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Abstract. Accurate estimation of the effective shear stiffness of composite wind turbine blades remains challenging because
equivalent beam models require reliable shear properties for hollow anisotropic composite structures. This study proposes a hybrid
experimental-analytical methodology that integrates experimental modal analysis, laminate-based sectional modeling, and thin-
walled shear flow theory to identify the effective shear elastic modulus and determine the shear correction factor. Unlike
conventional approaches based on prescribed material properties or simplified assumptions, the proposed framework directly links
experimental dynamic response with equivalent structural parameters. The identified shear elastic modulus shows deviations
below 1.1% across vibration modes. The methodology improves the accuracy of equivalent Timoshenko beam models for structural
characterization, vibration analysis, and structural health monitoring of composite wind turbine blades.

Keywords: Composite wind turbine blades; Shear elastic modulus identification; Shear correction factor; Hollow aerodynamic
sections; Experimental modal analysis; Thin-walled composite structures.

1. Introduction

Composite wind turbine blades (CWTBs) are critical structural components whose dynamic behavior directly influences the
reliability, efficiency, and operational safety of wind turbine energy systems. Accurate structural modeling is therefore essential for
predicting vibration response, assessing structural integrity, and preventing resonance-related failures during service. However, the
mechanical characterization of these structures remains challenging due to their complex aerodynamic geometry, spanwise
variation in cross-sections, and the pronounced anisotropy inherent to laminated composite materials.

In engineering practice, wind turbine blades (WTB) are commonly modeled as equivalent beams with spatially varying sectional
properties. Among the most widely used formulations, Timoshenko beam theory provides an improved representation by
accounting for both bending and transverse shear deformation, particularly relevant in composite structures with relatively low
shear stiffness. Nevertheless, the predictive accuracy of such models strongly depends on the reliable estimation of equivalent
sectional properties, especially the shear stiffness and the associated shear correction factor.

Determining the equivalent mechanical properties of CWTBs remains inherently challenging because their structural response
is governed by fiber orientation, stacking sequence, and interlaminar interactions, which produce pronounced anisotropic behavior
and stiffness coupling. Consequently, material properties obtained from coupon tests do not necessarily represent the equivalent
structural properties of full-scale blades, particularly for hollow geometries [1]. Previous studies have reported discrepancies
between static and dynamic elastic properties, indicating that conventional material characterization may not accurately capture
the effective structural response. The influence of laminate architecture on the dynamic behavior of composite structures has
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therefore been extensively investigated. Instrumented impact tests and frequency-based analyses demonstrated significant
differences between the longitudinal elastic modulus and the shear elastic modulus (SEM) [2, 3], while several vibration-based
methodologies have been proposed to identify equivalent elastic properties in multilayer materials and beam-like structures [4, 5].
Although these studies confirm the potential of modal analysis for non-destructive characterization, they mainly focus on Young's
modulus and do not directly estimate the effective SEM required for equivalent Timoshenko beam models.

Building upon these developments, vibration-based techniques have been combined with numerical modeling to estimate the
equivalent mechanical properties of composite structures. Apsan et al. [6] determined the EM of fiber-reinforced composites
through natural frequency analysis, while Loh et al. [7] integrated digital image correlation with finite element modeling to identify
elastic properties from free vibration tests in cantilever beams. Although these methodologies have demonstrated good accuracy,
they generally rely on simplified beam formulations that neglect transverse shear deformation. Consequently, the structural
representation adopted in equivalent beam models remains a major source of uncertainty. Euler-Bernoulli beam theory neglects
transverse shear deformation and rotary inertia, which may introduce significant errors when applied to CWTB with moderate
slenderness ratios [8]. In contrast, sectional modeling approaches based on Classical Laminate Theory (CLT) and thin-walled beam
formulations have significantly improved the estimation of bending stiffness, mass distribution, and equivalent sectional properties
[9]. Nevertheless, many existing formulations still rely on Euler-Bernoulli assumptions, motivating the use of Timoshenko beam
theory together with reliable estimation of the shear correction factor. Accordingly, considerable efforts have been devoted to
developing analytical [10], numerical, and energy-based formulations [11] for determining shear correction factors in thin-walled
sections.

Although these formulations have significantly advanced the estimation of shear correction factors, their application to
aerodynamic composite sections remains limited. Existing studies have mainly focused on solid or isotropic airfoil configurations.
Freund et al. [12] demonstrated that the shear correction factor is strongly influenced by cross-sectional geometry in thin-walled
profiles, although their analysis was limited to open and isotropic sections. Likewise, Dong et al. [13], Kirad et al. [14], and Zefouni
et al. [15] investigated the determination of shear correction factors and shear stress distributions in solid or symmetric airfoil
sections using analytical and numerical approaches. However, these studies do not consider hollow, multi-cell sections composed
of anisotropic composite laminates, which are characteristic of modern CWTB.

A key limitation in most studies is that sectional properties used in beam models are determined a priori from numerical
simulations or material data. At the same time, experimental modal analysis is employed only as a validation tool. Consequently,
the direct identification of effective shear stiffness from experimental dynamic response remains limited in the literature,
particularly for hollow composite sections in WTB.

To address these limitations, this study proposes an integrated experimental-analytical framework for CWTBs. Unlike existing
approaches based on prescribed shear correction factors, conventional cross-sections, or detailed finite-element models, the
proposed method determines direction-dependent shear correction factors from the geometry, laminate distribution, and shear-
flow energy, while identifying the dynamic SEM from experimental natural frequencies. Its novelty and analytical distinction lie in
independently determining and subsequently integrating these parameters, together with spanwise-varying sectional properties,
into an equivalent Timoshenko beam model for hollow anisotropic blades. From an engineering perspective, the framework
provides a computationally efficient means of obtaining blade-specific structural parameters for vibration prediction, structural
design, finite-element model updating, and structural health monitoring.

2. Material and Methods

Figure 1 illustrates the methodological framework used to determine the effective SEM of the WTB by combining experimental
modal analysis with sectional structural analysis. The procedure begins with an experimental modal test in which the WTB is
mounted as a cantilever structure and excited using an impact hammer. The dynamic response is measured to identify the natural
frequencies and corresponding vibration modes of the WTB. These experimentally obtained frequencies are then used to determine
an experimental modal parameter that characterizes the structure's dynamic behavior.

In parallel, a sectional structural analysis of the WTB is performed. The airfoil geometry is discretized into multiple segments
to evaluate the sectional mechanical properties. In contrast, the effective properties of the composite laminate are determined by
the stacking sequence and material properties of the layers. A shear-flow analysis of the closed thin-walled section is then
performed to determine the equivalent structural properties of the WTB. As part of this process, the shear correction factor for
hollow composite airfoil sections is determined, enabling the evaluation of the effective shear stiffness required in the equivalent
beam formulation. This procedure enables the estimation of the shear correction factor for complex hollow WTB sections, which is
rarely reported in experimental-analytical studies of CWTB.

Finally, the experimentally derived modal parameter is related to the equivalent beam formulation to estimate the effective
SEM of the WTB. The obtained SEM is subsequently compared with the sectional properties to verify consistency between the
dynamic response and the WTB's structural parameters.

2.1. Structural dynamic model
The dynamic behavior of the structural system is initially modeled using the classical Euler-Bernoulli beam theory. Eq. (1) gives
the differential equation governing transverse vibration for a uniform beam [16]:
otw(z,t) 0%w(z,t)
Ozt +od ot?
where E is the EM, I is the area inertia moment, p is the material density, A is the cross-sectional area, and w(z,t) denotes the

transverse displacement.
The modal solution of Eq. (1) yields the natural frequencies, as given in Eq. (2):

EI -0 (1)

2
Ll @

= 2rL2 |\ pA

where 3, depends on the system's boundary conditions. From Eq. (2), a dimensionless modal parameter can be defined as [4]:

_2nf,L?
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Fig. 1. Methodological framework for estimating the SEM of the WTB using experimental modal analysis and sectional structural analysis.

This modal parameter, (3L)?, represents a normalized natural frequency and links the structure's dynamic response to its
stiffness-to-mass ratio.

The Euler-Bernoulli beam model neglects transverse shear deformation, which may become significant in CWTB with moderate
slenderness ratios. To account for this effect, Timoshenko beam theory introduces an effective shear rigidity xGA, where G is the
SEM and « is the shear correction factor [17].

The relative importance of shear deformation with respect to bending is quantified by the dimensionless parameter r? [18]:

EI
T kGAL? 4)

This parameter represents the ratio between bending and shear stiffness, thereby indicating the contribution of transverse
shear deformation to the dynamic response of the structure.

2

2.2. Experimental modal parameter extraction

The schematic in Fig. 2 illustrates the experimental setup for the dynamic characterization of CWTB through modal vibration
testing. The WTB was rigidly clamped at the root in a horizontal cantilever configuration, with a 0.10 m clamping length between
polystyrene plates (0.20x0.10x0.05 m) using 4 M8 bolts at 30 N-m, yielding a free length of 1.61 m. Since no displacement or rotation
was detected at the root, the boundary condition was treated as fixed. A calibrated impact hammer (5000 N, 250 g, type 9724A5000N,
5 mV/N sensitivity) is used to excite the structure at a position 0.10 m from the fixed support, inducing multiple vibration modes.
The impact was applied in a flapwise direction. The response is measured using a piezoelectric accelerometer (Kistler 8440A5, 1067
mV/g) mounted at 1.07 m from the fixed support, on the deck surface, and aligned with the excitation direction. Both signals are
acquired using a 24-bit data acquisition (DAQ) system with a maximum sampling rate of 200 kS/s per channel, controlled via
KiStudio Lab Package Type 2910A. The data were acquired at 2048 Hz for 8 s. Five valid impacts were averaged, applying a force
window to the hammer and an exponential window to the acceleration. The FRFs were obtained by identifying resonance peaks in
the 0-60 Hz range. Double impacts and coherence values < 95% were discarded.

From the measured frequencies f,, the experimental modal parameter is determined using Eq. (5):

M
2 _ 2
(/BL)ea:p,'n. =27 foupnl LIEI%EEI ©)

2.3. Inverse identification of shear elastic modulus

To estimate the SEM of the structural system, an inverse identification procedure based on vibration measurements was
employed. The approach correlates the experimental modal parameter with the theoretical Euler-Bernoulli value via an algebraic
correction that accounts for shear deformation, as described by Timoshenko beam theory.

Physically, this formulation exploits the fact that deviations between the experimental modal response and the Euler-Bernoulli
prediction arise from shear flexibility, which reduces the natural frequencies. This effect is quantified by the dimensionless
parameter r?, which represents the relative contribution of shear deformation to bending.
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Fig. 2. Modal testing setup of a cantilevered CWTB using impact excitation and accelerometer response measurement.

The relationship used is given by Eq. 6, where (5L), ,, represents the theoretical Euler-Bernoulli modal parameter:

(BL)

(BL); = W (6)

Substituting the experimental value of the modal parameter into the above equation yields:

" (BL)g,n ((BL)gIP" 1) (7)

Once r2 is determined, the dynamic SEM G, is computed using Eq. (8), representing the effective shear stiffness that reproduces
the measured dynamic behavior of each vibration mode:

I1BEB
Dn = B2 AB [ ®
’ ks AL L
The identified elastic modulus should be interpreted as an equivalent dynamic SEM of the WTB, reflecting the global structural
response rather than the intrinsic property of an individual laminate layer.

2.4, Torsional stiffness

The hollow WTB, with no internal reinforcements, has a closed cross-section as illustrated in Fig. 3(a). In this configuration, the
SEM flow is distributed over the entire enclosed area. Here, ds represents the differential length along a path s that describes the
airfoil profile, and e denotes the total thickness of the laminated composite layers that make up the WTB shell at this cross-section.
The elastic center is denoted by X and Y.

For a single-cell closed section, the torsional stiffness is given by Bredt-Batho theory, and the shear stiffness G.J can be
calculated as shown in Eq. (9), where G is the local SEM, A* is the area enclosed by the midline of the airfoil and J is the torsional

constant:
1
— *2 « 9
GJ 442/ § . ds 9)

2.4.1. Shear correction factors
The shear flow ¢(s) is given by Eq. (10), where g,,(s) is the shear flow of an open cross-section:

a(s) = ap(s) + 4o (10)
The redundant constant ¢, satisfies the compatibility condition as expressed in Eq. (11):
qﬂds
Qo = _—( / G ) (12)
1
In this way, the strain energy U due to shear can be expressed in terms of the shear flow ¢(s) as given in Eq. (12):
q(s)?

= 12
v = $oeas (12)

The effective shear stiffness, K, is obtained by equating the actual shear strain energy of the cross-section to that of an
equivalent Timoshenko beam. In Eq. (13), V is the resultant transverse shear force and U is the corresponding shear strain energy
calculated from Eq. (12). For a thin-walled closed section, the material area is evaluated as A = § ¢ (s) ds:

K =2 (13)
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Fig. 3. Characteristics of the composite aerodynamic profile and laminate, (a) Distribution of SEM flow over a typical airfoil, (b) Distribution of
laminated layers in a eds section of the airfoil perimeter, (c) Fiber orientation of the laminate plies in the 1-2 directions within a local s-z coordinate
plane, where s is tangent to the airfoil profile.

The shear correction factor « is finally defined in Eq. (14), where GAis the average shear rigidity of the section is, assuming a
uniform shear distribution over the entire cross-section:

PR (14)

2.5. Cross-section properties

To determine the cross-sectional properties of the WTB, considering its anisotropy and the effects of shear redistribution in
closed sections, the methodology proposed in [19] is adopted. This approach incorporates CLT into the framework of thin-walled
beam theory. The methodology is modified for application to hollow WTB as described in [9] and is further extended to compute
the shear correction factor.

The procedure begins by discretizing the laminates into area segments, each containing angled plies. The engineering constants
of the plies are obtained using CLT. A weighting method is then applied to determine the equivalent properties of each segment
and the location of the elastic center of the cross-section. First, the area inertia moments of each segment are computed with
respect to its local axes and centroid. These values are subsequently transformed to elastic axes and center using axis
transformation formulas and the parallel axis theorem. The contribution of each segment to the overall cross-sectional properties
is then determined based on these transformed moments and the equivalent segment properties.

The torsional stiffness is obtained using Bredt-Batho shear flow theory (BSFT) for hollow sections. While the other cross-
sectional properties are computed by summing the contributions of all area segments, a SEM correction factor for Timoshenko
beams is subsequently proposed. Several steps of the procedure for calculating sectional properties are outlined below; the
complete methodology is detailed in [20].

Calculate the effective properties of the laminate. The effective longitudinal EM of a ply oriented at an angle « is obtained using Egs.
(15) and (16), and the orientation of the laminate in the local coordinate plane is illustrated in Fig. 3(c):

B = : (15)
i cos'(a) 1 2v55) . o 2 sint(a)
z, + <G_12 7T1> sin?(a)cos?(a) + ,
Ghy = : (16)
ry 4 448v, 2\ .., 5 sint(a) 4 cos* (o)
(Fz + —E G_m) sin?(a)cos?(a) + — a,

Calculate equivalent properties of the segment. For each wall segment, the equivalent properties are determined through a thickness-
weighted average (see Fig. 3(b)). The properties of each segment are calculated using Egs. (17) to (19) within a local x-y coordinate
system:

S B
Epp = W (17)
k=1 "k

m ply ply
Dy Gy

I _ =1 " zyk k (18)
seg m_ply
21k
0 1
S o
pseg - Zm ply ( )
k=1 K

Calculate elastic center: the elastic center coordinates are determined by Egs. (20) and (21):

N —
_ Z[:l Eseg.IAseg.I ‘rseg,l

N
Z[:l Eseg,IAseg.I

Xp (20)

N —
_ 2121 Eseg,IAseg,I yseg,[
- N

27:1 Eseg,IAseg,I
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Fig. 4. WTB with variable sectional properties, subjected to a constant torque T.

Translation of the inertia moment to the elastic center: second moments of area of section are computed about the elastic center and
are determined by the Egs. (22) and (23):

I = I+ A (529 — Y)? @2

Ii5e = I 4+ Ay (559 — X (23)

seg
where 139, 17 are the inertia moments about the axes parallel to X and Y, A, is the area, and 73, ys*%are the 2 and y centroids of
the segments.

Sum contributions of all area segments: Using Egs. (24) to (27). The properties of each section are calculated from the contribution

of the individual sections to obtain the overall sectional properties:

N
E,. Ace
ESEC _ ZI:lN seg, ] seg,I (24)
2121 Aseg,l
N
GG‘(‘ AQ(‘
G = w (25)
21:1 Aseg,[
N
EIX = ZEseg,IIA‘)S(E}?I (26)
I=1
N
Ely = B, Ly (27)
I=1

Calculate the torsional stiffness using BSFT. Torsional stiffness is determined with the BSFT method for a hollow cross-section of
the WTB, such as the one shown in Fig. 3(a). Once the width of each segment ds, its equivalent thickness ¢, , and its equivalent
SEM G,,, are obtained, the torsional stiffness is then calculated using Eq. (9).

Determine the shear stiffness correction factor. The shear correction factor is determined using the SEM flow theory described in
section 2.4.1, as given by Eq. (14).

2.6. Equivalent torsional stiffness of a variable-section WTB

A WTB has a variable cross-section along its length, as shown in Fig. 4. If the WTB is subdivided into n sections, each section
consists of an airfoil with a different chord and twist angle, resulting in variable sectional properties. To calculate the overall
properties of the WTB, an equivalent WTB model is proposed, based on the equivalent beam methodology described in [21].

For a beam with variable cross-sections subjected to a constant torque 7', the total angle of twist ¢ is the sum of the twists of
each segment. As shown in Eq. (28):

=T = 28
e @
where L, is the length of the i-th segment, G is the SEM, and J, is the torsion constant of the section. For an equivalent uniform

beam of total length L = }"L, and torsional stiffness GJ,,, the angle of twist is expressed in Eq. (29):

TL

G, (29)

¢eq =

Equating both twists (¢,, = ¢) ensures that the equivalent beam preserves the global torsional response of the variable-section
WTB. The resulting equivalent torsional stiffness is given by Eq. (30), considering the variation of the SEM G along the blade:

L
z:n—Li (30)
i=1 GSec,i JSec,i

The equivalent shear elastic modulus G, is obtained as a length-weighted average of the sectional values Gy, ;, preserving the
global torsional response of the variable-section WTB, as expressed in Eq. (31):

Zi:l GSec,i L'i (31)
L

GJB =

B _
Ge, =

The equivalent properties of a beam with variable cross-sections EF, IZ, and A2 are determined by the equations described in
[21].
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Table 1. Geometric characteristics of the WTB: chord, twist angle, and sectional profile.

L[m] Chord [m] Twist [°] Airfoil
0.000 0.12100 0.00 Rectangular
0.115 0.12100 0.00 Rectangular
0.235 0.15058 14.20

0.340 0.17222 21.00

0.425 0.16618 17.20

0.510 0.15500 13.40

0.595 0.14563 11.15

0.680 0.13740 8.90

0.750 0.13035 7.79

0.850 0.11842 6.20

0.935 0.11022 5.40 WORTMANN
1.020 0.10154 4.60 FX63-137
1.105 0.09329 4.05

1.190 0.08525 3.50

1.275 0.07694 2.95

1.360 0.06896 2.40

1.445 0.06047 1.95

1.530 0.05233 1.50

1.615 0.04415 1.20

1.700 0.03674 1.10

Table 2. Distribution of laminate properties, thickness, and directional angles for Glass Fiber Reinforced Polymer (GFRP) laminates used in WTB manufacturing.

Properties Glass Fiber Reinforced Polymer (GFRP) laminates
Laminate 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Direction (°) 45/-45 0 0 45/-45 0 45/-45 0 45/-45 0 0 45/-45 0 45/-45 0
Thickness (mm) 0.6 0.3 0.3 0.6 0.3 0.6 0.3 0.6 0.3 0.3 0.6 0.3 0.6 0.3

Start/End (m) 0/750 0/750 0/1666  0/1666  0/1666 0/1666  0/1666 0/750 0/750 0/1666  0/1666  0/1666 0/1666  0/1666
E,/E, (GPa) 11.5/11.5 31.3/9 31.3/9 11.5/11.5 31.3/9 11.5/11.5 31.3/9 11.5/11.5 31.3/9 31.3/9 11.5/11.5 31.3/9 11.5/11.5 31.3/9

G, (GPa) 9.5 8 8 9.5 8 9.5 8 9.5 8 8 9.5 8 9.5 8
Vs 0.49 025 025 0.49 0.25 0.49 0.25 0.49 025 025 0.49 0.25 0.49 0.25
» (kg/m?) 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780

3. Results and Discussion

The analyzed WTB belongs to a 1.5 kW wind turbine. It has a length of 1.7 m and a mass of 3.3 kg. Its geometric characteristics
are described in Table 1, which details the distribution of chord lengths and design angles along its length, as well as the airfoil
profile used in each section. Furthermore, the distribution of Glass Fiber Reinforced Polymer (GFRP) laminates used in the WTB
manufacturing is presented in Table 2. Two types of laminates were employed: unidirectional laminate oriented at 0° with respect
to the WTB's longitudinal axis, and biaxial laminate oriented at (45°, -45°).

x10° x10° x10°
30 6.0 -34.8
—e— Elastic modulus
—=— Shear elastic modulus
28 | —4— Bending stiffness 55 F29.0
+23.2
=] &
L L17.4 %
Q —
] >
C w
L11.6
224
35 +58
20 1+ ‘ : : - : ) Ad 4 s 4130 L0.0
00 02 04 06 08 10 12 14 186

L (m)

Fig. 5. Distribution of sectional mechanical properties along the WTB.
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Fig. 6. Variation of sectional properties along the WTB length: cross-sectional area (A), inertia moments I, and I,,, and polar moment .J.

3.1. Sectional analysis CWTB

Figure 5 shows the distribution of sectional mechanical properties along the WTB, from the root (L = 0) to the tip (L = 1.7 m),
obtained using laminate theory and cross-sectional modeling. The horizontal axis represents the longitudinal position L (m). Three
properties are presented: the sectional elastic modulus Eg,,, the sectional SEM Gg,,, and the bending stiffness ET.

Both Eg,. and Gg,, remain nearly constant along the WTB, with values ranging from 2.489 x 10'° to 2.519 x 10'° Pa and
approximately 3.8 x 10° Pa, respectively, indicating a relatively homogeneous laminate configuration. The 1.22% increase in EM
beyond 0.750 m is attributed to a reduction in the proportion of bidirectional plies, which exhibit lower longitudinal stiffness than
unidirectional plies from 42% in the root sections to 33% toward the tip. The SEM shows minimal sensitivity to laminate
configuration, with values remaining approximately constant at 3.8 x 10° Pa, exhibiting a variation of only 0.04%.

In contrast, the bending stiffness EI, decreases significantly from the root, with values close to 3.0 x 10* N-m? to values
approaching zero at the tip. This reduction is primarily associated with the progressive decrease in chord length, structural
thickness, and second moment of area, while the EM remains effectively constant.

Figure 6 shows the variation of sectional properties along the WTB length. The cross-sectional area is largest at the root (»
2.1 x 10~*m?) and gradually decreases toward the tip, consistent with a design that concentrates structural strength where loads are
highest. Similarly, the second moments of area I, and I, decrease along the WTB, with I,, being dominant, indicating higher
stiffness in the edgewise direction.

The polar inertia moment J exhibits a more pronounced drop, particularly near L ~ 0.2 m, due to a geometric transition in the
WTB design. Overall, the results reflect a typical WTB distribution, with high stiffness at the root and a gradual reduction toward
the tip to optimize mass and aerodynamic performance. However, abrupt variations may influence the structural and dynamic
response.

3.2. Shear correction factor

The numerical implementation was validated against published results for box, circular-tube, and WORTMANN FX sections.
Relative differences ranged from 0.6% to 3.11% (Table 3), confirming that the formulation reproduces established results for both
conventional and aerodynamic geometries. The box formulation in [11] was previously validated with ANSYS (maximum error of
0.6%), so this agreement provides an indirect finite-element reference. However, this does not equate to a 3D validation of the
complete blade. The presented approach constitutes an efficient experimental-analytical alternative; a direct comparison with a
detailed finite-element model is proposed as future work. After validation, the formulation was applied to the WORTMANN FX
profile (for which no reference factors were found). The difference between r, and «, reflects the directional shear response of the
slender, hollow aerodynamic geometry.

Table 4 summarizes the spanwise variation of the section-specific shear correction factors, calculated using the methodology
described in Section 2.4.1. Here, x§“and ri¢correspond to shear deformation along the Y- and X-directions, respectively. A
pronounced directional dependence is observed along the blade. From root to tip, xj*“decreases, whereas x3¢“increases and gradually
stabilizes. This behavior is associated with the transition from the rectangular root section to the WORTMANN FX63-137 profile and
with the progressive reduction in chord along the blade span.

3.3. Experimental analysis CWTB

Figure 7 shows the WTB response after the impact of hammer excitation. Figure 7(a) indicates that the acceleration exhibits a
damped free vibration with decreasing amplitude, ranging from a maximum of 22.43 m/s? to a minimum of 5.75 m/s2 The decay
reflects energy dissipation due to structural damping, with a damping ratio of ¢ = 0.0103. The regularity of the peaks indicates well-
defined modes without nonlinear behavior, validating the linear regime for modal analysis. In Fig. 7(b), the frequency spectrum
shows peaks at 1.3 Hz, 7.6 Hz (dominant mode), 23 Hz, and 45.5 Hz, which correspond to a flexible structure typical of small-scale
WTBs.

Table 3. Validation of shear correction factors for different cross-sections.

Cross section Literature x,/x,  Presents,/s, Error (%) Reference
Thin-walled box 0.2232/0.6105 0.2251/0.6142  0.85/0.6 [11]
Circular tube 0.5000/0.5000 0.5054/0.5054 1.1/11 [12]
WORTMANN FX 0.9200/0.8900 0.9283/0.9177 0.9/3.11 [15]
Thin walled WORTMANN FX NA 0.0958/0.7458 NA Present
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Table 4. Distribution of the shear correction factor along the CWTB sections.

L [m] Chord [m] Ry R5EC Section

0.120 0.121x0.055x0.006 (b xh x ¢) 0.2021 0.6357 Rectangular
0.340 0.1752 0.1282 0.7111 WORTMANN FX63-137
0.680 0.1404 0.0462 0.7934 WORTMANN FX63-137
0.935 0.1123 0.0344 0.8053 WORTMANN FX63-137
1.020 0.1036 0.0326 0.8073 WORTMANN FX63-137
1.360 0.0710 0.0290 0.8110 WORTMANN FX63-137
1.700 0.0388 0.0279 0.8121 WORTMANN FX63-137

Table 5. Estimation of the dynamic SEM G, of the WTB based on modal analysis of the first four vibration modes.

Mode f..,. Present(8L), (SL)..,, Uniformbeam [22] (L), Gp.(GPa) GZ (GPa) Error (%)

1 1.30 1.657 1.6563 1.8751 3.7919 3.8328 1.0660
2 7.60 3.722 3.7161 4.6941 3.8322 3.8328 0.0160
3 23.0 6.660 6.6231 7.8548 3.8556 3.8328 0.5950
4 45.5 9.370 9.2680 10.995 3.7995 3.8328 0.8680
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Fig. 7. Modal response of the CWTB: (a) Damped free vibration in the time domain, (b) Frequency spectrum with identified natural frequencies at 1.3,
7.6, 23, and 45.5 Hz.

3.4. Experimental shear elastic modulus

The dynamic SEM G, of the WTB was evaluated using the following parameters: L = 1.7m, EE = 25 GPa, p5, = 1780 kg/m?, mass
M = 3.3kg, equivalent area A2 = 0.001224 m?, IZ = 8.23 x 1072 m*. The determination of EZ, AZ, and IZ . is described in detail in
[9]. The equivalent shear correction factor %, (Eq. 32) is obtained by condensing the sectional shear correction factors into a single
value using a length-weighted average. For the analyzed sections, x7, , = 0.06 (in directionY) and 7, y = 0.78 (in direction X) were

obtained:

E? ;L
kB = S (32)

Table 5 presents the dynamic SEM G, of the WTB estimated from the first four vibration modes, with experimental natural
frequencies of 1.3, 7.6, 23, and 45.5 Hz. The experimental values of (3L)? show strong agreement with the corresponding fitted
values, confirming the consistency of the inverse identification procedure.

Compared to the uniform beam solution, the theoretical values of (3L)? are lower, with differences ranging from 11-20%. This
discrepancy is attributed to geometric and stiffness nonuniformity along the WTB, leading to deviations from the constant-section
assumption.

The dynamic SEM G/, lies within the range of 3.79-3.86 GPa, with an average value close to G2, = 3.8328 GPa. The relative error
remains below 1.1% for all modes, reaching a minimum of 0.016% in the second mode.

These results demonstrate that modal analysis enables highly accurate and robust G, estimation, with greater reliability from
the second mode onward. The low dispersion across modes confirms the validity of the equivalent model and the consistency of
the estimated mechanical properties.

4. Conclusion

An experimental-analytical methodology was presented for identifying the effective SEM in CWTB. The following conclusions

were drawn:

— The integration of experimental modal analysis with detailed sectional structural modeling enables the accurate and
consistent estimation of the dynamic SEM, with deviations below 1.1% across vibration modes, validating the reliability of
the proposed procedure.

— Theidentified SEM exhibits low dispersion (3.79-3.86 GPa), demonstrating the robustness of the methodology, with improved
accuracy from the second vibration mode onward.

— The observed differences (11-20%) relative to the uniform beam model highlight the influence of geometric and stiffness
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variations along the WTB, confirming the need for models with variable sectional properties.

— The sectional analysis, based on CLT and thin-walled section modeling, accurately captures the distribution of mechanical
properties, particularly the progressive reduction in bending stiffness and inertia moments toward the tip, consistent with
WTB structural design.

— The proposed formulation for the shear correction factor shows good agreement with reported values for rectangular hollow
sections and extends its applicability to anisotropic CWTB geometries. Furthermore, it is demonstrated that this factor varies
along the WTB length as a function of sectional geometry, making it a key parameter for accurately representing shear effects
in equivalent beam models.
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