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The present study proposes a modified random sequential absorption (RSA) algorithm to generate a representative volume
element (RVE) model for predicting the elastic properties of discontinuous curved fiber reinforced composites (DCFRCs)
with varying fiber waviness functions and orientations. A small-move method was proposed to modify the traditional RSA
algorithm. In comparison with the original RSA algorithm, the generation efficiency of the proposed modified RSA
algorithm increased by over 40%, and the achievable maximum fiber volume fraction could reach up to 15% with a fiber
aspect ratio of 15. The generated RVE model was utilized in conducting finite element analysis to investigate the effect of
fiber waviness and wavy functions on the elastic properties of DCFRCs. Finally, a modified rule-of-mixture was proposed to
predict the elastic properties of DCFRCs with various fiber orientations. The results indicated that the elastic properties
predicted by the modified rule-of-mixture were in good agreement with those obtained from the RVE model, thereby
demonstrating its effectiveness.
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1. Introduction

Discontinuous fiber reinforced polymer composites have
been increasingly utilized in a variety of applications, in-
cluding transportation [1], medical equipment [2], military
[3], and sports equipment [4] due to their exceptional pro-
cessability, low density, and excellent mechanical proper-
ties. In order to effectively design a composite structure, it is
crucial to establish an accurate and efficient numerical
model for predicting their mechanical properties.

The mechanical properties of a composite are significantly
influenced by the mechanical properties of its reinforced
fibers and matrices, as well as their microstructures. Various
microstructural parameters have been identified as having
significant effects on the elastic modulus of composites,
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including the fiber length-diameter ratio [5,6], the fiber or-
ientation [7], and the fiber volume fraction [5,6]. It is
worthwhile noting that the waviness of the fibers is a sig-
nificant microstructural parameter, particularly noticeable
with a large fiber length-to-diameter ratio. Figure 1(a) shows
a microstructural image of a long fiber reinforced thermo-
plastic composite, where a considerable number of fibers
exhibit prominent waviness. Another typical example can be
observed in carbon nanotube (CNT) reinforced composites
shown in Fig. 1(b), where the wavy nature of the carbon
nanotube is clearly evident. The curved fibers may have a
substantial impact on the mechanical properties of the
composites.

To date, several analytical methods have been proposed to
determine the mechanical properties of discontinuous
curved fiber reinforced composites (DCFRCs). Bapanapalli
and Nguyen [10] utilized the Eshelby-Mori-Tanaka model to
calculate the stiffness matrix of a unit cell of composite
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Figure 1 Microstructure. (a) Long fiber reinforced composite [8]; (b) CNT reinforced composite [9].

containing a curved fiber bundle with a half-sine wavy type.
The effect of fiber waviness on the elastic modulus of the
composites was accordingly examined. Tsai et al. [11] also
developed an analytical method based on the Eshelby
model. The influence of fiber waviness and distribution on
the elastic properties of composites with three typical fiber
orientation distributions including unidirectional, planar
random (2D-random) and three-dimensional random (3D-
random) distributions. Oller et al. [12] proposed a theore-
tical homogenized constitutive formulation to predict the
elastic modulus of a composite with a half-sinusoidal wavy
fiber. They discovered that the waviness of the fiber has a
significant effect on the elastic properties of the composite.
The aforementioned analytical methods only include a sin-
gle type of fiber waviness when predicting the elastic
modulus of DCFRCs, although the actual distribution and
orientation of fibers are complex depended on manufactur-
ing process.

The representative volume element (RVE) method has the
capability to incorporate more complex fiber shapes and
distributions within composites. The process of generating a
typical RVE for DCFRCs can be mainly categorized into
two methods. The first method assumes that the fiber wa-
viness is distributed randomly. A common algorithm used
for this purpose is the random-walk method, which can
create an RVE with a high fiber volume fraction. In this
method, the fiber is represented as chains of balls and the
fiber waviness is assumed to be irregular and controlled by
the random walk of these balls. For instance, Altendorf and
Jeulin [13] utilized the random-walk method to generate an
RVE with curved fibers. Originally they did not take into
account fiber overlap and then employed a force-based
method to separate the overlapped fibers. Herasati and
Zhang [14] proposed a modified random-walk method to
create an RVE of wavy CNTs by representing each wavy
CNT as a series of 3D small straight segments. They es-
tablished an RVE with a CNT volume fraction of 0.5% in
order to investigate the impact of wavy CNTs on the elastic

properties in CNT composites. Kumar et al. [15] proposed a
modified random-walk algorithm capable of generating an
RVE with straight, slightly wavy, and fully wavy shaped
fibers. The maximum achieved fiber volume fraction of
composites with aligned fibers using their method was
45.6% for fibers with a radius of 5 pm and an aspect ratio of
10. For a 3D uniform-random orientation state, they achieved
the maximum fiber volume fraction of 41.8% for fibers with
a radius of 3.6 um and a length of 100 pm. Another RVE
algorithm is the sequential addition and migration (SAM)
algorithm [16]. This algorithm establishes an RVE with
curved fibers by discretizing the curved fibers into multiple
straight segments, with the fiber waviness controlled by the
angle between the adjacent fiber segments. This approach
could result in a fiber volume fraction of more than 10% and
a maximum fiber aspect ratio of 240. In order to investigate
the impact of fiber waviness on the mechanical properties of
composites, it is essential to establish an RVE with a specific
type of fiber waviness. However, controlling the fiber wa-
viness precisely may be challenging for random-walk or
SAM algorithms. Therefore, it may be necessary to develop
an alternative method that assumes the fiber waviness fol-
lows a mathematical function.

Most of the researches have been focused on the devel-
opment of RVEs with fibers exhibiting sinusoidal or cosi-
noidal waviness. For instance, Velmurugan et al. [17]
employed an RVE to investigate the influence of fiber wa-
viness on the stiffness of composites containing curved fi-
bers. The fibers were assumed to possess a sinusoidal wavy
pattern, and only a unidirectional fiber state was taken into
consideration.

Zhang et al. [18] developed a novel RVE builder com-
bined with rigid body dynamics simulation to construct 3D
RVEs with random/aligned wavy CNTs at three different
volume fractions, i.e., 1.5%, 3.0%, and 4.5%. In this study,
the fibers were assumed to be full-sinusoidal wavy type.
Their results also indicated that this method has the ability to
generate an RVE with a fiber volume content of 10% for a
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3D-random orientation state with a fiber aspect ratio of 30.
Furthermore, Abdin et al. [19] proposed a method for gen-
erating RVEs of curved short fiber reinforced composites,
which describes fiber waviness using a mathematical func-
tion. This method is capable of generating RVEs with var-
ious complex types of fiber waviness. However, their study
only achieved a fiber volume fraction of 0.05% in the
generated RVE, which is significantly lower compared to
industrial composites. Therefore, it is essential to develop a
new algorithm for generating RVEs of DCFRCs that can
achieve relatively high fiber volume fractions while main-
taining specific wavy types and orientation states as required
in industrial applications.

The RVE model is widely acknowledged for its excep-
tional accuracy in predicting the elastic modulus of com-
posites. However, the calculation process can be extensive
and the modeling is complex, making it unsuitable for large-
scale engineering calculations. In contrast, the rule of mix-
ture (ROM) can be utilized to predict the elastic properties
of composites, typically demonstrating a relatively high le-
vel of computational efficiency. Typical ROM includes Cox
model [20], Halpin-Tsai model [21] and Chamis model [22].
The Cox model offers the compute method for longitudinal
modulus of unidirectional straight discontinuous fiber re-
inforced composites as

B = B+ En(1- 1)),

SL
tanh[T (1)
ny=1- T’
v
where
|26, P
ﬁ_ m 5 (2)

where ES™E" is the longitudinal modulus of straight dis-

continuous fiber composites. 7, is the fiber length efficiency
factor. E;r and E,, are the elastic modulus of fiber and matrix.
Vi is the fiber content fraction. L denotes the fiber length. G,
is the shear modulus of resin. 7, is the fiber radius. r; is a
parameter which is related to the fiber alignment and fiber
content.

Halpin-Tsai model gives the prediction formulas of the
longitudinal and transverse modulus of unidirectional
straight discontinuous fiber reinforced composites as

L
+ =
Estraight — ! rO”LV%E
L =y ¥ m
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For 2D-random and 3D-random distributions, there are
empirical formulas for calculating the elastic modulus of
straight discontinuous fiber reinforced composites as [23,24]

t‘ht73 traicht 5 traight
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straight straight
E L E T

where and denote the longitudinal and

transverse modulus for unidirectional straight discontinuous
fiber composites with the same fiber diameter, aspect ratio
and fiber content, respectively.

Up to now, the majority of existing ROM methods have
been proposed for predicting the elastic properties of
straight fiber reinforced composites. Limited ROMs have
been proposed to predict the elastic modulus of DCFRCs.

In this study, we present a modified random sequential
absorption (RSA) algorithm for generating the RVE of
DCFRCs. We propose a small-move method to enhance the
algorithm’s generation efficiency, enabling it to generate
RVEs with a fiber volume fraction of up to 15% and a fiber
aspect ratio of up to 15. Spline curves based on mathema-
tical formulations are utilized to describe the shape of fibers,
ensuring both fiber continuity and easy control of fiber
waviness. Furthermore, we investigate the influence of fiber
waviness and wavy functions on composite properties. Fi-
nally, we propose a ROM specifically tailored for DCFRCs
and conduct comparisons with RVE results to demonstrate
the effectiveness of the ROM.

2. Descriptions of RVE algorithm

2.1 Modeling of curved fiber

A global coordinate system for a typical curved fiber in a
three-dimensional space is illustrated in Fig. 2. The curved
fiber is mathematically represented by a half-sine function as

y= Asin(%x), (6)

where 4 is the wavy amplitude. L is the wavelength, which
means the end-to-end distance of a fiber. x represents the

Figure 2 Modeling of curved fiber.
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distance along the fiber direction, 8 and @ are the Euler
angles of fiber.

The waviness of the curved fiber is controlled by its
central axis, which is accurately represented using a spline
curve to ensure fiber continuity. The orientation distribution
of the fibers is described utilizing the second-order fiber-
orientation tensor

A, = diag(a;, a,,as), (7

where a;+a,+a;=1.

First, in order to describe the fiber waviness, a local co-
ordinate system is established with the origin located at the
starting point of a fiber, and the X-axis defined by the line
connecting its start and end points, as depicted in Fig. 3, The
fiber waviness is exclusively considered within the XOY
plane of the local coordinate system. The specified drawing-
points along the central axis are then utilized for sweeping to
obtain the geometry of the curved fiber.

The curved line connecting the start point and end point is
then divided into N equal parts, and the X-coordinates of
drawing-points in local coordinate system are determined as
specified

0,...,N). (¥

Thus, the local coordinates of each drawing-point can be
obtained as

i-L .
X = (=

)(i local

—[LL, f(%)r (i=0,....N), (9

where f(x) represents the mathematical function which
describes the fiber waviness.

The X-axis and Y-axis of the local coordinate system are
set as the same axes of the global coordinate system. Then,
the global coordinates of each drawing-point can be ob-
tained as

global
[x

draw ing-point

=[x/ (), 0]

drawing-point

. . T
:l%,f(%),o] , (=0,...,N). (10)

The initial global coordinates of each control point are
then calculated by rotating the drawing-points 90° clockwise
around the Y-axis using the Eq. (11). In this scenario, both of
the Euler angles of fiber (6 and @) are equal to zero and the

Y

Drawing-points

o 2 M| X
1

Figure 3 Local coordinate system for curved fiber.
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starting point of the fiber is located at the origin. Subse-
quently, the global coordinates of control points at each fiber
are obtained through coordinate transformation with varying
6 and @

0
X initial _ 0

1 drawing-point

k ( ) ] 0,...,N). (11)

This method ensures the continuity of fibers throughout
the entire axis and directly controls the waviness of the
fibers using a mathematical function y = £ (x). All fibers are
confined within the RVE in order to maintain the geometric
periodicity of the RVE.

0 -1
1 { X global
0

2.2 Detection of fiber overlap

The detection of overlap is a crucial step in the RSA algo-
rithm. By establishing control points along the fiber axis, not
only can direct control over fiber waviness be achieved, but
also a convenient numerical solution for detecting fiber
overlap can be obtained. The main procedure is listed as:
i) The final coordinates of each control point in the global
coordinate system can be obtained by performing a co-
ordinate transformation using spatial position information;

Xf“mal TXm]t]al+( ’y Z)
f“mal_
x..2)", (i=0,1,2,3,...,N), (12)
i LT
mmal .
(55

where Xl-final is the final global coordinates of i-th control

point after coordinate transformation. X imiﬁal is the initial

global coordinates of i-th control point. (x',y',z)" re-
presents the location coordinates in global coordinate sys-
tem of the fiber. The coordinate transformation matrix 7" can
be obtained from the orientation angles (@, 6) of the fiber by

cos® —sind 0 cosf 0 sind
T=|sin@ cos® 0 [x] O 1 0 | (13)
0 0 1 —sinfd 0 cosf

ii) Computing the minimum distance between control
points of the m-th fiber and control points of the k-th fiber;

min ,j=0,1,2,3, ...

XL N, meN", keN™), (14)

where X,” is the global coordinates of i-th control point of
m-th fiber. X jk is the global coordinates of j-th control point

of k-th fiber. ’X X jk ‘ is the distance between these two

points (Fig. 4).
Obviously, the use of more control points leads to a more
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k-th fiber
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j-th control point

i-th control point

Figure 4 Overlap detection.

precise calculation of the minimum distance. For this study,
the number of control points is set as 50.

iii) Determining the occurrence of overlap by comparing
the minimum distance with the fiber diameter.
di+d

5 J: No overlap,

min ‘X{”,X/.k | >

dl-+dj

min ‘X X /-k| < : Overlapped,

(1,j=0,1,2,3,.,N,meN keN"), (15)
where d represents the diameter of the fiber. A minimum
distance of 5% of the fiber diameter is utilized to prevent

(@ (BEGIN ) ®)

Add fiber with
‘ prescribed control

points equation

Generate the coordinates
of drawing-points

Generate the original
coordinates of control
points
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fiber overlap resulting from numerical calculation errors and
to avoid distortion of the meshed elements.

2.3 Modeling algorithm

The algorithm proposed in Fig. 5(a) utilizes the modeling
and overlap detection method mentioned earlier to generate
RVEs of DCFRCs. It is widely recognized that the RSA
algorithm encounters challenges in generating RVE with
high fiber volume content. Especially as the number of fi-
bers increases, finding the next suitable fiber becomes
challenging. Once fiber overlap is detected, it necessitates
re-searching for the appropriate fiber in the entire RVE re-
gion, resulting in low generation efficiency. Therefore, we
propose a small-move method to optimize the original al-
gorithm. As illustrated in Fig. 5(b), once the overlap of
fibers is detected, instead of discarding the generated fiber
and searching for a new one, a small move of (Ax, Ay) is
applied to the local coordinates of drawing-points of the
overlapped fiber until the overlapping is resolved or the
maximum number of moves (N_max) is reached. The op-
timization parameters (Ax, Ay and N_max) were set as

(BEGIN )

Add fiber with prescribed
control points equation

!

Generate the coordinates
of drawing-points

Generate the original
coordinates of control points

!

Generate the location
coordinates and orientation

l

Generate the location
—>| coordinates and orientation
angles of fiber

Generate new fiber

Record the
information of
new fiber

N
( END)

Move the drawing-
(Ax, Ay,)

\ angles of fiber

N_m=0

Generate new fiber

Record the

information of
new fiber

Vi<[Vi]obj

Figure 5 Modeling algorithm for CDFRCs. (a) Original algorithm; (b) modified algorithm.
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{Ax—Ay—df/S, 16)

N _max = 10,

where d; represents the fiber diameter.

By conducting an RVE analysis of the same DCFRCs, the
completion times of these two algorithms were compared
using the same computer. Equation (6) was utilized to de-
scribe the fiber control points, with 4 set at 5 and L set at
105. The fiber diameter was specified as 7, and a 3D-ran-
dom orientation distribution with a fiber volume fraction of
10% was taken into consideration. For each algorithm, the
generation process was repeated three times, and the com-
pletion times were recorded. As shown in Table 1, the
modified algorithm exhibits higher generation efficiency
when producing RVEs with a relatively higher volume
content (10%) compared to the original algorithm. The
average generation time is reduced by over 40%.

Compared to the original algorithm, the modified algo-
rithm is capable of generating RVEs with higher fiber vo-
lume content. For instance, Fig. 6 illustrates the generated
RVEs of DCFRCs with a volume fraction of 15% in various
orientation states and wavy types. In Fig. 6(a), the depicted
RVE represents the composite with a half-sine wavy type in
a unidirectional orientation state, characterized by an or-
ientation tensor of diag (1, 0, 0). In Fig. 6(b), the RVE
represents a composite with 3/4-sine wavy type in a 2D-
random orientation state where the orientation tensor is diag
(172, 1/2, 0). Figure 6(c) illustrates the RVE with a full-sine
wavy type in a 3D-random orientation state denoted by an
orientation tensor of diag (1/3, 1/3, 1/3). Figure 6(d) shows a
random-oriented RVE containing a mixture of full-sine and
half-sine wavy fibers as represented by an orientation tensor
of diag (0.7, 0.22, 0.08).

2.4 Finite Element (FE) analysis

A commercial FE software ABAQUS was utilized to per-
form the FE analysis of RVEs. Previous studies [25-27] had
demonstrated that using an RVE length equal to twice the
fiber length is appropriate for determining the elastic prop-
erties of composites, which was also applied in this study.
Periodic boundary conditions (PBCs) were employed in the
RVE model to evaluate the elastic properties of the com-
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posites.

The geometry meshing utilized tetrahedral elements, re-
sulting in the creation of a free-type mesh as shown in Fig.
7. To ensure convergence, a mesh convergence study was
conducted by dividing the fiber circumference into 2 to 10
segments while employing 21 segments for the matrix
edges. An RVE with curved fibers comprising approxi-
mately 2% volume fraction under a half-sine wavy pattern
was utilized. The corresponding FE models consisted of
element numbers ranging from 76,541 to 913,692. As shown
in Fig. 8, the results of the mesh convergence study in-
dicated that achieving at least four segments for dividing the
fiber circumference led to converging values for elastic
modulus. Consequently, further FE simulations were per-
formed by subdividing the fiber circumference into more
than four segments.

The study investigated the impact of fiber waviness and
wavy functions on the mechanical properties of curved fiber
reinforced composites. According to the studies of Chanda
et al. [26], sinusoidal functions are a common characteristic
of fiber waviness in DCFRCs. Therefore, this study con-
sidered three types of fiber waviness: half-sine, 3/4-sine, or
full-sine. As shown in Fig. 9, three waviness functions are
included: half-sine, 3/4-sine, and full-sine types.

The composite utilized in this study was a carbon fiber
reinforced epoxy composite. The diameter of the carbon
fibers was set at 7 um, while their length ranged from
105 um. The elastic properties of these two constituent
materials are presented in Table 2.

3. Results and analysis

3.1 Model validation

To validate the accuracy of the FE results, existing experi-
mental results of CNTs reinforced composites were com-
pared with the FE predictions of the established RVE. The

Table 1 Comparison of generation time of two algorithms

No. Original algorithm Modified algorithm
109 (min) 61 (min)
112 (min) 59 (min)
3 102 (min) 50 (min)

(a)- (b)- | . | -

Figure 6 RVEs of CDFRCs with an orientation tensors. (a) Diag (1, 0, 0); (b) diag (1/2, 1/2, 0); (c) diag (1/3, 1/3, 1/3); (d) diag (0.7, 0.22, 0.08).
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Figure 7 FE model of RVE.

(a) (b)
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Figure 8 Mesh convergence study.
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Figure 9 Fiber wavy types. (a) Half-sine; (b) 3/4-sine; (c) full-sine.

material is a low density polyethylene (LDPE) resin-based
composite reinforced by multi-walled carbon nanotubes
(MWCNTs), the material properties of CNTs reinforced
composites for the validation study are listed as Table 3.

The raw granules of LDPE and MWCNTs were mixed at
140 °C for 20 min utilizing a mixer at the speed of
120 r min™', the molding pressure is 8 MPa and the molding
was repeated 10 times to ensure that the nanotubes were
evenly dispersed in the matrix [29]. The tensile properties of
the molded dog bone specimens were tested at a crosshead
rate of 100 mm min™" using an Instron machine according to
D638 standard [29].

According to the manufacturing process of the CNT re-
inforced composite sample, an orientation tensor of diag (1/
3, 1/3, 1/3) is selected, representing a 3D-random orientation
state. And the mathematical function of CNTs is simplified
as a half-sine equation as [28§]

y= 23.48sin(lzgﬁx). (17)

RVEs with CNTs weight content of 1% and 3% were
established, as illustrated in Fig. 10.

The error percentage between the RVE results and the
experimental results is listed in Table 4. It is evident that
there is a good agreement between the RVE results and the
experimental ones with an error less than 7%, thereby va-
lidating the accuracy of the proposed RVE method.

Table 2 Elastic properties of constituent materials

Material E (GPa) v
Carbon fiber 230 0.25
Epoxy 2.48 0.3

Table 3 Material properties of CNTs composite used for validation study
[28]

Parameter Value
E; (GPa) 1260
\Z 0.27
E, (GPa) 0.235
Vin 0.46

3.2 Effect of fiber waviness

In this section, the influence of fiber waviness on the elastic
properties of composites is analyzed under different or-
ientation states. Three commonly adopted orientation states
[14,29] are considered: (1) unidirectional, (2) 2D-random
distribution state, and (3) 3D-random distribution state. The
fiber content is maintained at a constant level of 10%, and
the wavy functions for each type of waviness are listed as

(1) Half-sine: y = Asin(%x),

e 3T
(2) 3/4-sine: y = A51n(2Lx),
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Figure 10 RVEs with different CNTs weight content. (a) 1%; (b) 3%.

Table 4 Percentage difference between RVE results and the experiment
results

Fiber Experiment RVE results Error
content (wt %) results [29] (MPa) (MPa) percentage (%)
261 245 6
3 284 271 5

(3) Full-sine: y = Asin(zTnx).

The elastic properties of the composites are determined as
a function of fiber waviness in different orientation states, as
illustrated in Figs. 11-13. Our findings demonstrated a sig-
nificant influence of fiber waviness on the elastic properties
of aligned fiber composites. An increase in fiber waviness
leads to a decrease in Ej; while causing an increase in Gy,
and E,. E;; is most sensitive to the fiber waviness for
aligned fiber composites. Particularly, E,, is significantly
affected by large fiber waviness. However, v, initially in-
creases and then decreases with increasing the fiber wavi-
ness. Therefore, when the fibers have an aligned distribution,
the prediction of elastic properties of composites is depen-
dent on the fiber waviness and should be considered. When
fibers are slightly misaligned, the influence of fiber wavi-
ness becomes insignificant. In the case of 2D-random or-
ientation state, the effect of fiber waviness on the
composite’s modulus is relatively small. Furthermore, for
3D-random orientation state, the impact of fiber waviness on
composite modulus is minimal. Therefore, for fibers with a
misaligned orientation state, the effect of fiber waviness on

424434-8

predicting elastic properties of DCFRCs becomes insignif-
icant, especially for a 3D-random orientation.

As already mentioned, the longitudinal stiffness of the
unidirectional composite is greatly reduced due to the fiber
waviness. Figure 14 illustrates the longitudinal stress dis-
tribution in the matrix under the same strain ¢, reinforced by
unidirectional straight and curved fibers with the same fiber
content. It is evident that the curved fibers increases the
stress level of the matrix, indicating the curved fiber re-
inforced composites may have a lower strength than that of
the straight fiber reinforced composites.

3.3 Effect of fiber wavy functions

The influence of fiber wavy functions on the elastic prop-
erties of unidirectional composites is also examined. Three
distinct types of fiber waviness are considered for the uni-
directional composite: half-sine, 3/4-sine, and full sine. For
each type of fiber waviness, two different wavy functions
are taken into account as

y=fix) = Asin(%x),

(1) Half-sine: P
44 L

y=hw=-5(x-%) <4

y=gx) = —Asin(%—?x),
y=80) = *%(%x - 2)(%)6 - 4),

y=z(x) = Asin(zTnx),
(3) Full-sine:
IV AV
y=2,00 = 3x(x - 3 ) D,

The effective composite modulus with different fiber
wavy functions for three distinct fiber wavy types is illu-
strated in Figs. 15-17. It can be observed that, regardless of
the fiber wavy type, different wavy functions yield almost
identical results. This implies that fiber wavy functions have
minimal impact on the properties of composites under a
specific fiber wavy type. Additionally, Fig. 15(b) reveals
that transverse modulus remains largely unaffected by fiber
waviness. This can be attributed to the fact that half-sine
wavy type exhibits the least waviness compared to 3/4-sine
and full-sine wavy types at the same amplitude A. Further-
more, from Figs. 16(b) and 17(b), it is evident that E,, in-
creases with an increase in fiber waviness. Therefore, it can
be concluded that the impact of fiber waviness on E,, be-
comes more pronounced as the degree of waviness increases
for unidirectional curved fiber composites.

(2) 3/4-sine:

3.4 Modified ROM for DCFRCs

Based on the analysis in Sect. 3.3, it is evident that the
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Figure 11 Fiber waviness effects on composite stiffness for half-sine type

elastic properties of DCFRCs are primarily influenced by
the magnitude of fiber waviness, regardless of the specific
mathematical function used to describe the fiber waviness.
Therefore, this section aims to adapt the ROM specifically
for DCFRCs in order to establish a quantitative relationship
between the magnitude of fiber waviness and the elastic
properties of DCFRCs.

For the longitudinal modulus of unidirectional DCFRCs,
similar to Cox equation, we assume the parameter " as the
fiber waviness efficiency factor, representing the influence
of fiber waviness on the longitudinal modulus of DCFRCs.
This assumption enables us to derive the expression for the
longitudinal modulus in curved fiber composites as

EL = ;/IL;/IIjVEfo—i_Emeﬂ
’7LW :f(Ps)a

where P, is the straightness parameter to quantify the tor-
tuosity of a fiber which is introduced by Rezakhaniha et al.
[30]. It is defined as the ratio of the end-to-end distance and
the actual length of a fiber.

It is important to ensure that the fiber waviness efficiency

factor meets the following requirements:

(18)
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(1) n" = 1, when £, = 1, which denotes the straight fiber.
(2) n," should be an increasing function of F, which
means that smaller P, causes smaller longitudinal modulus.
(3) n," is always bigger than zero no matter what value F,

takes.

Through the analysis of RVEs, we have successfully de-
rived the expression for the efficiency factor of fiber wa-
viness in relation to longitudinal modulus as

' =1—tanh(1 - B+ [T-R). (19)

The modified ROM for longitudinal modulus of uni-
directional DCFRCs is expressed as follows:

EL = ”L”I_‘,VEfV}-i_Eme’
Bl
tanh[7
ﬁ 5
2
" =1—tanh(1- P+ [T-F).

We select the Halpin-Tsai model to calculate the trans-
verse modulus due to its proven high accuracy in predicting

nL=1- (20)
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the behavior of short straight fiber composites. The analysis
presented above suggests that the impact of fiber waviness
on the transverse modulus of curved fiber composites in-
creases as the level of waviness rises. Similar to the long-
itudinal modulus, we introduce a factor representing the
efficiency of fiber waviness in determining the transverse
modulus and derive an expression based on the Rule of
Mixture for unidirectional curved fiber composites as fol-
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where 7 is the fiber waviness efficiency factor for trans- 3D-random
verse modulus. 1 4
e E.=zE +zEy, 23
For a 2D-random distribution state, the effect of fiber ¢ 5TL 57T (23)
waviness on the elastic properties of composites is found to

where E; and E; denote the longitudinal and transverse

be smaller than that of the composite with a unidirectional modulus for unidirectional curved fiber composites with the

fiber distribution. Through analysis of the results obtained

same fiber waviness, fiber diameter, fiber aspect ratio and
from the RVE, we can obtain fiber content, obtained from Egs. (20) and (21) respectively.
2D-random The modulus values obtained using ROM are compared
3 5 with the results from RVEs to validate the accuracy of the
E. = 3N EL+ gET, ROM, considering diffe?ent fiber orientatior%s, ﬁber'content
., 1P+ T (22) fractions, z.md ﬁber waviness. The comparative .ﬁndlngs are
n,p = 1 +tanh —s | presented in Figs. 18-20. Only one wavy function for each
wavy type is selected as
where 7,/ is the fiber waviness efficiency factor for 2D- (1) Half-sine: y = f;(x) = Asin(%x),
random orientation state. 3
The elastic properties of composites in a 3D-random (2) 3/4-sine: y = g(x) = —Asin(zx),
distribution state are minimally affected by fiber waviness,

making them similar to composites with short straight fibers

(3) Full-sine: y = z,(x) = Asin(zfnx).

—&—ROM

—@—ROM
—-RVE| ®) ——-RVE

E, for undirectional (GPa)

E; for undirectional (GPa)

Figure 18 Results comparison of ROM with RVE for half-sine wavy type. (a) Longitudinal modulus for unidirectional state; (b) transverse modulus for
unidirectional state; (c) elastic modulus for 2D-random state; (d) elastic modulus for 3D-random state.
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(2)

—&—-ROM ®)
——-RVE

E, for undirectional (GP2)

——RVE

=@—ROM

Eq for undirectional (GPa)

E, for 2D-random (GPa)

E. for 3D-random (GPa)

Figure 19 Results comparison of ROM with RVE for 3/4-sine wavy type. (a) Longitudinal modulus for unidirectional state; (b) transverse modulus for
unidirectional state; (c) elastic modulus for 2D-random state; (d) elastic modulus for 3D-random state.

The straightness parameters P, for every wavy function are
shown as Table 5.

The comparison results demonstrate the excellent pre-
dictive accuracy of the proposed ROM for the primary
elastic modulus of discontinuous curved fiber composites
across various orientation states. In the unidirectional state,
the maximum error is approximately 10%. For 2D-random
fiber alignment, although there is a maximum prediction
error of 11.3%, most errors fall within an acceptable range
below 10%. The ROM exhibits remarkable predictive ac-

curacy for 3D-random fiber alignment, with majority errors
remaining within a tolerable limit of 10%.

4. Conclusion

A modified RSA algorithm to generate RVEs for DCFRCs
has been presented, and the influences of fiber waviness and

waviness function on the elastic properties of the composite
have been examined. Subsequently, a modified ROM has
been proposed. The following conclusions can be drawn:
(1) The proposed modified RSA algorithm can easily
generate the RVE of DCFRCs with various waviness func-
tions. The maximum achievable fiber volume fraction can
reach 15% with a fiber aspect ratio of 15. The comparison
between RVE results and experimental results has demon-
strated its validation.

(2) The influence of fiber waviness on £y, is significant only
when the magnitude of fiber waviness is large, as revealed
by the effect analysis of fiber waviness on composite properties.

(3) The proposed modified ROM can be utilized for
predicting the elastic modulus of DCFRCs with varying fi-
ber orientation and content. The predicted results of ROM

demonstrate good agreement with the RVE results, provid-

ing an efficient method for predicting the elastic modulus of
DCFRCs.
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=@—ROM
——-RVE

E, for undirectional (GPa)

—@—ROM

——RVE

E, for 3D-random (GPa)

Figure 20 Results comparison of ROM with RVE for full-sine wavy type. (a) Longitudinal modulus for unidirectional state; (b) transverse modulus for
unidirectional state; (c) elastic modulus for 2D-random state; (d) elastic modulus for 3D-random state.

Table 5 Straightness parameters for every wavy function

Wavy function Wavy amplitude 4

Straightness parameter
5 0.9945
10 0.9785
y=h®) 15 0.9537
- Asin(%x) 20 0.9223
25 0.8866
5 0.9877
10 0.9537
y=g(x 15 0.9049
Asin[;—zx] 20 0.8488
25 0.7911
5 0.9785
10 0.9223
y=2() 15 0.8488
= Asin[zTnx] 20 0.7721
25 0.7001
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