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Abstract. Composite materials are becoming key elements in constructing advanced structures
such as aircraft. These structures offer the benefit in terms of optimization between strength,
stiffness, and weight. In recent studies, the concern of composite structures applications is the
understanding of their failure modes such as crack and delamination, including complex fiber
orientations. The presence of crack with various fiber orientations may affect the stiffness of the
structure. In aircraft applications, particularly wing structures, the issue is more challenging due to
the coupling of aerodynamic load and flexible structure which leads to aeroelastic phenomenon of
flutter. Therefore, this study aimed to investigate the effect of crack on dynamic characteristics of a
unidirectional composite simplified wing-like structure. The experiment was conducted by
constructing the finite element model of a simplified wing-like structure as the basis, which was
modeled as a unidirectional composite plate structure with some predefined fiber directions. To
model the damage, a chordwise crack was inserted into the structure, whose length and location
could be varied. Modal analysis was conducted to obtain dynamic characteristics of the composite
structure, namely natural frequencies and mode shapes. The changes in natural frequencies and
mode shapes for different combinations of fiber directions, crack lengths, and crack locations, are
quantified and analyzed. Modal Assurance Criteria (MAC) was used to quantitatively evaluate the
similarity of the mode shapes for different fiber orientation settings. The results showed that the
order of the first six vibration modes, namely bending and torsion, was not altered by the change of
fiber orientations but affected the value of natural frequencies. Furthermore, the existence of crack
could reduce the natural frequencies significantly. MAC evaluation also showed that crack length
could change the order of the mode shapes and the natural frequency of particular modes. For the
fundamental modes, first bending and torsion, the natural frequencies decrease by approximately
20% as crack moves closer to the root. The changes in natural mode order and frequencies
influenced the occurrence of couplings between modes capable of affecting the stability boundary
in aeroelastic case.
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1. Introduction

The use of composite materials in high-performance applications is growing
significantly in recent decades (Warren, 2004). Composite materials enable the
optimization of the mechanical performance of the structures, namely stiffness, strength,
and weight reductions (Dursun and Soutis, 2014). In other applications, composite is also
used for noise and vibration controls (Zulkarnain et al, 2024). Recently, in aerospace
industry, composite materials in the form of carbon fiber reinforced polymers (CFRPs),
have been used to construct the main component of aircraft structures (Galos, 2020). As an
example, more than 50% airframe structures of Boeing 787 (Hale, 2006) and Airbus A350
XWB (Kinsley-Jones, 2006) are made of CFRPs. Despite their growing application,
composite structures in aircraft are still concerned with distinct types of failure,
particularly delamination and crack (Purnowidodo et al., 2018).

In aircraft applications, the operating conditions exert complex combined load cases,
such as the interaction between aerodynamic and structural dynamic loads (Wright and
Cooper, 2015; Bisplinghoff and Ashley, 2013; ESDU, 2004). One of the cases concerning the
incident of crack and aero-structure interaction has been reported by the National
Transportation Safety Board (NTSB, 2012). A racing aircraft experienced a structural
failure which caused control loss and collision with airport ground, leading to fatal injuries
on the pilot and people on the ground. From the investigation, it was found that the fatigue
crack in one of the elevator’s screws caused stiffness reduction of the elevator system
leading to flutter in the aircraft normal racing’s speed range. Flutter is one of aeroelastic
phenomena that occurs when two or more vibration modes are coupled by unsteady
aerodynamic forces, leading to damping loss and dynamic instability (Hoseini and Hodges,
2019a; Hodges and Pierce, 2011). The incident has shown the importance of the interaction
between fracture mechanics and aeroelasticity, known as aerofracturelasticity (Abdullah,
Curiel-Sosa, Akbar, 2018). These two fields interact as aerodynamic load induces the
initiation and propagation of crack causing changes in load distribution on the structure.
Crack reduces the stiffness of the structure, which increases the deflection and the stress
levels. The low stiffness also decreases the natural frequencies and aeroelastic instability
speed inducing a high dynamic stress level. This higher stress level increases crack size,
which continues in a loop leading to the occurrence of aeroelastic instability in the flight
envelope of the aircraft. According to a previous study, the stiffness significantly affects the
flutter boundary (Torabi et al, 2021; Castravete and Ibrahim, 2008).

One of the earliest studies on aerofracturelasticity of composite structure was
discussed in (Strganac and Kim, 1996), investigating panel and bending-torsion flutter for
cantilevered composite plate. The results showed that aeroelastic responses are dependent
on the distribution of damage. (Pidaparti and Chang, 1998; Pidaparti, 1997) also described
that the free vibration and flutter characteristics of composite plates were influenced by
the existence of damage. However, these previous studies (Pidaparti and Chang, 1998;
Pidaparti, 1997; Strganac and Kim, 1996) only investigated aeroelastic phenomena in a
supersonic regime as aerodynamic models used piston theory which was more appropriate
for analytical approaches.

Wang et al. investigated aeroelastic flutter and divergence speed limits for damaged
composite in the subsonic regime. Unidirectional composite plates with various fiber
directions, elastic axis, crack locations, and lengths were also evaluated (Wang et al, 2005a).
The composite plate structure was represented using a composite beam while aerodynamic
load was modeled with 2D quasi-steady strip theory. Similar to Strganac (Strganac and Kim,
1996), the edge crack was represented using a reduced stiffness modulus property.
Abdullah (Abdullah et al, 2019) studied crack behavior of unidirectional composite plates
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using XFEM under aeroelastic gust loads, where the structure model was represented with
3D elements, and aerodynamic load was shown by the Doublet Lattice Method (DLM). Finite
Element Method (FEM) coupled with fluid dynamics or aerodynamics solver has been well
established for use in complex configurations such as wing with advanced materials (Akbar
et al, 2022) or wind turbine blade (Hamza et al, 2023). Another study by Hoseini and
Hodges examined the linear and nonlinear divergence as well as flutter of damaged high-
aspect-ratio composite wings (Hoseini and Hodges, 2019b).

Despite the elaborated efforts in the study of aerofracturelasticity of composite, there
is a lack of discussion on the effect of crack on structural dynamic characteristics of the
structure before aeroelastic instability evaluation (Sharma et al,, 2023; Wang et al.,, 2023).
Previous studies had discussed the structural dynamics of the damaged composite plate
(Wang et al, 2005b). The results showed that the bending and torsion natural frequencies
for composite with a particular fiber direction could coupled due to crack. This shows the
need to consider the effect of fiber orientations and the presence of crack on the natural
frequencies and the mode shapes of a structure. This process is essential to obtain a
comprehensive picture of dynamic characteristics of composite structures, thereby
addressing instability phenomena such as flutter and divergence. Although a few studies
have been published on this topic, the influence of crack presence on dynamic
characteristics of a structure was not thoroughly explored.

Based on the description, this study aimed to explore the effect of crack on dynamic
characteristics of simple wing structures using FEM (MSC Software Corporation, 2009;
Cook et al, 2001). To minimize the complexity, the study was carried out for a wing model
in the form of a cantilevered unidirectional composite plate, focusing on static crack
without any propagation. Parametric analyses were carried out to evaluate the effect of
varying crack sizes and locations on the wing with several fiber orientations.

2. Methods

2.1. Finite Element Model and Validation

The cantilevered wing model used in this study referred to the composite plate
discussed by Wang and Abdullah, as shown in Figure 1.a (Abdullah et al, 2018; Wang et al.,
2005a). The chord length, c, is 100 mm, the wingspan, L, is 500 mm, and the thickness, h, is
5 mm. Fiber orientation, as represented in green in Figure 1.3, is measured from the mid-
chord of the wing with 1-axis representing the direction of fibers and 2-axis showing the
direction perpendicular to fibers on x-y plane. The angle of 6=0° indicates that fibers are in
line with the x-axis. The location of crack, as represented in blue in Figure 1.a, measured
from wing root and its length, are indicated with 1 and a, respectively.

The modelling of cantilevered wing was conducted using shell elements with a
rectangular mesh of 20x25 mm, as shown in Figure 1.b. The mesh size followed the
increments of the length in chord direction and the location of crack in span direction.
Based on the mesh size, the total number of elements used in this model was 100. To
replicate the behavior of a cantilevered wing, fixed boundary conditions were applied at
the root of the wing. The use of shell elements provides an advantage in modeling crack as
a slit on the wing surface (Georgiou, Manan, and Cooper, 2012). Additionally, at crack
location, there is a duplication of nodes to replicate the physical condition of crack. In
comparison, (Wang et al, 2005b) conducted wing modeling by using beam elements and
crack was represented by a reduced stiffness modulus property. This refined method
ensures a more accurate representation of crack’s influence on dynamic characteristics of
composite wing structure.
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Dynamic characteristics of the wing with fiber directions of 8 = 0° is used as the
baseline model. Parametric studies are performed by varying fiber direction for the
undamaged wing and by varying crack position and size for the 0° fiber orientation wing.
Subsequently, the results are analyzed by comparing with the baseline model. Fiber
orientation is varied from 0° to 135" with 15° increments. For the variation of crack
parameters, crack length, which further is called as n=a/c, is varied from 0.2 to 0.8 span
with 0.2 increments. Crack location, which is expressed as &=1/L, is varied from 0.2 to 0.8
with 0.1 increment. The material properties of the composite and their constitutive values
are provided in Table 1 (Abdullah et al, 2018; Wang et al,, 2005a).

Surface 2

\
Mesh
Slze
(J mm "y
25 mm Edge Crack

Modeling

Figure 1 Structural modeling with (a) general parameters and (b) finite element model

2.1. Modal Analysis and Modal Assurance Criteria

Modal analysis examines dynamic characteristics of a structure in the frequency
domain. This analysis uses the structure's overall mass and stiffness to determine the
natural frequencies at which the structure will resonate. Modal analysis includes solving
the eigenproblem as shown in Equation 1 (MSC Software Corporation, 2009). The natural
frequencies (w) are obtained as the eigenvalues, while the eigenvectors represent the
corresponding mode shapes ().

[M7K —AlYy =0; 1 = w? (D

Fiber orientations and the presence of crack affect the mode shapes, while the
corresponding natural frequencies obtained from the modal analysis (Tsunematsu and
Donadon, 2019; Lee et al,, 2016; Honda and Narita, 2012). The effect of each parameter on
the natural frequencies is analyzed through comparison with the natural frequency of the
baseline model (the 0° undamaged model) with similar or almost similar shapes. The
similarity of the two modes is quantified using Modal Assurance Criteria (MAC) (Gres,
Dohler, and Mevel, 2021; Allemang, 2003).
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MAC measures the collinearity between two mode shape vectors and its value is a real
scalar ranging from 0 to 1. The value of 0 indicates that the two modes are not similar and
1 shows very similar. The value of MAC of the two modes is determined using Eq. 2, where
1) represents the mode shape matrix with the size of 1 X n. In this equation, n is the number
considered nodes, the subscript r denotes the reference, c represents the comparison, and
the asterisk signifies the complex conjugate of the mode shape.

Table 1 The value of (a) composite properties and (b) constitutive values

(a) (b)

Parameter Value Unit Constitutive values Value Unit
Fiber elasticity modulus (Er) 275.6 [GPa] C11=C22 6.85 [GPa]
Matrix elasticity modulus (Em) 2.76 [GPa] C12=C21 3.14 [GPa]
Fiber shear modulus (Gf) 114.8 [GPa] C13=C23=C31=Cs2 0 [GPa]
Matrix shear modulus (Gm) 1.036 [GPa] Css 2.65 [GPa]
Fiber Poisson’s ratio 0.2 []
Matrix Poisson’s ratio 0.33 [-]
Fiber mass density 1900 [kg/m3]
Matrix mass density 1600 [kg/m3]
Fiber volume fraction 0.5 [-]

i — TP 2
W 3 {Yr Hw Y W}

3. Results and Discussion

3.1. Validation of the Baseline Model
Initially, analysis is carried out on dynamic characteristics of the undamaged wings

with 0° fiber direction, designated as the baseline model in the parametric studies. For this
baseline model, the results obtained from modal analysis are presented and compared with
the referenced work, as shown in Table 2. The overall relative errors obtained from the
comparisons are below 2%. The model is validated and can be used to perform further
study. Based on the mesh convergence test on the first bending mode in Figure 2, the result
shows that the number of elements used in this study, which is 100, is converged relative
to the higher number of elements.

The modes of the baseline model are sorted based on the increasing order of the
natural frequencies, as shown in Table 2 and Figure 3. The comparisons of dynamic
characteristics obtained from this study with the reference are conducted through visual
judgment to make sure that each matching frequency has the same mode shapes. The first
six mode shapes of 0° undamaged wing sequentially include first bending (1B), second
bending (2B), first torsion (1T), third bending (3B), first swaying (1S), and second torsion
(2T). These vibration modes notation will be used in further discussion. For a wing with a
different fiber orientation or damage, dynamic characteristics results sorted by considering
the increasing values of natural frequencies show different order of mode shapes.
Therefore, MAC values of modes obtained from each baseline model are calculated to
identify two modes with similar shapes. After the identification of the two similar modes,
the change in the natural frequency of mode can be determined.
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Table 2 Modal analysis results comparison

Natural Frequency (Hz) Error [%]
Mode Shapes Wang et al. Abdullah et al. Present Wangetal.  Abdullah et al.
(2005a)* (2018)* Work (2005a)* (2018)*

1st Bending 1B 6.94 5.87 5.86 15.53 0.14
2nd Bending 2B 43.47 36.59 36.57 15.88 0.06
1stTorsion 1T 62.81 60.54 61.38 2.27 1.39
3rd Bending 3B 121.71 102.87 102.80 15.54 0.07
1stSwaying 1S - - 111.52 - -

2nd Torsion 3T 197.45 184.23 186.75 5.42 1.37

* Wang (2005a) and Abdullah (2018) did not present the result of the first swaying mode
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Figure 2 Mesh Convergence of the First Bending Mode Natural Frequency

6701

(b)

a0

(d)
Figure 3 The first six mode shapes: (a) 1B, (b) 2B, (c) 1T, (d) 3B, (e) 1S, and (f) 2T
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Figure 3 The first six mode shapes: (a) 1B, (b) 2B, (c) 1T, (d) 3B, (e) 1S, and (f) 2T (Cont.)

3.2. The Effect of Fiber Orientations on Dynamic Characteristics of the Undamaged Wing

Figure 4 shows MAC of the 6 modes obtained from the wing with 0°, 30°, and 45° fiber
orientation calculated relative to the baseline model. The results show that MAC between
the modes in each case and baseline model are maximum in the diagonal position. This
indicates that the first mode of each case corresponds to the baseline model and for other
vibrations. Similar results are also obtained for wings with other fiber directions. The
variations of fiber orientations in this study do not affect the sequence of vibration modes
compared to the baseline.
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Figure 4 The value of MAC for modes of (a) 0° (b) 30° and (c) 45°fiber orientation case
relative to the baseline modes
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After determining the mode sequences for each case, the effect of fiber direction on the
geometric similarity of the mode shapes can be evaluated. Figure 5.a shows the highest MAC
values of the modes related to the baseline model for each case. For all fiber orientations,
including the first and the fifth modes, namely first bending and first in-plane bending, MAC
is 1. This indicates that the shape of modes for each case is the same as baseline. All modes
of the 90° fiber orientation wing have the same shape as baseline. This is confirmed by
Figure 5.b, showing that the first three modes of wing with 90° are the same as baseline.
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Figure 5 (a) The color map of MAC value regarding the varying fiber orientations in the
first six mode shapes (b) Visual comparison between 0° and 90° orientations modes

The changes in natural frequencies of the wing due to different fiber orientations are
shown in Figure 6.a. The frequency of each mode shape fluctuates as fiber orientation is
changed from 0° to 90°, which is more pronounced at higher values. For varying fiber
orientation from 0° to 45°, each natural frequency increases or decreases, reaching a
maximum or minimum at 45°. Subsequently, from 45° to 90°, each natural frequency goes
in the opposite direction and reaches the same value at 90° as baseline wing (0°). For this
wing model, the span-wise bending stiffness of fiber orientation at 90° is the same as
baseline wing (C11=C22).
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Figure 6 (a) The graph of natural frequency vs. fiber angle for the first six modes (b) The
comparison of the first four natural frequencies of the undamaged model with fiber angle
variation to prior work
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The results show that fiber orientation affects dynamic characteristics of the wing as
shown by MAC in Figure 5.a and the natural frequencies in Figure 6.a. Special fiber
orientations observed in this study are 45° and 90°. The wing with fiber orientation of 45°
has the largest difference with baseline while the mode shapes are similar to baseline wing.
For wing with fiber orientation of 90°, the natural frequencies and the mode shapes are the
same as baseline wing.

Figure 6.a shows that the natural frequency curves do not cross each other. This
confirms that the mode shape sequence of the wing is unchanged with varying fiber
orientation. However, (Wang et al,, 2005a) found that there was an alteration of the mode
shape sequence as shown in Figure 6.b. These differences occur due to the modeling
method, as Wang used beam elements and incorporated fiber angles into the stiffness
matrix.

3.3. The Effect of Crack on Dynamic Characteristics of Wing

In this step, eigenvalue analyses are carried out for wing with 0° fiber orientation
comprising crack at position varying from ¢ = 0.2 to 0.8 with 0.2 increment. For each
position, crack size varies fromn = 0.2 to 0.8, with 0.1 increment. Eigenvectors for each
case are analyzed following the same procedure as in the previous section. The presence of
crack can change the sequence of mode-shapes. Figure 7.a shows the maximum MAC
between modes of wing with crack compared to baseline model for crack at position £ =
0.2 and size n = 0.2. In this case, MAC of modes of wing referred to the baseline modes, as
shown in Figure 7.a. This indicates that for fourth and fifth, mode shapes are similar to
baseline modes, respectively. The values of the maximum MAC are mostly less than 1,
showing that the corresponding modes have slightly different shapes. Based on the results,
eigensolutions of this wing can be re-sequenced according to the mode's similarity with
baseline model. Figure 7.b shows that the presence of crack at the same position but with
larger size, n = 0.4, changes the sequence of modes and similarity of the shapes.
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Figure 7 The value of MAC relative to the baseline modes for (a)é = 0.2 &n = 0.4 and (b)
§=02&n1n=08

After determining the maximum MAC values and resequencing the eigensolutions
based on their similarity to the baseline modes, the impact of cracks on the mode shapes
can be analyzed. This report focuses on the first four mode shapes. Figure 8.a shows the
maximum MAC values for all cases corresponding to the first baseline mode (1B). A
maximum MAC value of 1 indicates that the geometry of the 1B mode remains unchanged
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regardless of the presence of crack. Figure 8.b shows the maximum MAC values for modes
most similar to the second baseline mode (2B). For crack lengths less than 0.4c, MAC values
are 1, suggesting that crack smaller than 0.4c does not alter the shape of the 2B mode.
However, a larger crack closer to the wing root alters the shape of the 2B mode. As shown
in Figure 8.c, the maximum MAC values for modes are most similar to the third baseline
mode (1T). For crack lengths under 0.4c, MAC values are 1, indicating no change in the 1T
mode shape for smaller cracks. A larger crack near the wing root modifies the 1T mode
shape. Figure 8.d presents the maximum MAC values for modes most similar to the fourth
baseline mode (3B). Crack smaller than 0.4c do not alter the 3B mode shape, as shown by
MAC value of 1. A larger crack closer to 0.6L significantly changes the 3B mode shape.

Figure 9.a shows the natural frequency of the wing for crack position at ¢ = 0.2 with
varying lengths. In this case, increasing crack length lowers the natural frequencies. The
most affected mode is the 1T, where its natural frequencies are significantly reduced and
close to the 2B for crack size of 0.8c. Figure 9.b shows the natural frequency of the wing for
crack length of n = 0.2 and varying positions. In this case, crack location does not
significantly affect the natural frequencies of all modes.
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Figure 8 The color map of MAC value for the first four modes: (a) 1B, (b) 2B, (c) 1T, and (d)
3B

To provide more complete information on the effect of the presence of crack, the values
of natural frequencies of mode at each position and size are tabulated and given a color map
according to their magnitude, as shown in Table 3. Lighter colors are related to lower
frequencies and vice versa. The table shows that the natural frequency of the first bending
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mode decreases as crack location reaches the wing root, along with an increase in crack
length. This pattern is similarly shown for the first torsion mode. For the second bending
mode, the natural frequency reaches its minimum value around the half-span of the wing.
Additionally, for the third bending mode, the natural frequency decreases as crack length
increases, with the lowest value occurring at approximately 0.3L and 0.7L.

The changes in the natural frequencies and mode shapes due to the presence of crack
are correlated. For the 1B modes, their shapes are not affected by the presence of crack, as
shown by MAC values of 1 in Figure 8.a. The natural frequencies do not vary significantly
with minimum values occurring for n = 0.8 and ¢ = 0.2, as shown in Table 3. For the 2B,
the lowest MAC occurs for & = 0.2 while the lowest natural frequency occurs for £ = 0.5 in
each crack length. Slight significant effects are observed for the 1T mode where MAC values
are close to 1 and the natural frequencies do not vary significantly with minimum values
occurringatn = 0.8 and ¢ = 0.2. For the 3B, the lowest MAC occurs for ¢ = 0.2and ¢ = 0.6
for n more than 0.4 while the lowest natural frequency occurs for £ = 0.3 and £ = 0.7. The
results may shift when the analysis is carried out with finer increment of crack position
size.

120 ‘ ; ; ; ‘ ‘ ‘ 120
—e— 1B —e—1B
— 2B —p— 2B
100 3B 4 100 3B
1T 1T
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Figure 9 The natural frequency values for (a) ¢ = 0.2 with crack length variation and (b)
n = 0.2 with crack location variation

The reason why certain crack locations significantly affect dynamic characteristics can
be explained by using Figure 10 which shows the mode shapes for first three bending
modes. The 1B mode has the lowest natural frequency when crack location is close to the
wing root with the largest stress and strain during vibrations. A similar explanation may
also apply to the 1T mode. The 2B mode has the lowest natural frequency values for crack
position in the neighborhood of the half-span region, the antinode position which correlates
with high stress and strain. Similarly, the 3B mode has the lowest natural frequency values
for crack position close to the antinodes at 0.3L and 0.7L. These results show that the
location of crack near the antinode significantly affects the natural frequency.
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Table 3 The value of natural frequencies in several £ and n

. 1B | 2B
£ 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
0.2 5.82 5.67 5.38 4.92 36.52 36.28 3560 33.68
0.3 5.84 5.73 5.52 5.17 36.49 36.17 3542  33.70
0.4 5.84 5.78 5.64 5.40 36.40 35.76 3453 3248
0.5 5.85 5.81 5.73 5.58 36.34 3547 3386 3138
0.6 5.86 5.84 5.80 5.72 36.35 3551 3393  31.40
0.7 5.86 5.85 5.84 5.80 36.43 35.86 3472  32.68
0.8 5.86 5.86 5.85 5.84 36.51 36.26 3572 34.62
. iT 3B
£ 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
0.2 60.65  57.96 5351 4804 | 10245 10122 9883  95.20
0.3 60.73 5830 5422 4882 | 10221 10009 9642 9136
0.4 60.84 5874 5495 4914 | 10236  100.78  97.95  94.00
0.5 6096 5927 5602 5043 | 10256  101.63  99.62  96.13
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Figure 10 The bending mode shapes normalized displacements of undamaged wing model

4. Conclusions

In conclusion, a novel investigation of the effect of crack on the structural dynamic
characteristics of unidirectional wing-like composite plate was conducted using FEM.
Fundamental bending and torsional modes were also evaluated during the analysis.
Quantitative analysis using MAC was implemented to compare the mode shapes of different
fiber orientations. Despite the change in natural frequencies specifically composite with
45° orientation, variations on fiber orientation showed insignificant changes in the mode
shape pattern. The mode shapes of the composite plate with various crack configurations,
namely lengths and locations, were also compared through MAC. The variations in crack
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length caused a significant reduction in the mode shapes compared to baseline plate. The
similarity of the 2B and 1T modes of the damaged plate was reduced by 12-13% compared
to baseline. In addition, fundamental modes, namely the 1B and 1T modes had
approximately 20% natural frequency reduction when crack was located near the root.
Higher-order modes, such as the 2B and 3B modes, had the largest natural frequency
reduction when crack was near the antinode of the respective mode. In this case, as the
modes were changed and the frequencies reduced, the bending and torsion modes could
approximately be coupled even before the existence of aerodynamic loads. Therefore, there
might be shifting in the critical aeroelastic boundaries when the composite plate was
exposed to airflow.
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