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Abstract: This paper presents a semi-analytical investigation of the nonlinear
dynamic responses of lattice-stiffened variable-curvature functionally graded
graphene-reinforced composite (FG-GRC) sandwich panels with a porous core
under impulsive loading conditions. The structure consists of FG-GRC face
sheets and a lightweight porous core, with material properties varying
continuously through the thickness according to predefined distribution
patterns. A refined smeared stiffener approach is developed to incorporate the
mechanical contributions of different lattice configurations, accounting for
higher-order shear deformation effects. The theoretical formulation is
established based on the higher-order shear deformation theory (HSDT)
combined with von Karman geometric nonlinearity. To address the complexity
of the variable-curvature geometry, an approximate stress function satisfying
the compatibility condition is introduced within a Galerkin framework. The
resulting nonlinear governing equations are derived using the Euler-Lagrange
equations and solved via a fourth-order Runge-Kutta scheme to obtain time-
dependent responses. Numerical results are presented to evaluate the
influences of lattice stiffener parameters, core porosity distribution, graphene
gradation, curvature profiles, and loading types (blast and step loads) on the
dynamic behavior. The findings reveal that the integration of lattice stiffeners
significantly enhances the structural stiffness and mitigates deflection
amplitudes, while the presence of a porous core introduces a trade-off between
weight reduction and structural rigidity. The interaction among stiffener
topology, material gradation, and geometric curvature is shown to play a critical
role in the dynamic performance of the proposed structures.

Keywords: Lattice stiffener, Functionally graded graphene reinforced
composite, Impulsive load, Higher-order shear deformation theory, Variable-
curvature panel.

1. Introduction

spherical shells are extensively employed in

Structural components such as rectangular ~ advanced engineering applications. As a result,
and circular plates, cylindrical panels, and their mechanical performance has been widely
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investigated, with particular emphasis on static
stability, dynamic behavior, and vibration
characteristics.

To address these problems, a variety of
theoretical models and solution techniques have
been developed. In the context of functionally
graded materials (FGMs) and sandwich structures,
numerous studies have examined linear and
nonlinear vibrations, postbuckling responses,
dynamic instability, and static deformation of plates
and shell-type structures [1-7]. These analyses
have been conducted using different theoretical
frameworks, including classical elasticity theory,
Donnell shell theory, first-order shear deformation
theory (FSDT), higher-order shear deformation
theory (HSDT), and refined shear deformation
models. Various analytical and numerical methods,
such as the Ritz method, Chebyshev-Ritz method,
Galerkin approach, perturbation techniques,
Fourier series expansions, and differential
quadrature methods (DQM), have also been
employed. In addition, the mechanical and thermal
buckling behaviors of stiffened plates and porous-
core FGM structures, including circular plates and
spherical shells, have been investigated using
approaches based on FSDT, HSDT, and improved
smeared stiffener techniques [8-10].

With the emergence of advanced
nanocomposites, functionally graded carbon
nanotube-reinforced composites (FG-CNTRCs)
have attracted significant attention due to their
superior mechanical properties. Extensive
research efforts have been devoted to
understanding their structural behavior under
various loading conditions. In particular, large-
amplitude vibration responses of CNT-reinforced
plates [11, 12] and cylindrical panels [13] have
been investigated wusing perturbation-based
approaches. Advanced meshless techniques, such
as the kp-Ritz and improved moving least-squares
Ritz (IMLS-Ritz) methods, have been widely
applied to examine free vibration [14], buckling
[15], and postbuckling behaviors [16] of CNT-
reinforced plates. Furthermore, natural frequency
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characteristics of CNT-reinforced cylindrical [17,
18] and conical panels [19] have been
systematically analyzed. The isogeometric
approach has also been employed to study the
nonlinear flutter behavior of FG-CNTRC
quadrilateral plates subjected to supersonic airflow
[20]. In addition, active vibration control strategies
for CNT-reinforced plates integrated with
piezoelectric layers have been developed using
advanced element-free formulations based on
IMLS-Ritz techniques within the framework of
HSDT [21, 22].

Owing to its two-dimensional atomic
structure, graphene exhibits superior interfacial
bonding with the surrounding matrix compared to
carbon nanotubes, leading to enhanced load
transfer efficiency in composite materials. As a
result, functionally graded graphene-reinforced
composites (FG-GRCs) have emerged as a
promising class of advanced materials for next-
generation engineering applications. Numerous
studies have been conducted to evaluate the
mechanical performance of FG-GRC structures. In
particular, bending, buckling, and postbuckling
behaviors of FG-GRC plates have been
extensively analyzed using HSDT and
perturbation-based approaches [23, 24]. The
vibration and nonlinear vibration characteristics of
such structures, including cylindrical panels, have
also been investigated within similar theoretical
frameworks [25-27]. In addition, isogeometric finite
element methods have been employed to examine
thermal buckling, postbuckling, and free vibration
responses of FG-GRC plates [28-30]. More
recently, the incorporation of stiffeners into FG-
GRC plates and cylindrical panels has been
explored, with improved smeared stiffener
techniques developed to analyze their stability and
postbuckling behavior [31-34]. Nam et al. [35]
studied the nonlinear static and dynamic buckling
behavior of variable-curvature composite panels
reinforced graphene platelets with porous core.

Although significant progress has been made
in the analysis of FG-GRC structures, existing
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studies are mainly restricted to unstiffened or
conventionally stiffened configurations without
considering porous-core sandwich systems.
Moreover, the nonlinear dynamic behavior of such
structures under impulsive loads has received
limited attention. In particular, the combined effects
of lattice stiffeners, material gradation, porous core
distribution, and variable curvature have not been
systematically investigated.

To address these limitations, the present
study develops a semi-analytical framework for
analyzing the nonlinear dynamic responses of
lattice-stiffened variable-curvature FG-GRC
sandwich panels with a porous core subjected to
blast and step loads. An improved smeared
stiffener technique is proposed to account for the
mechanical contributions of different lattice
configurations, while the material properties of the
FG-GRC layers and porous core are modeled
through appropriate distribution functions. The
formulation is established based on the higher-
order shear deformation theory (HSDT)
incorporating von Karman geometric nonlinearity.
By employing a Galerkin approach in conjunction
with the Lagrange principle, the governing
equations of motion are derived and subsequently
solved using a fourth-order Runge—Kutta scheme.
The effects of key parameters, including lattice
stiffener characteristics, graphene distribution
patterns, core porosity, curvature profiles, and
loading types, are systematically examined to
provide new insights into the design and
optimization of advanced composite structures
subjected to extreme dynamic environments.

2. Structure and material designs

The orientation of graphene is defined along
the longitudinal direction of the panel,
corresponding to the 0° layer, while the
circumferential direction is associated with the 90°
layer. Both the face sheets and the stiffeners are
constructed from multiple graphene-reinforced
composite (GRC) layers. Three different graphene
distribution patterns are examined, namely uniform
distribution (UD), FG-X, and FG-O. For the
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functionally graded cases, the graphene volume
fraction varies symmetrically with respect to the
mid-plane of the panel. Specifically, the FG-O

distribution follows the sequence
[0.11/0.09/0.07/0.05/0.03]s, while the FG-X
distribution is defined as

[0.03/0.05/0.07/0.09/0.11]s. In contrast, for the UD
configuration, the graphene volume fraction
remains constant across all layers (V; =0.07).

The shallow FG-GRC panels are considered
in three different geometrical configurations,
namely cylindrical, sinusoidal, and parabolic forms,
and are described within a quasi-Cartesian
coordinate system, as illustrated in Fig. 1. The
geometric characteristics of the panels are defined
by the total thickness h, the central rise y, the

longitudinal dimension a, and the circumferential
dimension b. In this study, the core layer is
assumed to be composed of the same material as
the matrix phase. The effective properties of the
porous core, including the Young’s modulus,
coefficient of thermal expansion, and Poisson’s
ratio, are evaluated based on appropriate
homogenization relations as follows [35]

nz || hy hee
EpczEMP—eOcos[h—ﬂ,— ; <z< ; ,

pc

Ope = Oy (1)

Poc =Py [1—(1_H)COS{:_zH

pc

where the porosity coefficient is denoted by e,
(0<e, <1).

The cosine function is adopted to describe
the porosity distribution as it provides a smooth and
symmetric variation through the thickness, with
lower porosity near the surfaces and higher
porosity toward the mid-plane, which is consistent
with commonly observed material configurations.
For the GRC face sheets, three graphene
distribution patterns are considered, namely UD,
FG-X, and FG-O. The overall structural system is
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three corresponding configurations of stiffened
panels are defined as UD-PC-UD/UD, X-PC-X/X,
and O-PC-O/O0.

composed of GRC face layers, a porous core layer,
and GRC stiffeners.
Based on the adopted distribution types,
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Fig. 1. Configurations of panels and three types of lattice stiffeners

The surface profile of the parabolic and

sinusoidal panels in the circumferential direction is
described by the following configuration functions,
respectively

z =X 4_y_4 ,
Pl b b

—vsin| ™
z _xsm( 5 j

The corresponding radii of curvature for the
parabolic and sinusoidal panels can be derived
from Eq. (2) and are expressed as follows [35]

(2)

y 1.5
b2
{xn cos(bj+ }

Ry = 5 (3a)
byr® sin| =~
s ( ; j
1.5
[b*+ 1627 (b-2y)’ |
Ry = - . (3b)
P 8b*y

The stress—strain relations for the panels,
based on Hooke’s law and incorporating the effect
of uniform temperature variation, are expressed as
follows
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X Q, Q, 0 | & —a,AT
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o, 0 0 Q Ve (4)
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where the uniform temperature rise AT is defined
by the change of temperature from the free thermal
state to the deformed state. The reduced
stiffnesses for the GRC face sheets and GRC
stiffeners can be obtained as

—. E —. v,.E . E
= 1_\’:;\’21 e 1_2\1121\121 e = 1_\:2"21 ’
6;6 = G12’(§:14 = 655 =0.5G,,.
for the porous core layer
aQ. 0. - E.. Q. - ViEpe
11 22 1_\/'%/" 12 1_\/3’
—. =s = EpC
Q= Qg5 = Qg :m-

3. Governing equations

In this study, the panels are analyzed under
the assumption of large deflection. The governing
equations are formulated based on the HSDT,
incorporating geometric nonlinearity and initial
geometric imperfection. The relationships between
strains, displacements, and rotations can be
expressed as follows [33-35]
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The relationships between the internal force
and moment resultants and the corresponding
strains, rotations, and transverse deflection for the
three types of FG-GRC panels can be derived as
follows
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The expressions of shear and the higher-
order shear forces are written as
Q, = _4472} + §447>{<5}’Qy = ?5573{/2} + §5573{/§}’
Sx = 54472} + T447i:}’sy = §5575(z)} + T557§5§}-
where the stiffnesses and thermal forces are
presented by
(611’611’611’511’6111511):(é$1’a$1’5$1’5$1’6$1’E1p1)

2D, —ot =at et —et —st =
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Based on Eq. (6), the deformation
compatibility equation is established as follows
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By combining the expressions of the internal
forces and moments in Eq. (7) with the condition
given in Eq. (10), the deformation compatibility
equation in Eq. (9) can be reformulated as follows
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4. Boundary condition, solution and energy
method

In this study, two types of boundary
conditions are considered, both corresponding to
simply supported panels along all four edges. For
the first case, the edges are assumed to be simply
supported with in-plane displacements
unconstrained (4F), which can be expressed as
follows
N, =Ny, =0, T, =0,M, =0N, =0, w=0,
¢y =0, at x=0,3,

N, =N, =0,T,=0,M, =0N, =0, w=0,
¢, =0, at y=0,b.

In addition, a second boundary condition is
considered in which all four edges are simply
supported with in-plane displacements restrained
(41), expressed as follows
N, =Ny, T,=0,M, =0,u=0, w=0,
¢y =0, at x=0,a,

N, =Ny, T, =0,M =0,v=0, w=0,
¢, =0, at y=0,b.

To satisfy the boundary conditions specified
in Egs. (12) and (13), appropriate approximate
solutions for the transverse deflection, rotations,
and initial imperfection of the three panel
configurations are assumed as follows [33-35]

w=W sin[wj sin(mj,
a b

w =¢h sin(mnxjsin(nﬂj,
a b

o, =D, cos(mJ sin(m}
a b

. [ MmX nny
(I)y = ch Sln[Tj COSs (T],

where m and n are the buckling modes, ¢ is the

(12)

(13)

(14)

imperfect size, and W,®_,®  are the amplitudes of

deflection and rotations, respectively.

The stress function is assumed in a form
similar to that adopted for cylindrical panels,
incorporating  both  linear and nonlinear
components, and can be expressed as follows
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n n 2
$ =N, X2 + =N,y + ¢, cos[ :ﬂxj

2nnyj . (mnxj . (nny]
+ ¢, sin| — [sin| — |.
b a b

By substituting the assumed solutions in Eq.
(14) and the stress function in Eq. (15) into Eq. (11),
the Galerkin method is applied to the shallow panel
system. As aresult, the unknown coefficients in Eq.
(15) can be determined as follows
§y =X;, (W +2Ch)W +X;,W,
o, =§;1(W+2§h)W+i;2W, (16)

03 = X3P, + X32CDy + Xz W,

(15)

+0, cos(

where the coefficients i” can be found in Appendix

A.

The averaged expressions corresponding
to the immovable edge conditions can be
formulated as follows

b a

J‘J‘qudXdy =V W + ¥, @, + ¥ D, + Vs Nox

00 (17)
+Y3, W (26h+ W) + YNy, +¥,,AT =0,

O T

jv’ydxdy =V W + Y5, @, + Y5 @, + Yoo,
: (18)

+Y5, W (2h+ W)+ YNy, + Y5, AT =0,
where the coefficients 37” can be found in the
Appendix B.

The strain energy of the panel, the work
performed by the external loads, and the kinetic

energy of the system, including the effect of
damping, are expressed as follows

Oy xz + nyyxy + cyyz'\/yz

. 1 h2 b a
0=7 | []]+0. (&~ AT) xdydz. (19)
-h/200
+0, (sy - oczzAT)

Yo = ﬁqwdxdy. (20)
00

. 1"k 2

Y, = 5 I ”p(z)(w,t + v_v,t) dxdydz. (21)
-h/200

The Lagrangian of the system, representing
the total energy of the panel, can be expressed as
follows
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Vg = ¥ = Ty + T (22)  +Y,sW(W +4Ch/3)-¥,,,q

By employing the Rayleigh dissipation +y;1sw+y;1ﬁcv\/=0,
function, the damping potential is defined as
follows

b a
= % ! !cwidxdy. (23)

Total

(28)

where, 9,=19,=0 for the case of the 4F
condition, 9, =0, 9, =1 for the case of 4l, and
Gir = Y12014 + Y1304 + Y115 G2 = Y14015 + Y4505,
=Y14014 + ¥150245 G = ¥12041 + Y4504,
Y14011 + Y15021 + y17’ 96 Y12013 1 Y1303 + Yig»

y14013 + Y15023 + Y19’ 98 y12012 + y13022 + y11o’

where ¢ is damping coefficient.

The governing equations of motion are
derived by applying the Euler-Lagrange equations
in conjunction with the Rayleigh dissipation

function, and can be expressed as follows Cio = V14012 + ¥15022: Grro = V12015 + Y13025 — Yiras
i 6Y‘T,otal _ aY‘Total + adV =0 = _ = 61*6 (6;2 6‘:’3 + 6;2 ) + 51*8 (6;3 6;2 + 6;2)
dt{ aw oW oW ’ G41 = Gp4 o 6;3 1 ,
Ay | Mo _ g @) o o G17(03404s + 044 ) + Gro (O3 0us + O )
dt 6ACDX 8ACI)X 42 = Gi2 o 6;3 1 ,
d| oYy oY e e — _ . _ _
gt adT;tal - ac;tal =0, — = ‘517(032 043 + 04 ) + ‘319(033 Ogp + 032)
leads toy y o 05504 1 |
Vi W+ ¥, @, +Y,, @ +(W +Ch) <, -2, - [ (6;16;3 + 6;1)+ [ (6;3641 + 6;1)
- 4 —_— 3
— - — —x 0..0 _1
'[y14 q)X + y15®y + y17 W (W + 2C’h) + y19 NOX :| (25) e e s _*33 43_* Y .
36 W (W +4/3E0) + T1gNos + Fy10MNe, SR °“J)T Zol 000 + 00
. . e e e 0,,0,, —1
Y1129 = Yi13AT + Y136 W + Y36 €W =0, ( > )43 ( s )
. . . . e . 916 34 O3 + 044 + ‘;18 3044 T Oy
Vo W4y, & +y,.d +y,,W(W+2Ch = ,
YioW A Y@, + YDy + Yoy ( +2C ) (26) Ca6 = S110 — 00, —1

‘H_/;s Nox + y;e Noy — Y27 AT =0, e e e e e e .
o = Y33Y24 ~¥Y34Yo3 0. =— Y23Y36 ~ Y33Yas

VoW + ¥ O 4 ¥n O+ Yo WIW2H) - O g e ve T VoV VA |
+Y35Noy + VasNo, — V5 AT =0, 5 - Vs 3_/;3 Yaa Yas 5 - _VsYi2 +YraVas

* 13 — M4 T [ — —x )
where the coefficients y; can be found in Appendix ~V25 Vs + Vo ~V2, Yoz + Va3
B. o, = Yar Y23 Vas Y27 Ol = Vas Y23 Va3 3_/28

6 ’
The motion equation is obtained by using V2o Voo + Vs VooV Vo

Egs. (25-27), and combining with N, =0 and g - __y3i*y2_2*+ y23}2'24 , o, :M
“YoYV; tY YoV tY
Ny, =0 for 4F boundary condition, with Egs. (17) e LLLEEe
1 0. = Y2325t YasYos o = “Y12¥23 T Yi3Ya
23 —_ — e L) 24 —_— — )
afd ( 8)_’ pr*esented_as* _ “Y22Ys t yzi “Y2oYa t yzé
(81511 *+35%4 ) W+ (8@110 * 82646)AT o y22y37 + y23y27 o = y22y38 + y23y28
+(Ch + W) X . Y22y33 + y23 ® y22y33 + Y23
|:( Gy + §2§;2)AT+ (\(_}@1*3 +9,5,, ) w ] o —— V52011 T Y3001 + Va4
31 —_ — —_ — —_ E)
H2eh+ W) Yoo 0 Ve
— — — . = . = Y52014 + Y5304 + Y54
=" - - (0] - T = = J— —*
|:(8 Sa TG ) (8@15 + 9,0 )W(W * Qh)] * V52012 + Y5302 + Vse
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_ Y5201 + Y5055 + Vs
Vo201 +Ys50z + Vo5
o =_ 3_/52 615 + 3_/53 6%5 + 3_/57 ’
V52012 + Y5302 + Vg

o = — Ysz? +3_/53§ + 3_/;8
Y2012 + Y5300 + Vg
o, = _(_3113’42 +0, 1y43 + y44
013V + 05 Vs + Va5
o, = i4 Yo + 024 Y43 + y41
01342 + 003 Yas + Yus
BTN
O13Y42 + 023 Yu3 + Yus
o STt 0u5 T
OiYa t 023 Yaz + Yas
o = — ?1:6 2212 +0 O26 y43 + y48
0,34y + 0y y43 + y45

The governing equation for linear free
vibration is obtained by neglecting the nonlinear
terms and loading components.
Accordingly, the corresponding natural frequency
can be determined as follows

_ \/§1§1*1 + §2§1 + (§1§1*2 + §2§2 )AT

" Vits '
In this study, two types of impulsive loads are
considered, namely a finite-duration step load and

external

(Q)

(29)

Table 1. Validation of the fundamental frequency parameters @,

of (0/90/0/90/0)s FG-GRC cylindrical panels (4F, a/b =1, h=2mm, a/R[C]
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a triangular blast load, which are defined by the
following functions, respectively

[ Triangular blast load

t
1-—| 0<t<T
Q( TJ

q(t) =| 0, t>T (30)
Finite duration step load
Q 0<t<T
_{O, t>T

where T = 2n is the vibration period.
()

It should be noted that a blast load is
characterized by a rapidly varying transient profile
with a peak followed by decay, whereas a step load
is defined as a constant load applied over a finite
duration, leading to different temporal energy input
and dynamic response characteristics.

By substituting the impulsive load functions
from Eq. (30) into Eq. (28), the resulting governing
equation is solved using the Runge-Kutta method
to obtain the dynamic responses of the panels. The
initial conditions are assumed to correspond to a
state of rest, with both the initial deflection and
initial velocity taken as zero, as

Wl , =0, W| =0, (31)

5. Results and discussions

= Oy (az/h)\/ Po/Eq

=0.5, b/h =20, m=n=1)

T (K) Distribution Shen et al. [27] Present
ub 38.0071 38.0804

FG-X 39.5231 39.6005

300 FG-V 34.6249 34.6964
FG-A 36.2314 36.3017

FG-O 33.8763 33.9400

ub 35.3452 35.4113

FG-X 36.4831 36.5527

400 FG-V 32.7796 32.8433
FG-A 33.3561 33.1578

FG-O 31.4769 31.5344
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Table 2. Effects of graphene distribution laws, panel types and stiffener types
on the fundamental frequencies (rad/s) of FG-GRC panels (4F, x =2h, {=0)

Type Panel UD-PC-UD/UD X-PC-X/X 0O-PC-O/O
Sinusoid 82531.07 80924.49 76703.86

Type 1 Parabolic 82523.45 80917.57 76696.59
Cylindrical 82522.73 80917.06 76696.05
Sinusoid 81857.13 80355.98 76164.67

Type 2 Parabolic 81848.53 80347.03 76155.25
Cylindrical 81847.67 80346.20 76154.38
Sinusoid 79499.68 78151.40 73574.43

Type 3 Parabolic 79456.36 78111.10 73531.62
Cylindrical 79452.53 78107.66 73527.97

Table 1 presents a comparison of the
fundamental frequency parameters of FG-GRC
cylindrical panels obtained from the present study
and those reported by Shen et al. [27] under
different graphene distribution patterns and
temperature conditions. It can be observed that the
results from the present formulation are in very
close agreement with the reference data for all
considered cases. The discrepancies are
negligible, indicating the high accuracy and
reliability of the proposed semi-analytical model.

The geometric, temperature, and damping
parameters used for the panels and stiffeners are
specified as h,=0.8h,

a=b=20h, e,=0.3, x=0.5n, {=0.1, T=400K,
b, =b, =h, by, =by =h,
d,=d, =a/8,

follows: h=2mm,

m=n=1,

b, =bs, =by =h,  h =15h,

d,, =d, =a/8, d,=d, =a/8, d,=+2a/8. It

should be noted that these parameters may be
modified or updated as required by the numerical
analyses. The material properties of the FG-GRC
layers and porous core, including Young’'s moduli,
density, Poisson’s ratios, and thermal expansion
coefficients, are adopted from Ref. [27].

Table 2 presents the effects of graphene
distribution patterns, panel geometries, and lattice
stiffener types on the fundamental frequencies of
FG-GRC panels. It is clearly observed that the

graphene distribution has a significant influence on
the dynamic characteristics of the structure. Among
the considered cases, the UD-PC-UD/UD
configuration consistently yields the highest natural
frequencies, followed by the X-PC-X/X and O-PC-
O/O distributions. This trend indicates that a more
uniform distribution of graphene across the
thickness leads to higher overall stiffness, while the
FG-O pattern, with reduced reinforcement near the
outer surfaces, results in the lowest stiffness and
frequency values. Regarding the effect of stiffener
types, Type 1 provides the highest frequencies,
whereas Type 3 results in the lowest values for all
panel configurations. This behavior demonstrates
that the stiffener topology plays a crucial role in
enhancing structural rigidity, with more effective
stiffening layouts significantly improving the
dynamic performance. In contrast, the influence of
panel geometry is relatively minor compared to
material distribution and stiffener configuration.
The differences in natural frequencies among
sinusoidal, parabolic, and cylindrical panels are
negligible, indicating that the curvature variation
has a limited effect on the fundamental frequency
under the considered shallow shell conditions.
Table 3 llustrates the combined effects of
temperature and stiffener spacing on the
fundamental frequencies of FG-GRC sinusoidal
panels. It is evident that temperature has a
pronounced influence on the dynamic behavior. As
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the temperature increases from 300 K to 500 K, the
natural frequency consistently decreases for all
stiffener types and spacing configurations. This
reduction can be attributed to the degradation of
material stiffness at elevated temperatures, which
weakens the overall structural rigidity. In contrast,
decreasing the stiffener spacing leads to a
significant increase in the natural frequency. This
trend indicates that the corresponding stiffener
configuration enhances the bending stiffness of the

D.T. Dong et al

panel, thereby improving its dynamic performance.
The increase is substantial across all cases,
confirming that stiffener spacing is a dominant
design parameter. Furthermore, the influence of
stiffener type is consistently observed, with Type 3
yielding the highest frequencies, while Types 1 and
2 exhibit very close values. This behavior suggests
that the structural efficiency of the stiffener layout
strongly affects the load-carrying capacity and
stiffness enhancement.

Table 3. Effects of temperature changes and stiffener distances
on the fundamental frequencies (rad/s) of FG-GRC sinusoid panels

(UD-PC-UD/UD, 4, y =2h, (=0, d, =d, =d,, =d, =d,, =d, =d,, d, =+/2d,)

T(K) 300 400 500
Type 1 113403.39 105771.70 102459.47
d,=a/4 Type2 113509.99 105792.15 102354.55
Type 3 115411.84 107714.54 104537.29
Type 1 123622.73 115515.73 112208.18
d,=a/8 Type2 123984.02 115769.99 112362.68
Type 3 126314.67 118097.00 114919.10
Type 1 128128.58 119803.99 116497.18
d,=a/12 Type2 128597.56 120150.31 116770.69
Type 3 131139.25 122678.39 119489.00

Fig. 2 presents the effects of panel type,
stiffener type, and edge length on the time-history
deflection responses of FG-GRC panels under
blast and step loads. In all subfigures, the response
can be divided into two stages, namely the forced-
vibration stage during load application and the free-
vibration stage after load removal.
A clear distinction between these two stages is
observed in both loading cases.

As shown in Figs. 2(a) and 2(b), the effect of
panel geometry on the dynamic response is
relatively small during the forced-vibration stage,
since the three panel types exhibit nearly identical
peak deflections while the external load is acting.
However, noticeable differences appear in the
subsequent free-vibration stage. The sinusoidal
panel generally shows the largest oscillation
amplitude, whereas the cylindrical panel exhibits

the smallest one, with the parabolic panel lying in
between.

The influence of stiffener type is illustrated in
Figs. 2(c) and 2(d). It is evident that the three
stiffener layouts lead to different deflection
amplitudes, although the differences are not very
large compared with those caused by edge length.
Among the considered cases, Type 3 tends to
produce the largest oscillation amplitude, while
Type 1 provides the smallest response.

A much more significant effect is observed in
Figs. 2(e) and 2(f), where the edge length is varied.
Increasing the panel size results in a substantial
increase in the deflection amplitude under both
blast and step loads. Larger panels possess lower
global bending stiffness and are therefore more
vulnerable to dynamic deformation. This effect is
especially evident in the free-vibration stage,
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where the oscillation amplitudes increase markedly
with increasing edge length. A further comparison
between blast and step loading reveals that the
step load generally induces larger peak responses

than the blast load. This is because the step load
3 E— B
UD-PC-UD/UD, 4F, Type 1, |z =Sk, Cylindrical panel
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maintains a constant magnitude over a finite
duration, allowing more energy to be transferred
into the structure, whereas the blast load decays

with time and therefore

introduces a shorter

excitation.
2.5 UD-PCUDUD. |~ Cylindn:cal panel
) | 4F, Type 1,7=5h,| """ g?"ab"!(‘f pa“"il
Q — 60 Mpa, --------- lnuSO] pane
sl ¢ = 1kN.s/m®. Step load
0 S S
Forced vibration Free vibration
_OAS 1 1
0 0.05 [0.06] 0.1 0.15
f (ms)
(b)
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————— Type 2
--------- Type 3
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:
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_2 1 1
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Fig. 2. Effects of panel types, stiffener types, and edge length on the dynamic responses of FG-

GRC panels. (a) Effects of panel types (blast load); (b) Effects of panel types (step load); (c) Effects of
stiffener types (blast load); (d) Effects of stiffener types (step load); (e) Effects of edge lengths (blast

load); (f) Effects of edge lengths (step load)
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Fig. 3. Effects of graphene distribution laws and porosity coefficients on the dynamic responses of
FG-GRC panels. (a) Effects of graphene distribution laws (blast load), (b) Effects of graphene distribution
laws (step load), (c) Effects of porosity coefficients (blast load),

(d) Effects of porosity coefficients (step load)

Fig. 3 illustrates the effects of graphene
distribution laws and porosity coefficients on the
dynamic responses of FG-GRC panels under blast
and step loads. In all cases, the time-history
response can be divided into a forced-vibration
stage, during which the external load is applied,
and a free-vibration stage after load removal. The
differences among the considered configurations
become more evident in the post-loading stage,
where the oscillatory behavior is governed
primarily by the structural stiffness.

As shown in Figs. 3(a) and 3(b), the
graphene distribution law has a noticeable
influence on the dynamic response of the panel.
Among the three considered distributions, the O-
PC-O/O configuration generally exhibits the largest
deflection amplitude, whereas the UD-PC-UD/UD

case gives the smallest response, with X-PC-X/X
lying in between. This trend indicates that the
distribution of graphene through the thickness
significantly affects the flexural rigidity of the
structure. A more favorable reinforcement pattern
enhances the stiffness of the panel and therefore
suppresses the vibration amplitude, while a less
efficient distribution leads to larger dynamic
deflections. The same tendency is observed under
both blast and step loads, although the differences
become slightly more pronounced in the free-
vibration stage.

The influence of the porosity coefficient is
presented in Figs. 3(c) and 3(d). It is evident that
increasing the porosity coefficient leads to larger
deflection amplitudes under both loading
conditions. In particular, the case with eg = 0.8
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produces the largest response, while the non-
porous core case (eo = 0) shows the smallest
amplitude. This behavior is physically expected,
since a higher porosity level reduces the effective

D.T. Dong et al

stiffness of the core layer and weakens the overall
resistance of the sandwich panel to dynamic
excitation. As a result, the structure becomes more
compliant and exhibits stronger oscillations.
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Fig. 4. Effects of temperatures and damping coefficients on the dynamic responses of FG-GRC
panels. (a) Effects of temperatures (blast load); (b) Effects of temperatures (step load); (c) Effects of
damping coefficients (blast load); (d) Effects of damping coefficients (step load)

Fig. 4 presents the effects of temperature
and damping coefficient on the dynamic responses
of FG-GRC panels under blast and step loads. In
all cases, the response consists of a forced-
vibration stage during load application and a free-
vibration stage after the load is removed. The
influence of both parameters becomes more
evident in the post-loading stage, where the
oscillation amplitude and decay rate are governed
mainly by the structural stiffness and energy
dissipation capability.

As shown in Figs. 4(a) and 4(b), temperature
has a noticeable effect on the dynamic behavior of

the panel. When the temperature increases from
300 K to 500 K, the deflection amplitude increases
under both blast and step loads. This trend
indicates that elevated temperature reduces the
effective stiffness of the FG-GRC panel, thereby
making the structure more compliant under
impulsive excitation. The influence of temperature
is especially apparent in the free-vibration stage,
where higher temperatures lead to larger
oscillation amplitudes. Compared with the blast-
load case, the temperature effect under step
loading becomes more pronounced due to the
greater amount of energy transferred into the
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structure during the loading phase.

The effect of the damping coefficient is
illustrated in Figs. 4(c) and 4(d). It is observed that
increasing the damping coefficient significantly
suppresses the vibration amplitude and
accelerates the decay of oscillations after load
removal. For both loading types, the case with zero
damping exhibits the largest and most persistent
oscillations, whereas higher damping coefficients
lead to a much faster attenuation of the dynamic
response.

6. Conclusion

This study has presented a semi-analytical
investigation on the nonlinear dynamic behavior of
lattice-stiffened variable-curvature FG-GRC
sandwich panels with a porous core subjected to
impulsive loading conditions. The formulation was
developed based on higher-order shear
deformation theory (HSDT) incorporating von
Karman geometric nonlinearity, and an improved
smeared stiffener technique was employed to
account for the effects of different lattice
configurations. The governing equations were
derived using the Lagrange approach and solved
via a Runge-Kutta method to obtain the time-
dependent responses.

The numerical results demonstrate that
graphene distribution, stiffener topology, core
porosity, geometric configuration, temperature,
damping, and loading type all have significant
influences on the dynamic behavior of the panels.
In particular, a more effective graphene distribution
enhances structural stiffness and reduces vibration
amplitudes, while increasing porosity leads to a
noticeable reduction in stiffness and larger
deflections. The presence of lattice stiffeners
significantly improves the dynamic performance,
with appropriate stiffener configurations effectively
increasing the natural frequency and suppressing
oscillations.

It is also found that geometric parameters
such as panel type and edge length influence the
response, with larger panels exhibiting greater

D.T. Dong et al

deflections due to reduced global stiffness.
Moreover, temperature rise results in stiffness
degradation and increased vibration amplitudes,
whereas higher damping coefficients effectively
attenuate the oscillations. A comparison between
loading cases indicates that step loads generally
induce larger and more sustained responses than
blast loads due to longer energy input duration.
The present study provides useful insights for
the design and optimization of advanced
composite structures subjected to extreme
dynamic and thermal environments.
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