
necessitating robust hydrodynamic and structural designs
to ensure stable operation and straightforward mainte-
nance [3]. To effectively respond to hydrodynamic behavior,
blades are required to be lightweight and strong. As a
result, high-strength, high-stiffness composites such as glass
fiber-reinforced plastics (GFRP) for large wind turbine rotor
blades and carbon fiber-reinforced plastics (CFRP) for tidal
power rotor blades are essential [4], [5]. Several studies have
explored material deformation and damage under varying
loads, confirming the economic feasibility and structural
safety of using GFRP versus CFRP in tidal power rotor
blades [6], [7].
The structural safety of these composite materials requires

precise structural analysis that accounts for the stacking
direction and pattern in each section. Flawed designs can
cause failures across the turbine system, making structural
integrity assessments critical during the design process.
Structural safety is confirmed through standard load tests
as defined by the International Electrotechnical Commission
(IEC) 62600 or industry guidelines, which typically involve
performance tests of structural units to detect potential
damage. Despite these measures, damage instances have still
been reported. For example, a 35 kW tidal turbine developed
by Verdant Power experienced buckling damage to the blade
shell and spar cap in New York’s East River, while a 100 kW
tidal power turbine made from GFRP by OceanSpace in
Korea suffered damage at the transition from the in-board to
mid-board sections of the blade root.

These incidents highlight the need for more advanced
research into damage assessment using finite element (FE)
models before conducting structural performance tests [8].
Currently, such research primarily focuses on wind turbine
rotor blades and small to medium-scale tidal power tur-
bines [9], [10]. Given the increased structural challenges in
large-scale tidal power turbines due to augmented self-weight
and loads, further studies on the structural safety of rotor
blades are essential. Therefore, this study focused on the
design of a large-scale tidal current turbine and the evalua-
tion of its structural safety. Additionally, a risk assessment
mechanism proposed during the manufacturing stage aims to
optimize maintenance decisions [11].
This study proposes an optimal structural design method

using genetic algorithms (GA) to ensure structural safety and
to develop a systematic design system for mega-watt (MW)-
class rotor blades for tidal power generation. The internal
structure of these rotor blades is divided into the shell, spar
cap, and shear web, which support most of the load, and
they are designed in layers that reflect the characteristics
of the structure. The structural properties of the blades are

determined by the arrangement of internal structures and
stacking methods, including material type, lamination thick-
ness, and lamination angle. Additionally, to structural safety,
a mixed design using composite materials GFRP and CFRP
was chosen to ensure economic efficiency through blademass
reduction [12].
The blade FE model converts local thrust and torque under

normal and extreme load conditions into surface pressure
coefficients, which are then inputted for load analysis. This
analysis provides comprehensive evaluations of blade tip
deflections, strain, fiber breakage, and inter-fiber damage
to assess structural safety. Furthermore, the FE model for
MW turbines analyzes the results of load analysis based on
various failure criteria, including limit state, interaction, and
separation mode criteria. By applying various failure criteria,
the load analysis results can enhance reliability compared to
those of existing studies [13], [14], [15].

To derive the optimal structural design model for the rotor
blades, a GA was applied, setting design parameters, vari-
ables, objective functions, and constraints. Reference [16]
utilized the Pareto frontier of a genetic algorithm to calculate
the commercial point to enhance the performance of the
Savonius wind turbine. Similarly, [17] conducted an optimal
design of a centrifugal pump inducer using the TOPSIS tech-
nique, which is based on the similarity to the ideal solution.
This study also identified candidates for the optimal structural
design model based on assigned weights along the Pareto
frontier. Furthermore, to evaluate structural safety concern-
ing the stacking reduction ratio for each blade section, both
drop-off and linear design methods were utilized to assess
potential damage.

II. PRELIMINARIES
The design of rotor blades for tidal current turbines is based
on hydrodynamic performance calculations using the blade
element momentum (BEM) theory [18]. In the initial design
stage, the selection of composite materials for internal struc-
tures such as the blade shell, spar cap, and shear web is guided
by their structural properties. The fabrication processes and
structures are customized such that the layers are stacked
outward to the blade for the initial geometry and inward to
the blade for the internal structure of the blade to ensure that
the stacking does not impair performance. The ANSYS-ACP,
a tool widely applied in layered design in numerous studies,
was utilized [5], [19], [20]. This section discusses both the
hydrodynamic and structural designs based on the materials.

A. HYDRODYNAMIC DESIGN
The geometry of the blade is designed as a three-dimensional
assembly of two-dimensional cross-sections, spaced incre-
mentally from the hub to the tip [21]. Initially, design
parameters such as rated power, power coefficient, fluid
density, design current velocity, rotor diameter, and design
rotational speed are established based on current direc-
tion and velocity data from the proposed installation site.
Given that the installation capacity of tidal current turbines
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is constrained by water depth, we designed an MW-class
horizontal-axis turbine blade for an average water depth of
45 m. The rotor blades, configured as three-blade, upwind
type with a length advantage, were designed with a rated cur-
rent velocity of 2.5 m/s. For the rotor blade diameter (Drotor ),
we adopted a power coefficient (Cp,estimated ) of 0.45 and a
power system efficiency (η) of 0.93. Prated represents the
rated power, and Vrated and ρwater represent the rated current
velocity, and seawater density, respectively. The design tip
speed ratio is denoted by λdesign, and the inflow velocity of
the fluid is represented by Vinflow.

Drotor =

√
8Prated

ηCp,estimatedρwaterπV 3
rated

(1)

RPM = 60
(
Vdesign
πDrotor

)
λdesign (2)

λdesign =
πRPMDrotor
60V inflow

(3)

TABLE 1. Design specifications for the rotor blade.

Table 1 details the design specifications for the MW-class
tidal current turbine. The hydrofoil utilized in this study is
the NREL S814, chosen for its suitability in tidal applications
owing to its thicker chord and root-side shape relative to other
models in the S-series [22]. The S814 hydrofoil has been
extensively validated through multiple experiments [23] and
empirical testing on tidal current turbines at the Bay of Fundy,
UK [24], [25].

B. MATERIAL PROPERTIES
The rotor blades are constructed from FRP, which provides
the necessary strength and rigidity for dependable operation
and maintenance. While most wind turbine blades maintain
structural integrity, often constructed from GFRP alone [26],
GFRP, despite its high impact and compressive strengths
owing to its high density, is heavy and lacks elasticity. In con-
trast, CFRP offers superior elasticity and strength, as well
as is corrosion-resistant, making it particularly advantageous
for tidal current turbine blades that must endure extreme
conditions. Incorporating CFRP to reduce the limitations of
GFRP can decrease the mass of the rotor blade and enhance

its structural safety, although comprehensive data on turbine
blades for tidal power remains scarce, with previous research
primarily focusing on singular composite materials [27].

In this study, we developed a rule of mixtures for designing
blades with multiple composite materials, which is recog-
nized as one of the optimal design methods for composites.
According to this rule, when composite materials are layered
perpendicular to the direction of the load acting on the blade,
the original strength of the blade can increase by 10%. This
theory has been applied in various research studies [28].

Table 2 illustrates the mechanical properties of the com-
posite materials used in the blades for this study, which
were applied in testing composite specimens and constructing
an underwater turbine [13]. For the core materials used in
the sandwich composites, this study referenced research on
blades for a 1.5-MW-class tidal current turbine [6].

TABLE 2. Mechanical properties of the composite materials [6], [13].

C. STRUCTURAL DESIGN
The design approaches for rotor blades using composite
materials have evolved, addressing not only structural con-
cepts but also material selection and manufacturing processes
as blade dimensions have increased [29]. Composite materi-
als are integrated into the blade’s internal structure, taking
into account the supported load, with considerations for
structural safety and cost-efficiency.

The basic structure of the blade is divided into the outer
shell, inner shear web, spar cap, and foam core, as illustrated
in Fig. 1. The layering of the structure is determined by the
characteristics of the suction and pressure sides of the blade’s
cross-section.

Table 3 presents the materials and lay-up configurations
of the internal components of the blade, which are catego-
rized into three types: two configurations involving GFRP
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TABLE 3. Lay-up configurations for different components.

FIGURE 1. Cross-sectional schematic of the internal structure of the rotor
blade.

FIGURE 2. Composite material lay-up sequence and fiber angle direction
in the finite-element model: (a) GFRP sandwich structural design(shell);
(b) GFRP sandwich structural design(shear web, TE, TE panel).

and one involving CFRP. The spar cap and leading edge,
which are subject to concentrated flapwise bending loads,
are layered unidirectionally with stiff, lightweight CFRP to
enhance rigidity.

Fig. 2 shows two GFRP-based lay-ups. The shell features
a sandwich structure with quadra-axial (QA) glass fibers as
depicted in Fig. 2(a), designed to maintain shape and handle

torsional loads, while the core layer enhances flexural rigidity
to improve buckling resistance. The shear web, trailing edge,
and trailing edge panels, as shown in Fig. 2(b), are designed
with a double-bias (DB) sandwich structure to support shear
loads.

III. METHODOLOGY
A. FINITE-ELEMENT MODEL AND LOAD DISTRIBUTION
The blade’s FEmodel and loads are calculated based on BEM
theory [30], and the load values are input on the blade surface.
Furthermore, we coupled commercial software ANSYS’s FE
code with the ANSYS optimization tool to ensure the repro-
ducibility of the design and the reliability of the analysis [20],
[26], [31].

This study also applied Prandtl’s tip-loss model to account
for the tip loss due to the rotation of the rotor blade in the
geometry design. Fig. 3 shows the BEM theory applied to
a blade element at radius r with thickness dr. Owing to the
rotation of the turbine blades, the angular velocity of the flow
increased from � to � + ω, and the flow velocity (V1) and
the relative resultant velocity (Vr ) are calculated using (4)
and (5), respectively.

V1 = (� + ω/2) r = �r(1+a′) (4)

Vr =

√
V 2
1 (1−a)

2
+ �2r2(1+a′)2 (5)

The maximum stress and maximum strain theories, which
are utilized not only in the failure evaluation of compos-
ite materials but also in steel assessments, represent key
approaches within the limit criterion. This criterion facilitates
the determination of failure strength and mode by comparing
the stress components to the maximum tensile, compres-
sive, and shear strengths of the stacked layers. However,
it is a conservative criterion, as it does not account for the
interrelationships between stress components. In contrast, the
interaction criterion enables the detection of inter-fiber failure
by considering the relationships among all stress and strain
components. Using a single quadratic equation and a tensor
polynomial equation, this criterion establishes the presence
of failure when these equations are satisfied. This method is
broadly utilized to predict the failure of orthotropic composite
materials. The Tsai-Wu failure theory, an example of the
interaction criteria, is formulated as shown in (6). A failure
index value of ≥1 indicates the occurrence of failure in
the composite material. The coefficient Fij in the Tsai-Wu
failure theory, which relates to the material strength of the
composite, is expressed in (7) and (8) for the plane stress state
of orthotropic composite materials.

Fiσi + Fijσij ≤ 1 (i, j = 1, 2, · · ·, 6) (6)

F1σ1 + F2σ2 + 2F12σ1σ2
+ F11σ 2

1 + F22σ 2
2 + F66σ 2

6 = 1 (7)

F1 =

(
1
XT

−
1

|XT|

)
,F2 =

(
1
YT

−
1

|YT|

)
,F11=

1
XT |XC|

,

F22 =
1

YT |YC|
, F66 =

1
S2

, F12 = 0 (8)
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FIGURE 3. Schematic of rotor BEM theory: (a) annular plane for
discretization; (b) hydrodynamic velocity and forces on a blade cross
section.

Puck’s failure theory, which embodies the separation mode
criterion, combines the advantages of the limit and inter-
action criteria. It enables the evaluation of both fiber and
inter-fiber failures in composite materials. Moreover, this

theory allows for predicting failure modes by examining the
correlations among stresses. Reference [33] introduces an
evaluation method based on the angle of the fracture surface.
Equation (9) defines the fiber failure index within the Puck
failure criterion, incorporating parameters dependent on the
fracture surface angle: p+

vp, p
−
vp, and p

−
vv. R

A
vv is the resistance

of the active surface against fractures caused by vertical shear
stress, and τ21c represents the shear stress at the transition
point of the fracture curve.

S = ε1 +
vf 12
Ef 1

mσ f σ2 ≥ 0 (9)

p+
vp = −

(
dτ 21

dσ2

)
σ2=0

of (σ2, τ21) curve,σ2 ≥ 0 (10)

p−
vp = −

(
dτ 21

dσ2

)
σ2=0

of (σ2, τ21) curve, σ2 ≤ 0 (11)

RAvv =
YC

2(1+p−
vv)

=
S21
2p−

vp

(√
1 + 2p−

vp
YC
S21

− 1

)
(12)

p−
vv = p−

vv
RAvv
S21

(13)

τ21c = S21
√
1 + 2p−

vv (14)

Table 4 details the equations and conditions necessary to
compute the failure index for each failure mode. ε1T and ε1C
represent the tensile and compressive strains, respectively,
of the unidirectional fiber layer; ε1 represents the strain in
this layer. The Poisson’s ratio and elastic modulus of the
fibers are represented by vf 12 andEf 1, respectively;mσ f is the
mean stress magnification constant for vertical stresses; σ2
represents the vertical stress component; γ21 and τ21 represent
the shear strain and stress, respectively, of the unidirectional
layer; S21 represents the shear fracture strength perpendicular
and parallel to the fibers; YT and YC represent the tensile and
compressive fracture strengths, respectively, perpendicular to
the fibers; and σ1D represents the stress value determined
through linear regression.

TABLE 4. Conditions for the Puck failure criterion [33].
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B. OPTIMAL STRUCTURE DESIGN
To fabricate the rotor blades effectively, it is essential to
identify an optimal combination of parameters that enhances
structural performance, taking various design factors into
account. The internal structure of the blade can be designed
systematically and logically through optimization techniques
that determine the choice of stacking materials, the number
of layers, and the stacking angles, based on the load sup-
ported [34]. The objective function is selected based on the
sensitivity identified through structural analysis, applying the
optimization techniques within the defined constraints.

FIGURE 4. (a) Flowchart representing structural design optimization
process for rotor blades; (b) Genetic algorithm process for optimization
design.

Fig. 4(a) illustrates the flowchart for deriving the optimal
structural design model for rotor blades used in tidal power
generation. This chart displays the process of hydrodynamic
design, which determines the blade’s shape and output, struc-
tural design of the internal components, and a GA that adjusts
design variables to find feasible solutions if the objective
function exceeds the allowable range. Fig. 4(b) shows the

evolution of design parameters into an optimal design model
through the GA.

Thus far, the structural design of the blades has been carried
out using various optimization techniques and design param-
eters. For instance, the thickness of the shear web, which
significantly impacts structural safety, has been set as a design
parameter and calculated using linear algorithms to determine
tip deformations and frequencies [14], or optimized by adjust-
ing the types of composites and fiber stacking angles [35].
Reference [29] applied topology optimization techniques to
reposition the spar cap and shear web along the leading edge
direction to enhance structural safety. Additionally, blade
modeling has been adapted to apply the SQP optimization
technique [36] across various load cases. Recently, stepwise
design enhancements using GAs, simulated annealing, and
particle swarm optimization have been actively utilized, with
this study applying the multi-objectives genetic algorithm
(MOGA) tool with NSGA-II, one of the GAs.

The GA used in this study is favored for its ability to derive
feasible solutions using the Pareto frontier when multiple
objective functions are present, a method widely adopted
in numerous prior studies [37]. While GAs are capable of
identifying optimal solutions within complex design spaces
or across entire regions, their selection must be carefully
selected. This is due to the constraints on design parameters
that allow for practical computation times and manageable
data volumes [38].

1) DESIGN PARAMETERS
The structural design optimization process used here involves
utilizing a GA to refine the initially designed blade by
setting design parameters, variables, and constraints, and
then identifying solutions that fulfill the objective function.
We established the number of layers as a design parameter,
with the suction and pressure surfaces of the shell and spar
cap as design variables. Constraints include tip deflection,
as well as strain and stress due to fiber failure and inter-fiber
failure. The objective functions were defined as the inverse
reserve factor (IRF) the reciprocal of the blade safety factor
and mass, aiming to determine the optimal design point that
balances structural safety and mass.

X iS =

[
X1
S ,X2

S , · · ·,XnS
]
, n = 10 (15)

X iSS =

[
X1
SS , X2

SS , · · ·,XnSS
]
, n = 18

X iPS =

[
X1
PS ,X

2
PS , · · ·,XnPS

]
, n = 2 (16)

f⃗mass (x) = min
(
m
m0

)
, f⃗IRF (x) < 1.0 (17)

g⃗t (x) ≤ 0.1Rblade,g⃗σ (x) ≤ σmax , g⃗ε (x) ≤ εmax (18)

Equations (15)–(18) detail the design parameters, vari-
ables, objective functions, and constraints. The tip deflection
criteria are based on data from [26], which set the maximum
tip-to-tower gap at 10% of the blade diameter, and from [14],
which established the permissible tip deflection at 70% of
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this maximum gap. The strain and stress considerations are
derived from the material’s allowable limits according to the
basic-geometry design values [39].

2) STACKING REDUCTION RATIO
The selection of composite materials and the arrangement
of the blade’s cross-section are crucial for ensuring the
structural safety of the blade [15]. Even if a composite mate-
rial possesses excellent elasticity and strength, employing a
drop-off design method can induce stress concentration at
discontinuous cross-sections.

FIGURE 5. Thickness distribution along the blade for the drop-off and
linear design methods.

FIGURE 6. Failure and delamination cracks associated with the drop-off
layered design of the composite blade section.

Fig. 5 presents the cross-sectional thickness of the blade
for both drop-off and linear design methods. In the drop-
off design method, transition regions arise due to abrupt
changes in thickness, leading to the development of resin
pockets, as shown in Fig. 6. A resin pocket is a region that
reduces the strength of the composite material and can lead
to delamination cracks or interfacial delamination due to load
concentration. Therefore, a linear design method, which fea-
tures smaller differences in thickness between cross-sections,
must be applied [40].

In response, this study implemented a SRR in the spar
cap to reduce failure risks associated with abrupt thickness
changes. A trade-off analysis was conducted for the SRR

to balance the requirements for structural safety and mass
reduction by decreasing the stacking thickness at each cross-
section. The SRR-based optimization of the structure used
similar calculation conditions to those previously described,
with the SRR designated as the design variable. The defini-
tion of the SRR is provided in (19), and the conditions for the
design variable are outlined in (20).

SRR =
Layer number of spar cap

Initial layer number of spar cap
(19)

X iL =

[
X1
L ,X2

L , · · ·,XnL
]
, n = 7 (20)

IV. RESULTS AND DISCUSSION
A. FINITE-ELEMENT MODEL AND LOAD DISTRIBUTION
The FE model of the layered blade is created using shell
element 181 with a quad mesh, generating a total of 111,221
nodes to reflect the thin thickness of the layers. For the FE
model of the blade, which has a 9.9m radius andwas designed
using BEM theory, relative velocities and loads were assigned
to each local area. The analysis for each blade element was
based on the design conditions detailed in Table 1, with
distributions of chord length and twist angle depicted in
Fig. 7(a). The blade was divided into 10 elements along its
length. The chord length measured 2.1 m at r/R = 0.2 at the
blade root and tapered to 0.66 m near r/R = 1.0. The blade
root, located proximal to the hub, was designed thicker to
counteract flap-direction bending moments [19], while the
blade tip was created thinner along the span to minimize drag
effects. The twist angle, starting from r/R= 0.15, varied from
28.2◦ to 4.0◦.
Hydrodynamic performance testing of the rotor blade

revealed a power coefficient of up to 46.0% at a tip speed
ratio (TSR) of 6, as shown in Fig. 7(b), achieving maxi-
mum efficiency at a rated current velocity of 2.5 m/s. This
highlights the blade design’s reliability and demonstrates a
power coefficient that is notably high across all TSR ranges
compared to previous studies.

In [30], the BEM code was utilized to analyze the
performance of rotor blades for tidal power generation,
yielding high performance coefficients even at low current
velocities. Reference [41] reports the design and analysis of
1-MW- class blades using the hydrofoil S814, achieving a
performance efficiency of up to 47.6 %.

Although the results of the current study and those in [41]
showed similar trends overall, the performance coefficient
in [41] experienced significant decreases at both low and
high current velocity ranges. This variation was attributed to
differences in the current inflow angle owing to the rated TSR
and optimization strategies employed. Conversely, in [42],
despite the blades having the same rated capacity, the perfor-
mance coefficient showed heightened sensitivity to variations
in current velocity when two turbine blades were imple-
mented. Fig. 8(a) depicts a three-dimensional model of a
tidal current turbine rotor blade designed using BEM theory.
It shows both the outer shell and internal structures, including
the spar cap and shear web. The finite-element model is
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FIGURE 7. (a) Distributions of the chord length and twist angle with respect to the spanwise blade fraction. (b) Comparison of power
coefficients for 1-MW tidal current turbines.

FIGURE 8. Configuration initial geometry and distribution of thickness for rotor blade. (a) 3-dimensional initial geometry.
(b) Root, spar cap. (c) Shell, shear web. (d) LE, TE panel, TE.

divided for stacking based on the structural characteristics.
Fig. 8(b)–(d) illustrate the arrangement of the internal struc-
ture and the stacking thickness for the basic blade. The blade
structure design in this study is informed by the wind turbine
blade designs presented in [43] and incorporates elements of
tidal current turbine blade design, including rear shear webs
at 15% and 50% of the chord length in each cross-section
as noted in [10]. The calculation of flow-induced loads
is crucial in the structural design of turbine blades, with
structural safety assessed by predicting load conditions and

assigning specific load values. In this study, the loads applied
to the finite-element model were categorized under normal
operating conditions (NOC)—specifically, the rated current
velocity of 2.5 m/s as proposed by [20] and extreme operating
conditions (EOC), where a partial load factor of 1.35 as
proposed by the IEC [44] was considered. These loads vary
in both direction and magnitude across different sections of
the blade surface and are thus assigned locally. They can
be classified into axial forces, which act perpendicularly to
the blade surface and are significantly influenced by blade
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rotation [20], and tangential forces, which act parallel to the
blade surface, generating torque and power.

FIGURE 9. Axial and tangential force distributions with respect to the
spanwise blade fraction.

FIGURE 10. Pressure distributions for the blade surface: (a) NOC; (b) EOC.

Fig. 9 illustrates the distribution of loads on the blade
surface under both NOC and EOC, with axial and tangential
forces reaching maximum values of 27.3 kN and 4.1 kN,
respectively. Although these forces are initially calculated
locally, they are applied to the blade surface using the equiv-
alent static load distribution method. For structural failure
evaluations, however, these forces are transformed into a
spatial distribution load across the blade surface, as depicted
in Fig. 10 [45].

The FE model of the structurally designed blade is highly
complex, and results vary depending on grid conditions [46].
Therefore, to enhance the accuracy of the FE model’s results,
modeling was performed according to the grid size as shown
in Table 5, and grid dependency was evaluated by comparing
numerical results. The reference grid size was set in the range

of 10-35 mm, and trends in strain and IRF according to grid
conditions are shown in Fig. 11. Models with more than
110,000 nodes and a reference grid size of 25 mm exhibited
a consistent trend in converging results. Consequently, a ref-
erence grid size of 25 mm was selected for conducting this
study.

TABLE 5. Grid configuration of fe model conditions.

FIGURE 11. Grid independence test of the FE model.

B. STRUCTURAL LOAD ANALYSIS
The mechanical loads induced by blade rotation can lead to
the failure of composite materials, necessitating structural
validation of the finite-element modeling [47]. In this study,
the 9.9 m rotor blade was considered to be at risk of failure
when the IRF failure index reached or exceeded 1, based on
the strain and stress metrics from the limit criterion and the
theories of the interaction criterion and separation mode cri-
terion. Given that the spar cap primarily supports the vertical
and axial forces exerted on the blade, the failure potential
of the entire blade was evaluated based on the structural
properties of the spar cap [44].

Fig. 12 displays the strain and stress on the suction and
pressure surfaces of the spar cap under the NOC and EOC.
It illustrates the dimensionless strain of the spar cap, nor-
malized against the maximum strain value observed in the
blade. The strain readings on the pressure and suction sur-
faces are positive and negative, respectively, reflecting the
tension and compression induced by the loads [19]. Near the
root, both surfaces of the spar cap exhibit significant strain,
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FIGURE 12. Distributions of the (a) maximum normalized strain and
(b) equivalent stress on the spar cap surface under various operating
conditions.

which rapidly diminishes past r/R = 0.2, where the spar cap
is positioned. Notably, the strain is generally higher on the
pressure surface compared to the suction surface owing to
the effects of blade rotation and edge-direction deformation.
The strain patterns under NOC closely resemble those under
EOC, indicating minimal structural deformation. However,
under EOC conditions, the maximum strain at r/R = 0.2 on
the suction surface reached 0.74. Similarly, stress in the
spar cap peaked near the root and decreased toward the
tip. However, between r/R = 0.4 and 0.6, a significant
increase in stress on the suction surface suggests the impact
of flow-induced loads on the thinner sections of the spar cap.

The failure of the blade spar cap, made from an anisotropic
material, was assessed using Tsai-Wu’s failure theory, with
the results depicted in Fig. 13. The failure index of the spar
cap mirrored the stress patterns; however, the strain was more
pronounced on the suction surface than on the pressure sur-
face [5]. Additionally, as illustrated in Fig. 13(b), the failure
index increased notably at points where the thickness of the

FIGURE 13. (a) Distributions of the failure index and (b) failure index
contours on the spar cap surface under various operating conditions.

FIGURE 14. Distribution of the failure index on the blade surface with
respect to the spanwise blade fraction: (a) Tsai-Wu’s failure criteria;
(b) Puck’s failure criteria.

spar cap changed abruptly at the interface with the structure.
Hence, it is crucial to minimize changes in thickness resulting
from both the stacking design and the material properties.
This finding aligns with those in [9], affirming the structural
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FIGURE 15. Failure-criterion results for fiber failure and inter-fiber failure
under EOC: (a) Puck’s fiber failure surface contour, with IRFMAX = 0.712;
(b) Puck’s inter-fiber failure surface contour, with IRFMAX = 0.935;
(c) distributions of fiber failure and inter-fiber failure.

integrity. To ascertain the failure modes of the blade fibers,
we evaluated the failure indices using the failure criteria of
Tsai-Wu and Puck. Fig. 14 shows the failure index along the
span; notably, there is no indication of failure across the blade,
although the maximum values of the IRF vary.

For the inter-fiber failure mode, the analysis involved
calculating the transverse tensile stress, transverse compres-
sive stress, and compressive stress acting on the fibers.
Inter-fiber failure was noted in each mode when the stresses
and shear forces exceeded the allowable limits. Fig. 15 indi-
cates that, for fiber failure, the Tsai-Wu failure mode resulted
in an IRFmax of 0.653, while the Puck failure mode led to
an IRFmax of 0.712. In the case of Puck’s inter-fiber failure
mode, the IRFmax reached 0.935. Both fiber and inter-fiber
failures predominantly occurred near the root, with inter-fiber
failure indices also rising in the middle section of the blade.
However, in all analyzed conditions, the failure index did not
exceed 1, indicating that no failures occurred.

C. OPTIMAL STRUCTURAL DESIGN MODEL
To enhance the structural design of the blade, the parameters
X iS , X

i
SS , and X

i
PS , known to significantly influence structural

safety, were selected as the design variables. Fig. 16 illustrates
the distribution of the failure index, calculated by setting

FIGURE 16. Surface plots of the IRF for different numbers of layers on the
shell: (a) X i

S = 5; (b) X i
S = 6; (c) X i

S = 7.

upper and lower bounds for X iSS and X iPS . Application of
the Puck failure criterion revealed that the failure index
surpassed 1 at X iS = 5, indicating blade failure. Notably, this
failure occurred irrespective of the number of layers on the
suction and pressure surfaces of the spar cap.

Fig. 16(b) displays the failure index distribution at X iS = 6
for the shell, which exhibited a maximum of 0.834.
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FIGURE 17. Distribution of the layer thickness with respect to the
spanwise blade fraction.

FIGURE 18. Distribution of the failure index on the blade surface with
respect to the SRR: (a) suction surface; (b) pressure surface.

The highest value of the failure index was observed at
X iPS = 14, with elevated indices across all regions regardless
of X iSS . This pattern suggests that the failure index is more
sensitive to variations in the number of layers on the pressure
surface of the spar cap than on the suction surface. The failure

index distribution at X iS = 7 exhibited characteristics of both
the distributions at X iS = 5 and X iS = 6. At X iPS = 14,
the maximum failure index remained 0.75, irrespective of the
layer count on the suction surface. However, in regions where
X iPS reached 16 or higher, the failure index was dependent on
the number of layers on the suction surface. The sloping curve
between the suction and pressure surfaces approached feasi-
ble solutions, revealing a visible Pareto frontier. Within this
frontier, the balance between structural safety and economic
efficiencywas evaluated to identify potential feasible solution
candidates.
The SSR of the blade spar cap was established within a

range of 0.7 to 1.0, with increments of 0.05. Fig. 17 illustrates
the distribution of cross-sectional thickness relative to the
SRR. Under this setting, the reduction was more pronounced
in the initial spar cap layers on both the suction and pressure
surfaces, and the spar cap was thicker at the blade tip for
an SRR of 0.95 compared to an SRR of 1.0. The failure of
the blade surfaces, assessed using the Puck failure criterion,
is presented in Fig. 18. Across both the suction and pressure
surfaces of the blade, the highest failure index was observed
at approximately r/R= 0.2 in the longitudinal direction of the
blade [14], [22], [24], with only minor variations in the failure
index toward the blade tip.

On the suction surface, the peak failure index reached
0.389, while on the pressure surface, it surpassed 1.0 at
an SRR of 0.75, peaking at 1.15 around r/R = 0.2, which
indicates potential failure of the blade. Consequently, an SRR
of at least 0.8 is recommended to maintain structural safety.
Additionally, there was a noticeable difference in the tra-
jectory of the failure index reaching its maximum value
between the suction and pressure surfaces in the section from
r/R = 0 to 0.2. On the suction surface, the failure index
decreased after the root section before reaching its maximum,
whereas on the pressure surface, it increased gradually to
its maximum value. This variation in the failure index can
be attributed to the bending of the blade, which imposes
tensile loads on the suction surface and compressive loads
on the pressure surface, thereby affecting the failure indices
differently.

Fig. 19 illustrates the distribution of the failure index on
the pressure surface of the blade in relation to the SRR of the
spar cap. As previously noted, the bending load often leads
to a high failure index near the interface between the blade
root and the spar cap, attributable to stress concentration from
the abrupt change in layer thickness at the root and spar
cap. Moreover, with an SRR of 0.7, there is a noticeable
increase in the failure index in the mid-board region as the
SRR decreases.

Fig. 20 provides a three-dimensional view of the failure
index along the span of the blade’s pressure surface concern-
ing the SRR. It demonstrates that the failure index begins to
exceed 1 around an SRR of 0.75.

Fig. 21 displays the distribution of the IRF results for mod-
els generated through the design optimization process, which
varied across different design parameters, including SRRs.
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FIGURE 19. Distribution of the failure index on the pressure surface:
(a) SRR = 1.0; (b) SRR = 0.9; (c) SRR = 0.8; (d) SRR = 0.7.

FIGURE 20. Distribution of the failure index on the spar-cap surface
under various operating conditions.

The models identified as optimal candidates incorporated
mass and failure index as objective functions. The Pareto
principle was applied to show the feasible-solution surface
that concurrently satisfies multiple objective functions. From
this surface, three models were selected based on a ratio-
nal allocation of structural performance indicators such
as tip deflection, strain, stress, failure index, and mass.
Table 6 details these performance indicators. Optimal model
A exhibited the best tip deflection and failure index metrics;
however, it was the heaviest among the candidates. Thus, the
weightings assigned to the variables in this model differed
significantly from those in optimal model C. Notably, the
mass of optimal model C was 2420 kg, approximately 23.6%

lighter than the total blade mass of 3169 kg for the basic
geometry (initial model).

FIGURE 21. Results of optimal model.

TABLE 6. Structural performance for initial and optimal models.

V. CONCLUSION
In this study, the design of a rotor blade for a tidal current
turbine focused on ensuring structural safety under extreme
conditions. A finite-element model was utilized to analyze
potential failures, and a GA was applied to optimize the
structural design based on targeted objective functions. The
study yielded the following conclusions:

(1) The blade, designed with a 19.8 m diameter based
on hydrodynamic performance analyses according to BEM
theory, achieved a maximum performance coefficient of
44.8-% at a rated current velocity of 2.5 m/s. Structural
integrity was enhanced by employing a lamination process
that incorporated both GFRP and CFRP.

(2) The structural safety of the blade was assessed using the
finite-element model. Particularly the spar cap, which sup-
ports the majority of the load, revealed maximum stress and
strain concentrations at r/R = 0.2 under EOC, with notable
changes on the pressure surface. Additionally, the application
of Tsai-Wu’s and Puck’s failure indices confirmed that the
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IRF did not exceed 1, substantiating the absence of both fiber
and inter-fiber failures.

(3) The suction and pressure surfaces of the shell and spar
cap were designated as design parameters. An optimal design
point was determined using GA, with the failure index and
mass serving as objective functions, subject to various con-
straints. Specifically, when optimizing the number of layers
on the shell, conditions were set to avoid exceeding the limits
for tip deflection, strain, stress, and the failure index. The
failure index surpassed 1 at X iS = 5, indicating potential
overall failure regardless of the layer count on the suction
and pressure surfaces of the spar cap. Notably, a Pareto region
between these surfaces was identified at X iS = 7.
(4) To avoid stress concentration caused by rapid changes

in layer thickness within the spar cap, a tradeoff analysis
was conducted. This analysis aimed to balance structural
safety and mass reduction by utilizing the SRR as a design
variable. Below an SRR of 0.75, the failure index exceeded
1 at approximately r/R = 0.2 and failed to align with the
objective functions. Additionally, variations in the failure
index, influenced by tensile and compressive loads on the spar
cap owing to blade bending, were observed.

(5) Optimal model candidates were derived based on
changes in design parameters and SRR, guided by the objec-
tive functions of mass and failure index. These candidates
were distributed effectively across the feasible-solution sur-
face according to the performance indicators. The optimal
model was selected by weighting the tip deflection, failure
index, andmass, achieving amass reduction of approximately
23.6 % compared to the basic geometry (initial model).

This study has successfully identified an optimal design
point that accommodates multiple design parameters and
meets quantified objectives, effectively balancing constraints
with the objectives of mass reduction and failure index man-
agement. In future studies, the optimization design process
established using a genetic algorithm and the distribution
characteristics of the failure index will be utilized to design
an optimization model for each fraction of the blade. Further-
more, a prototype composite blade will undergo a load test.
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