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Abstract:

A three-dimensional differential quadrature model is developed to study the free vibration of fiber plane-
woven composite beams with arbitrary combinations of boundary conditions. The fiber-plain-woven
composite material is assumed to be a three-dimensional orthotropic anisotropic material. The vibration
model for the fiber-plain-woven composite beam is formulated by the three-dimensional elasticity theory
combined with the differential quadrature method (DQM), where various boundary conditions (including
free, clamped, simply-supported as well as elastic constraints etc.) are flexibly simulated by boundary
springs with variable stiffness. In order to clarify the accuracy of the developed model and methodology,
some free vibration solutions for isotropic, composite beams in different boundary combinations of free,
simply-supported, clamped and elastic constraints are given, where the current solutions are in good
agreement with the literature solutions and finite element numerical results. After that, some parameter
investigations are carried out to explore the impact of boundary stiffness, volume fraction and geometric
dimensions on the vibration properties. Additionally, the obtained new benchmark solutions for fiber-plain-
woven composite beams may be used to check the accuracy of other simplified beam theories.

Keywords: Vibration characteristics; fiber-plain-woven material; 3D beams; general boundary
conditions.

1. Introduction

significantly improves computational efficiency, it
proves inadequate for scenarios involving large
deformations, geometric nonlinearities, and
complex boundary conditions. Consequently,
researchers have developed advanced modeling
techniques for three-dimensional beam dynamics.
Contemporary studies not only encompass
experimental validation [4-7] but have also
pioneered numerical methodologies including:
Finite element methods [8-12], Modal Analysis
methods [13-16], Isogeometric analysis [17-24]
and so on. Jonker [25] developed a three-
dimensional beam element based on the
generalized strain beam formulation to investigate
the stability of elastic thin-walled open-section
beams in multibody systems. Nguyen et al. [26]
developed a geometrically nonlinear dynamic
model for three-dimensional beam structures
using the Lagrangian description, and applied it to
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The dynamic modeling of beam structures plays a
critical role in engineering practice. By
mathematically characterizing their behavior
under dynamic loads (e.g., vibrations, impacts, or
cyclic forces), it enables the prediction of
structural responses, prevention of resonance
failures, and optimization of vibration control
strategies. Furthermore, it provides essential
guidance for fatigue resistance design, safety
assessment, and performance enhancement in
fields such as bridge engineering, civil
construction, and  aerospace  applications,
ultimately  ensuring  structural  reliability,
durability, and cost-effectiveness.  Current
research  predominantly  simplifies  three-
dimensional elasticity problems into one-
dimensional formulations by introducing various
assumptions  [1-3]. While this approach
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analyze large deformation behaviors of both
straight and curved beams under various loading
conditions. Huang et al. [27] proposed a modified
smoothed particle method for effectively
analyzing the quasi-static and dynamic behaviors
of three-dimensional Timoshenko beams with
geometric nonlinearity. Nguyen et al. [28]
developed a three-dimensional beam analysis
model  within  the isogeometric  analysis
framework,  successfully  resolving large-
deflection responses of functionally graded curved
beams. Based on three-dimensional linear
elasticity theory, Qu et al.[29] employed the
variational principles and a multi-segment
modeling strategy develop a 3D model of a
composite  rectangular  parallelepipeds, and
analyzed the free and transient vibration
characteristics of the beams, plates as well as
solids. For the vibration problems of beam having
variable thickness cross-section, Chen et al.[30]
presented a three-dimensional isogeometric
vibration model considering axial functionally
graded materials, and investigated the impact of
some parameters, such as geometrical proprieties,
boundary conditions, etc, on the vibration
behaviors of the beam.

Engineering structures fabricated from woven
composites have found extensive applications in
marine and aerospace engineering due to their
superior  strength-to-weight ratios and high
specific stiffness [31]. Considerable research
efforts have been devoted to developing predictive
models for the mechanical properties of these
woven composite materials. Nicoletto et al. [32]
investigated the mechanical behavior of woven
fiber composites through an integrated approach
combining experimental characterization and
finite element simulations. Liu et al. [33, 34]
developed an extended mechanics of structure
genome approach for effective prediction of the
thermoelastic behavior of woven fiber composites.
Adumitroaie et al. [35] developed a generalized
three-dimensional analytical model to investigate
the mechanical properties of woven fiber
composites. Based on the simplified beam and
plate theory, Zhang et al.[36] used the differential
quadrature  finite element method (called
DQFEM) to derive dynamic equations of fiber-
woven shaft-disk rotor system with different
shapes of holes and investigate the material
parameters and hole parameters on its dynamic
behaviors. Tan et al. [37-39] employed finite

element modeling to predict the mechanical
properties and failure strength of woven fiber
composites. Zhang et al. [40] developed a
simplified finite element-based model to analyze
the micromechanical behavior of woven fiber
composites. Huang et al.[41] applied the called
first order shear deformation theory in conjunction
with generalized differential quadrature approach
to analyze the free vibration properties of a
conical-cylindrical combined shell made of
carbon-fiber plain woven reinforced composite, in
which the thermal environment was considered.

A comprehensive literature review reveals
substantial research achievements in both three-
dimensional beam dynamics modeling and
mechanical property prediction of woven fiber
composites.  However, studies specifically
addressing three-dimensional beams composed of
plain-woven composites remain notably scarce.
To address this research gap, the present work
establishes a free vibration analysis model for 3D
plain-woven composite beams under arbitrary
boundary conditions.  Within the unified
framework combining three-dimensional elasticity
theory and the differential quadrature method
(DQM), the plain-woven composite s
equivalently treated as a 3D orthotropic material,
while boundary spring technology is employed to
simulate various constraint conditions. The
validity of the proposed 3D-DQM model is
verified through comparative analyses with
existing analytical solutions and finite element
results. Furthermore, parametric  studies
systematically investigate the influence of
boundary constraints, material parameters, and
geometric  dimensions on the vibrational
characteristics of plain-woven composite beams.

2. Mathematical Formulations

The physical model and the associated coordinate
system of the 3D beam with rectangular cross-
section are displayed in Fig.1, and the symbols L,
B and H denote the length, width and thickness of
the beam, respectively. The beam is made of a
linear elastic three-dimensional fiber-plain-woven
material and it is assumed that the main axis of the
material is oriented in the same direction as the
axes of the adopted coordinate system. The
displacement components along the x-, y-, and z-
axes at any point in the beam are denoted as u, v,
and w, respectively, which are functions of the
spatial coordinates (X, y, z) and the time variable t.
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Note that only the surfaces at x = 0, L can be
subjected to arbitrary types of boundary

z

-y

-

conditions in the present study, while others
surfaces are assumed to be stress free.

...........

Figure 1: Geometric dimensions and co-ordinate system of a fiber-plain-woven composite 3D beam

2.1. Material Model

Fiber woven reinforced composites refer to a class
of advanced materials consisting of fiber woven
preforms as the reinforcing phase and
polymer/metal/ceramic  matrices, which are
consolidated through curing processes to form
integrated composite systems. In this paper, the
widely used carbon fiber orthogonal plain woven
reinforced resin matrix composites are selected,
whose material properties at different fiber
volume fractions are shown in Fig. 2 (See Ref.[36,
41] for the detailed descriptions). Of note, the
symbols Eis, E2, and Es; given in Fig.2 are used to
represent the Young's modulus in the principal
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Figure 2: Material parameters of fiber-plain-woven composite with different volume fractions V;

2.2. Displacement Field and Kinematic

Relations
According to the three-dimensional theory of

directions, when the shear moduli are denoted by
G2, Gyz and Gys. In addition, the symbols w12, i3
and w3 are the Poisson’s ratios and p is the mass
density. Here, the curves with the same color as
the vertical axis use that axis scale and label. For
example, the 2D curves corresponding to Eij, E2
and Egs3 share the blue axis in Fig.2(a), while the
ones related to Gip, Ga3 and Giz use the pink axis.
It should be pointed out that fiber-plain-woven
composite can be considered as a special
orthotropic anisotropic material. In terms of
isotropic beam, the corresponding engineering
constants are  set as: E11=Ex=Es3=E,
ti2=tz=poz=u  and  G12=G23=Gi3= E/[2(1+w)].
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elasticity, within the linear elastic regime, the
kinematic relations of an elastic body can be
expressed in vector form as

(1)
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Based on the generalized Hooke's law, the constitutive equations of a linear elastic body can be defined as:

o] [c, ¢, ¢, 0 0 0%
Oy C, C, Co 0 0 0%

0. % |_|Cs Cs C 0 0 0 |]& 3)
o, o 0 0 C, 0 0 |lg,
o, 0 0 0 0 GCs 0 |lg
o, L0 0 0 0 0 Cgj|,
Xy

in which the elastic modulus C; (i, j=1, 2, 3, 4, 5, 6) appeared in Eq. (3) is given by

1-—
C,=E, Hosts, .C, =E, Moy + :31/’123 Cp=Ey, Hay + Hoy M)

1w My + M 1—
C22=EZZM’C23:EZZM,C33:E3 HapHoy
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Rearranging the above constitutive relations, the vector form of Eq. (3) can be represented as follows

.
6={0 o, o0, O, O O'yz} =Ce

X y z Xy Xz

° Cl 0 C11 C12 C13 C44 0 0 (5)
C= 0 C ’Cl = C12 sz Cz3 vC2 =1 0 C55 0
? C13 C23 C33 0 0 Cse

2.3. Energy functionals
The strain energy of the three-dimensional fiber-plain-woven beam can be stated as
1 1 1
oy =§_[V8Tcdv =EIV8TC8dV =EIV(UTEI)C(E1U)dV (6)
where V denotes the volume of the beam, which is the integration region of the above equation, and
dV=dxdydz.

The kinetic energy of the three-dimensional fiber-plain-woven beam can be described in the form of the
displacement vector as follows
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1 -
° T=Ejvpu udv  (7)

The boundary conditions at the left and right ends of the beam are modeled using three sets of constrained
springs, and the additional boundary potential energy thus introduced is expressed as

(8)

¢ Uec :%J-v [(UTKBOU)L:o +(UTkBlU)|X=L:|dV
Kg; :diag(kui K. kwi),i =0,1

in which ky, ky and ki, represent the spring stiffness.

Superposition of Egs. (6) ~ (8) yields the overall energy generalization of the three-dimensional beam
structure as follows

® T U U, 9)
2.4. Vibration solutions

Based on Hamilton's principle, the control equations are obtained by performing variational operations as
follows

® ["sLdt=0 (10)

i.e.

° J‘:z[J'VSUTpU—SUTElTCElu—(SUTkBU)| OLdV]dt:O (11)

x=0,

In the basic framework of DQM, the beam structure is meshed in x, y, and z directions into N, M, and P
nodes, respectively. The above energy functions are discretized by converting the derivatives of the
displacement components into discrete form using differential operators. The discrete form is expressed as
follows

o UV 5UTIU-SUTETCE,U —SUTKBUdV}dt -0 (12)

where U denotes the overall node displacement column vector with dimension 3SNMPx1, which is arranged
as follows

U=[u v W]T

eg=[0, 9, - g gp]T,g=u,¥.w (13)
gkz[glk 92k 9k ng]
.
gjk:[gljk (¢ P Jijx gNjk:|

The remaining matrices can be determined as

I=p®1,®1,®1,,p=diag(p p p)

I, ®1, @D 0 0
0 I,®DP ®1, 0
0 0 DY®I, ®I,
E, = 1 1 ’
o ' |1,8D9®1, 1,81, ,®DY 0 (14)
D(11)®|y®|x 0 IZ®Iy®D(X1)
0 DY ®I,®1, 1,8DY®I,
c=C®l,®l, ®l = _
0 .- 0 00 0
00 00 0
KB:kBO®Iz®Iy®: . +k31®|z®|y®: Lo :
00 --- 0 00 -1
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in which the symbol &® represents the Kronecker
tensor product, Iy, Iy, I, are identity tensor of N

M™", P" order, and D}, D, DY denote the
matrices of differential weighting coefficients

corresponding to the 1st order derivatives in the x-
, y- and z- directions[42].

According to the DQM fundamentals, the triple
integral of the function f(x, y, z) over the domain
of definition can be written as

° j: Iyyl“” Lj” f(xy,z)dxdydz=Cpf (15)

where f denotes the column vector consisting of
the function values of the function f(x, y, z) at all
nodes, and Cp; is the NxMxP dimensional
diagonal matrix consisting of NxMxP three-

® U7 (1,,®Cy, )10 -8UTE] (15, ® Cyy ) CE,U—58U" (1, ® ) K UdV =0

dimensional integrally weighted coefficients, with
the specific expression referred to in ref.[42].
Then, Eq.(12) can be  written as

(16)

The discretized governing equations of the three-dimensional fiber-plain-woven beam can be obtained by
makingsUT =0, K =E] (I, ®Cy;)CE, +(1;,®Cp ) Ky, M =(1,,®Cp;)|

® MU+KU=0(17)

Assuming U= Ue!*, the modal problem of
solving IS converted to a  matrix
eigenvalue/eigenvector problem, which is solved
directly to obtain the intrinsic frequency and
modal shapes of the structure.

3. Results and discussion

A mathematical model for the vibration analysis
of three-dimensional fiber-plain-woven beams is
meticulously given in the last section and is
applied in this section to predict the vibration
behavior of 3D beams under general boundary
conditions. In terms of the definition of the
boundary conditions for a solid beam with stress-
free side surfaces, several symbols are used to
indicate the different boundary conditions at the
end of x=0 or x=L, in which F, S and C are
identified as the free, simply-supported as well as

clamped boundary conditions. In addition, three
elastic boundary conditions denoted by the
symbols E;, E, and Es; are considered.
Particularly, the values of spring stiffness
corresponding to different boundary conditions
are presented in Fig.3. Out of the convenience of
explaining the physical insight into the vibration
properties, an elastic 3D beam subjected to
various boundary conditions is analyzed, and
unless otherwise specified, its geometric
parameters are defined as: H=0.25m, B/H=1,
L/H=12. The beam material is assumed as a fiber-
plain-woven reinforced resin matrix composite
with the volume fraction of V= 0.28. The related
material ~ parameters(Including  the elastic
modulus, shear modulus, Poisson's ratio, density.)
corresponding to different volume fractions are
shown in Fig.2.
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Figure 3: Detail stiffness values for different boundary conditions
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In order to clarify the accuracy of the developed
beam model and to demonstrate its applicability,
several test examples are provided for the free
vibration problem of a 3D beam. The solutions
calculated by the present formulation are
compared with theoretical solutions published in
the literature as well as finite element numerical
results. As the first case, a thick isotropic beam
under S-S boundary conditions is employed. The
related calculation parameters for the present
analysis are listed as: B=H=0.1m and L/H=10 for
geometric dimensions; E=210 GPa, x=0.167 and
p=7800kg/m?® for material properties. Table 2 lists
the first eight frequency parameters Q for a S-S
isotropic beam. Note that the flexural modes in
the xy- and xz-planes are the same since the beam
has a square cross-section, and thus only the
flexural modes in the xy-plane are involved. In
addition, the 2D exact results reported by Chen et

al.[43], the 3D elastic solutions obtained by Qu et
al.[29] based on a modified variational principle,
and the finite element solutions[29] computed
using Ansys Software are also provided in Table 2
for comparative purposes. Of note, the first
frequency corresponding to the rigid motion is
close to zero and is not included in Table 2. In
general, the present results are in good agreement
with the given reference solutions. Also, the
theoretical solutions obtained from the present
methodology are slightly higher than those
reported by Chen et al.[43]. Particularly, it should
be pointed out that all vibration modes of a beam
can be examined by the current three-dimensional
elastic formulation, whereas the two-dimensional
theory allows the calculation of accurate results
only for bending, longitudinal, thickness torsion
and shear modes.

Table 1: Comparison of the first eight frequency parameters Q= wH,/p /G, for a S-S beam (L=1,

B=H=0.1m)
Source Mode order
1 2 3 4 5 6 7 8
Qu et al.[29] 0.042874 | 0.16445 | 0.28698 | 0.34817 | 0.47984 | 0.57395 | 0.57613 | 0.83384
Chen et al.[43] | 0.042878 | 0.16451 | -- 0.34841 | 0.47990 | -- 0.57675 | 0.83507
Ansys[29] 0.042875 | 0.16447 | 0.28736 | 0.34824 | 0.47984 | 0.57470 | 0.57631 | 0.83420
Present 0.042879 | 0.16452 | 0.28852 | 0.34846 | 0.47984 | 0.57686 | 0.57701 | 0.83527

In what follows, a comparison case related to the
first eight frequency for a F-F composite beam is
given in Table 2. The calculation parameters is
defined as: (a) E11=37.41 GPa, E=E33=13.67
GPa, G1,=5.478 GPa, G13=6.03 GPa, G»3=6.666
GPa, p12 =u12 =123=0.3 for material properties; (b)
L.=0.21008 m, B=1.696x10m, H=3.33x10"m for

geometric dimensions. The reference solutions
used for comparison include: three-dimensional
elasticity solutions reported by Qu et al.[29], the
experimental data provided by Ritchie et al.[44] as
well as Ansys results. As s observed in Table 2,
the present solutions can well match with the
reference data obtained by different method.

Table 2: Comparison of the first eight frequency for a F-F composite beam (L=0.21008 m,
B=1.696x10"m, H=3.33x10"°m)

Source Mode order

1 2 3 5 6 7 8
Qu et al.[29] 337.09 | 926.51 | 1439.78 | 1654.61 | 1808.42 | 2910.6 2971.84 | 4231.79
Ritchie et al.[44] | 337.7 | 926.7 | 1434.8 -- 1812.3 -- 2979.1 --
Ansys[29] 337.10 | 926.69 | 1441.05 | 1654.72 | 1809.16 | 2913.27 |2973.91 | 4232.79
Present 337.62 | 927.99 | 1442.00 | 1657.25 |1811.31 | 2915.26 | 2976.58 | 4238.56

To further present the accuracy of the present
method, Table 3 shows the first ten values of
natural frequencies for a 3D thick fiber-plain-
woven beams with various boundary conditions,

in which three types of boundary conditions are
included, i.e., F-F, C-F and C-C. Here, the finite
element model of the 3D beam has been
constructed by employing the C3D8R solid
elements, and the 3D FEM solutions obtained
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from commercial Abaqus software are presented
for illustrating validity. Of note, the first six
natural frequencies are essentially zero for the F-F
case, which corresponds to the rigid
displacements of the beams and is therefore
ignored in the table. The results in Table 3 make it
clear that the results are in good agreement with
the ones calculated from finite element numerical
simulation, and the maximum relative error is not
more than 0.3%, which demonstrates the excellent
numerical potential of this method to analyze the

vibration behaviors of the 3D fiber-plain-woven
beam. It is worth mentioning that, although the
beam used in this example has a square cross-
section, the vibration frequencies corresponding to
the flexible modes (such as fi, f, in Table 3) are
different in the xy- and xz-planes due to the fact
that the material parameters are different in the y-
and z-directions, which is significantly different
from the vibration frequencies of isotropic beams
having a square cross-section.

Table 3: First ten natural frequencies (Hz) of 3D fiber-plain-woven beams with different boundary
constraints (L=3, B=0.25m, H=0.25m)

Mode F-F C-F C-C

order FEM Present diff% | FEM Present | diff.% | FEM Present | diff.%
f 130.20 130.32 -0.09 21.531 | 21.554 -0.11 |112.28 | 112.37 -0.08
f, 132.28 132.41 -0.10 21.685 | 21.708 -0.11 |118.11 |118.19 -0.07
fs 197.41 197.77 -0.18 99.137 | 99.33 -0.19 |199.34 | 199.73 -0.20
f4 308.49 308.74 -0.08 117.61 | 117.70 -0.08 | 258.35 | 258.47 -0.05
fs 322.80 323.08 -0.09 122.00 | 122.10 -0.08 | 279.18 | 279.28 -0.04
fs 395.49 396.27 -0.20 281.92 | 282.09 -0.06 | 399.24 | 400.07 -0.21
f; 512.85 513.25 -0.08 297.74 | 298.33 -0.20 | 432.49 | 432.67 -0.04
fg 550.28 550.73 -0.08 299.86 | 300.04 -0.06 | 474.76 | 474.90 -0.03
fo 594.71 596.04 -0.22 411.19 |411.24 -0.01 | 600.09 |601.47 -0.23
f10 721.68 722.35 -0.09 470.03 | 470.27 -0.05 |619.92 |620.24 -0.05

According to the theoretical modeling in the
previous section, the vibration frequencies depend
on the spring stiffness at the beam boundary. For
this reason, Fig.4 investigates the effect of
variation of the stiffness value of the boundary
spring on the first four orders of vibration
frequency of 3D fiber-plain-woven beam. It
should be pointed out that, in order to facilitate the
analysis of the effect of a particular stiffness
parameter on the vibration frequency, it is
maintained that this parameter is varied from 10 to
10" at both ends of the beam, while others are set
to 10%. For instance, to investigate the effect of
ky, it is assumed that the parameter k, is increased
from 10 to 10", while k,=k,=10" are employed.
From Fig. 4, it can be observed that, the frequency
parameter increases rapidly with the increase of
all the constraint parameters within a certain
range. And beyond this range, the frequency
changes are relatively very little. Additionally, it

can also be found that there are differences in the
sensitivity of the  natural  frequencies
corresponding to different modal orders to the
boundary springs. For example, in the case study
of k,, the parameter sensitivity interval
corresponding to the first-order frequency
(namely, f;) is at [10°,10™], while the one of the
second-order frequency are approximately in the
interval of [10°, 10%]. Another noteworthy
phenomenon is that the parameters k, and k,, have
similarity in the pattern of influence and
sensitivity intervals of vibration frequencies, but
there are some differences with those of k,. Based
on the above analysis, the effect of spring stiffness
on the natural frequencies of the fiber-plain-
woven 3D beam is classified into the free, elastic
and clamped constraints. Therefore, the general
boundary conditions can be obtained by setting a
reasonable boundary stiffness. This justifies the
setting of the boundary conditions in Fig. 3.
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Figure 4: Effect of boundary stiffness on the natural frequency of a 3D fiber-plain-woven 3D beam:
(a) ku; (b) ky; () K.

To further deepen our knowledge of the vibration
behaviors of the fiber-plain-woven 3D beam,
some mode shapes of 3D fiber-plain-woven beam
with different boundary stiffness are displayed in
Table 4. After solving the eigenvalue problem in
Eq. (17), these mode shapes are plotted in the 3D
view by employing the Eq. (13). Of note, since the

spring stiffness is small (e.g., k,=10), the first-
order mode shape is rigid mode, which are
ignored here. There are torsional modes in the
figure (e.g., f; for k, = 10, 10°%) that cannot be
considered by employing the one-dimensional
simplified beam theory, while others are bending
motions in the xz- or xy-planes.

Table 4. Mode shapes of 3D fiber-plain-woven beam with different boundary stiffness

Type [Valuef;
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ke [10°
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10°
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Fig.5 shows effect of the fiber volume fraction V;
on the first four natural frequencies of 3D fiber-
plain-woven beam. Here, C-C and C-F boundary
conditions are involved for the current study.
According to the results in Fig.5, when V; is
increased from 0.28 to 0.42, the other material
parameters (i.e., Young's modulus, shear modulus,
and density) are subsequently increased, except
for the Poisson's ratio of the fiber-plain-woven
material, which is slightly decreased. The
synergistic change in the above material
parameters resulted in an increase in the overall
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stiffness-mass ratio of the fiber-plain-woven 3D
beam, which leads to an approximately linear
increase in the vibration frequencies of the beam.
In addition, it can also be observed that the
difference in frequency between f; and f, is
significant in the C-C case, while the difference in
the variation curves is relatively small for C-F
case. This is due to the fact that the smaller the
boundary stiffness makes the system less stiffness,
and thus the material anisotropy has less effect on
the different order frequencies of the 3D beam.
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Figure 5: Effect of the fiber volume fraction V¢ on the first four natural frequencies of 3D fiber-plain-
woven beam: (a) C-C; (b) C-F.

Fig.6 shows the variation of the fundamental
frequency of 3D fiber-plain-woven beam with its
width and thickness, where four classical
boundary conditions (i.e., F-F, C-F, C-C, S-S.) are
considered. Here, the thickness and width of the
beam are assumed to vary from 0.05m to 1m and
the length L is kept constant. It can be found from
Fig. 6 that, regardless of the boundary conditions,
the fundamental frequency of the beam always
increases due to the increase in the stiffness-to-
mass ratio of the structure as a result of the
increase in the width or thickness of the beam.
Table 5 gives the fundamental frequencies for 3D
fiber-plain-woven beam with different boundary
conditions  subjected to wvarious boundary

conditions and different ratio of L/H. From the
tables, it can be found that, as the ratio of L/H and
the parameter V: increase, the fundamental
frequency shows an increasing trend. Also, there
IS a significant difference in the fundamental
frequency of the beams when the boundary
conditions are different, which indicates that the
structural vibration frequency is sensitive to the
boundary conditions. In view of the fact that there
is no available literature published on the free
vibration properties of fiber-plain-woven 3D
beams, these new data can be employed as the
benchmark solutions for checking the accuracy of
other simplified beam theories.
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Figure 6: Effect of thickness and length on the fundamental frequency of 3D fiber-plain-woven beam:
(a) F-F; (b) C-F; (c) C-C; (d) S-S.

Table 5: The fundamental frequency for 3D fiber-plain-woven beam with different boundary
conditions(B/H=2)

L/H Vi Boundary condition
C-C C-F F-F S-S C-S Ei-E; E,-E» Es-Es
2 0.28 1122.7 | 462.01 |918.14 [996.10 |1144.3 |272.93 |268.78 | 266.87
0.36 1191.0 |495.83 |980.61 |1063.6 |1217.9 |268.60 |265.15 |263.42
0.42 12215 |514.61 |1021.4 |1098.3 |1257.8 |265.48 |262.45 |260.69
4 0.28 516.67 |162.82 |496.67 |390.91 |551.15 |192.75 |186.51 | 183.05
0.36 550.56 |177.25 |530.55 |42251 |587.76 |189.74 |184.55 | 181.50
0.42 567.32 |186.91 |552.95 |442.14 |609.22 |187.56 | 183.01 | 180.00
6 0.28 311.98 |80.15 334.62 |204.86 |358.32 |157.18 |149.01 |143.48
0.36 334.32 |87.84 357.46 |223.24 |38252 |154.77 |147.96 |143.17
0.42 346.53 |93.34 37259 |235.77 |397.31 |153.02 |147.04 |142.46

4. Concluding remarks

This study investigates the free vibration
behaviors of a fiber-plain-woven 3D beam under
various BCs, using a numerical modeling method
based on three-dimensional linear elasticity theory
and the differential quadrature approach. The
vibration equations are derived using 3D theory,
incorporating the DQM, where arbitrary boundary
conditions are achieved by means of boundary
springs with variable stiffness. The validity of the

proposed model is verified by comparing the free
vibration frequencies of the developed isotropic
and composite beam model with the reported
literature solutions and finite element simulation
data. Subsequently, some key parameters (such as
boundary stiffness, volume fraction etc.) are
employed to investigate the influence of these
parameters on the vibration behaviors of 3D fiber-
plain-woven  beam. From the  current
investigations, some findings can be concluded as
follows: The variation of the stiffness value of the
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boundary spring in a certain interval has a
significant effect on the vibration frequency of the
three-dimensional beam, and there is a significant
difference between the sensitivity intervals of
different orders of vibration frequency to the
boundary stiffness; Additionally, the structural
geometrical parameters also play an important
role, since these factors can change the structural
stiffness-to-mass ratio, which in turn makes the
modal  frequencies  change.  Furthermore,
increasing the total fiber volume fraction Vi
enhances the natural frequencies to avoid low
frequency resonance. Also, the theoretical model
developed in the current investigation can be
employed as an effective tool in the dynamic
analysis and design of beam structures.
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