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Abstract: This paper investigates the nonlinear dynamic behavior of
functionally graded graphene platelet reinforced composite (FG-GPLRC)
shallow axisymmetric spherical caps resting on a nonlinear viscoelastic
Pasternak foundation and subjected to transient mechanical loading. The caps
are exposed to a thermal environment, yet the mechanical properties of the
material are considered temperature-independent. The theoretical framework
is established based on higher-order shear deformation theory (HSDT)
integrated with von Karman geometric nonlinearity. The governing equations
of motion are derived using the Lagrangian approach, incorporating damping
effects through the Rayleigh dissipation function. A semi-analytical solution is
obtained by combining the Ritz method for spatial discretization and the
Runge-Kutta method for time integration. Two forms of impulsive pressure,
infinite duration step load and blast load, are examined to evaluate transient
responses. Parametric studies are conducted to explore the effects of
graphene distribution patterns, mass fraction, geometric parameters, thermal
pre-deflection, foundation stiffness, and damping coefficients on the nonlinear
response.

Keywords: Impulse load; Step load; Blast load; Nonlinear dynamic response;
Euler-Lagrange equation; Rayleigh dissipation function; Higher-order shear
deformation theory.

1. Introduction

Circular plates and shallow spherical caps in
are widely used in engineering applications due to
load-carrying
While
represent flat structures, spherical caps exhibit
inherent curvature, making them more effective in
resisting radial pressure and enhancing global
These components are commonly

their favorable

geometric  versatility.

stiffness.

subjected to both static and dynamic loads, often
conjunction with thermal environments,
necessitate advanced modeling approaches for
accurate analysis.

Functionally graded materials (FGMs)
represent a class of advanced multifunctional
composites characterized by the gradual variation
of constituent materials through the thickness,
enabling tailored control of electro-thermo-

and
plates

capacity
circular
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mechanical or other engineering requirements.
The Kirchhoff plate theory, first-order and higher-
order shear deformation theories (FSDT and
HSDT) were applied to study the bending analysis
of FGM circular plates, applying the axisymmetric
deformation assumption by Reddy et al. [1].
Ghomshei [2] analyzed variable-thickness FGM
circular plates resting on elastic foundations using
FSDT in conjunction with the differential
quadrature method. Shariyat and Alipour [3]
formulated a semi-analytical power-series-based
approach to examine dynamic stresses in
sandwich FGM plates. Kiani [4] investigated the
dynamic response and vibration characteristics of
thermally postbuckled FGM circular plates,
highlighting the interplay between thermal fields
and geometric nonlinearities. Further contributions
include the use of generalized differential
quadrature methods [5] and nonlinear Chebyshev-
based collocation techniques [6] to explore
vibrational behavior under thermal environments.
The buckling response of FGM spherical caps has
also been addressed in the literature. For instance,
thermal and mechanical buckling behavior was
examined applying the Donnell-Mushtari—Vlasov
theory with simplified Sanders-type kinematics [7],
and thermal buckling of deep FGM caps with
integrated piezoelectric actuators was analytically
studied in [8]. The nonlinear HSDT was applied to
study the thermo-mechanical buckling of FGM
circular plates and spherical caps using the Ritz
energy method [9]. Additionally, by using the
variable separation technique, an analytical
approach for wave propagation of elastic FGM
spherical caps was reported by Qiao et al. [10]. The
linear hardening elastoplastic problems for FGM
spherical caps were investigated [11] using the
closed solutions. The sandwich spherical caps with
FGM coatings were considered in the multi-
objective optimization for vibration suppression
problems [12], using an improved meta-heuristic
algorithm. In addition, the stepped spherical-
cylindrical shells were considered [13] in dynamic
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problems using the FSDT and Ritz energy method.

Functionally graded graphene platelet
reinforced  composites (FG-GPLRCs) are
advanced materials formed by embedding
graphene platelets (GPLs) within an isotropic
matrix according to predefined distribution patterns
through the thickness. The exceptional mechanical
and multifunctional properties of FG-GPLRCs have
made them highly attractive for enhancing the
structural performance of a wide variety of plate
and shell configurations. Several studies have
examined the nonlinear bending, stability, and
vibrational responses of FG-GPLRC and porous
FG-GPLRC rectangular plates using techniques
such as the differential quadrature method [14, 15]
and the variational differential quadrature-finite
element approach [16]. The natural frequencies of
point-supported skew plates made of FG-GPLRCs
were analyzed using the first-order shear
deformation plate theory (FSDPT) [17], while
doubly curved FG-GPLRC sandwich panels
subjected to transient loading were modeled with a
data-driven computational framework [18]. FG-
GPLRC cylindrical shells have also been studied
extensively in dynamic response problems [19],
including free vibration and buckling analyses [20],
as well as thermoelastic bending behavior [21].
Annular plates composed of FG-GPLRCs have
been investigated in terms of thermal buckling,
vibration, stress distribution, and deformation using
FSDPT [22], TSDPT [23], and under complex
loading conditions such as magneto-electro-elastic
environments [24] or in combination with metal
foam cores [25, 26]. Both linear and nonlinear
vibrational characteristics of FG-GPLRC circular
plates have been addressed using meshfree
methods [27] and differential quadrature
techniques [28]. Particular attention has been paid
to FG-GPLRC spherical caps, where thermal
buckling, mechanical buckling, free vibration, and
forced vibration problems have been solved via the
Ritz energy method [29, 30], Galerkin method [31],
and analytical formulations [32].
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More recently, Nam et al. [33-36] have
contributed to the field of FG-GPLRC spherical
caps stiffened with spiderweb and multi-step
spiderweb stiffeners by investigating the static and

Spherical shells

N.T. Tam et al

dynamic buckling behavior, employing enhanced

smeared stiffener technique and integral

partitioning techniques for improved modeling
accuracy.
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Fig. 1. Coordinate systems and geometric properties of spherical caps, and material distribution laws of
FG-GPLRC

From the above discussions, the nonlinear
dynamic behavior of FG-GPLRC shallow spherical
caps under impulsive loads, particularly with
thermal effects and viscoelastic foundation, has not
been thoroughly investigated. This gap limits the
predictive accuracy for practical applications
involving transient loading in curved composite
structures. Such loadings are highly relevant in

aerospace, defense, and civil engineering
applications, where transient external forces may
trigger significant dynamic responses and potential
instabilities in advanced composite shell
structures. Therefore, the present study aims to
develop a semi-analytical formulation to determine
the nonlinear dynamic responses of axisymmetric

spherical caps made from FG-GPLRC subjected to
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infinite duration step load and blast load. The
theoretical framework is based on the HSDT
combined with von Karman nonlinearities and
viscoelastic foundation modeling. The governing
equations are derived using the Lagrangian
formulation and solved numerically using the
Runge-Kutta method. Through parametric studies,
the effects of material gradation, geometrical
parameters, impulse characteristics, and
foundation stiffness on the nonlinear transient
responses are systematically analyzed.

2. FG-GPLRC and spherical caps designs

The spherical caps with shallowness of
curvature are considered in this paper (see Fig. 1).
By approximating r =R, sin¢, the exact spherical

coordinate system (¢,6,z) is simplified by the
quasi-polar coordinate system (r,6,z), with the
circumferential and meridional directions 6 and ¢,
the main radius R,, base radius R,, and

centripetal axis z. The caps are considered to be
axisymmetric deformations and are placed on the
viscoelastic foundation,
external

under time-dependent
pressure q in an environment

temperature AT .

Five GPL distribution laws, including U, X, O,
V, and A distributions, are considered in this paper,
expressing the GPL mass fraction with respect to

the cap thickness (—g <z< gj , as [29-31]

Wop, U distribution,
4
%WGPL X distribution,
. 4iz
W, = (2 —%} Wy, O distribution, (1)

(_% " 1) Wep, V distribution,

[% + 1) Wep, A distribution,

where total GPL mass fraction is defined by W, .
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The GPL volume fraction is defined as
me(;PL (2)

PmWepL + PapL (1 - WGPL)

where the GPL volume fraction is denoted by V,

p is the denote of density; matrix and GPL are

VGPL =

respectively denoted by the subscripts m and GPL
; and note that V + Vg =1.

Based on the Halpin-Tsai model, the elastic
modulus is estimated by

3E,, +3E,0Ven L,  5E, +5E,0,Ven T,

E=

I

8 -8V, I, 8 -8V, I,
(3)
where
_ EntBon o En+Eep
' Eg +E.®, * Egn +E 0,

(4)
, = 2agp, L0, = 2bgp,

GPL tGPL
with the GPL length, width, and thickness are
denoted by ag, , bg, and tg ; the elastic

modulus is denoted by E .

By using the mixture rule, the Poisson ratio,
thermal expansion coefficient, and density (v, @,
and p), with respect to the cap thickness, are

obtained by

v=v, Vi + Ve Vers
a=a,V, +og Veprs (9)
=PV * PepL VorL -

The thermal stresses are counted in the
formulations as the pre-stresses and combined
with Hookian law, obtained as
-l el e}

Gy Q, Q, €y a (6)

Grz = Q448rz’

ol Q

where the reduced stiffnesses are presented by

Q,=Q, Z%’ Q, :%1 Q,, Z%' (7)

The displacements at a distance z from the
mid-surface are established by applying the HSDT,
taking into account the axisymmetric deformations,
presented as
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wn—%%{mn+wunj+wnz
0 , (8)

W (r)+w(r)

S <l <l
I

where u=u(r,z), v=v(r,z), and w=w(r,z) are
the displacements; ¢(r) is the rotation, and
imperfect deflectionw’ (r) is also considered.

The strain expressions at a distance z from
the mid-surface can be presented by

N.T. Tam et al
The mid-surface strains &%’ &%
considering the von Karman nonlinearities, are
derived by
1 , w .
0) —Wi——+U +W W,
& 2 R,
&y (= u_w (10)
o "Ry
W+

In the present paper, the governing relations

r 850) & are initially formulated for shallow spherical caps,
€y = s(eo) +2z ¢ and the corresponding expressions for circular
g, 852) (r) plates can be derived as a special case by allowing

the main radius to approach infinity. The
i2(¢,r + W,rr) 9) expressions of force, shear resultants, and bending
0 3; moments associated with axisymmetric
-z* 0 -z WE% " rj deformation are obtained through the integration of
i(¢+w ) 0 the generalized Hookian constitutive equations,
3n’ ! presented as
£©)
_ — — — — — (0 —
N, ?11 ?12 911 912 I311 I312 & @,
N9 %12 ?22 (212 (222 [_)12 I:_)22 ¢,r CT)1 (0)
M|_]C, C, F, F, G, G, ¢ LA {QHg Ls} L
M, (_:12 (_:22 E12 Ezz (_312 C_':‘zz 4 r cz)z "R bs L _W((I)"‘Wr) ’
Pr [_)11 [_)12 911 912 ﬁﬂ ﬁ12 3?(¢r + rr) ?3
P9 D12 D22 G12 G22 H12 H22 4 ¢ (D3
et
(11)
where respectively formulated as

(Ls:.. C..F.D.,G. Hij)z 1/22@”. (1,2,22,23,24,26)dz,

ij? i i i i
(ij=1,2),

(14,_5,_5) - Q,, (1, 22,24)dz,

—h/2

=l

(D), ®,, D) = Ih/z (éﬂ +@12)&(1,z,z3)dz.

—h/2
Taking into account the reaction forces from
the Pasternak-type foundation, the strain energy of
the structure, the external work, and the kinematic
incorporating the
characteristics of the foundation, can be

energy, while nonlinear

h/2 R,
X I J. [GrSr -0,0aAT +0,¢, —6,0AT +0,¢, ] rdrdz,
-hj2 0

(12)

Ry
U,, =2n I qwrdr
i (13)

(14)
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where the linear Winkler and Pasternak stiffnesses
are respectively denoted by K,( N/m® and K,
(N/m).

The total potential energy is established from
Egs. (12), (13), and (14), as
U=U,-U,+U,_, (15)

int

3. Approximate Solutions and

Analysis

Dynamic

The structures are assumed to satisfy
axisymmetric, clamped, and immovable boundary
conditions, which are mathematically imposed as
Atr=0: u=0, ¢=0, w, =0, w=finite,

(16)
Atr=R;: w=0, w, =0, $=0, u=0.

The admissible displacement fields that fulfill
the prescribed boundary conditions are assumed
to take the following forms [9]

2 2
u=Ur(_rI;2R1), ¢=(Dr(_r R'ZR1),
1 1
(-r* +R?)’ (- +R2Y an
WZW#, w ZKh#,
1 1

where the imperfecton W’ is assumed to be
similar form to deflection, and « is the imperfection
size.

To incorporate the damping behavior of the
foundation, the Rayleigh dissipation function is
introduced and integrated into the formulation
through the application of the Euler-Lagrange
equations, as follows
d ﬂ]_£+a_d1=
dtiow )] oW oW
d(ouU 6U
dt aUJ U
d(oU) ouU
at aTbJ‘aTD—

-0, (18)

where the viscous potential function is
Ry
d, = njcv'vzrdr.
0

By substituting Eq. (17) into the expression
for the total potential energy given in Eq. (15), and

N.T. Tam et al

subsequently incorporating the result into Eq. (18),
the governing equations of motion can be derived
as

b,,U+b,,®+Db,; W +b,, W (W +2xh) =0, (19)

by,U +b,,® + by W + b,y W (W + 2h)=0, (20)
b;,U+ by, @ + by U(W + kh) + by, @ (W + xh)
+bys W (W + 4xch/3)

+bys W (W +h) (W + 2kh) (21)
+bygW + by AT(W + h)

+b,,o AT + by, g — 7R (CW + 5312W)/5 =0,

where

——(3B,,+19B,, +22B,,),

0

b, = 315R ————(46B,,-82B,,),

_  n[ 4 4\
b, = [3h2 (24G,, +61,,R? +8G,,) _(Wj

x(12H,, + OR? L + 4H,, ) + LR} + 4F,, + 12F, |

T{(sls R2 +4H,, /3 +4H,, )(;zﬂ

leall

23 R
-
,{R L

1

B (4G, + 2R} + 4622/3)3h2}

R

+

1
mR,[ (D, +D,,/3+4D,,/3) |
3h°R,
7R, [2C,, +8C,,/3+2C,,/3 |
_l’_
8R,

n[(zﬁﬂ /3- 2[‘)12)3?]2

5R,

+2C,, -2C,, /3}

524 =
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_ 7R,(19B,, +22B,, + 3B,,)

b —
4 105R,
47(14D,, +34D,,)/3n”
15R,
. 2n(-82B,, + 468,
B 315R, ’
_ _ 4 _ —
27{(—2011 + 6012)ﬁ +2C,, - ecm}
by, = :
. 15R,
- _ 4
nl:(_3R12 ks —4H,, /3_ 4H,, )[;,)hz) :l
b32 == R

1

LR (o7 12 1 4G (3045 2
m —?+(2 IsR? +4G,, /3+ 4G11)3?

L 1

R1
S ) )
R, W(D11 /3+4D,,/3+2D,, ) }
- 8R,
nR,[-2C,, -2C,,/3-8C,,/3 |
- 8R, !
. _i4n(2[_)“—6512)i4n(§11+§12)
® 3h? 5R? © BR,
- 128B 4
by = M-l b,y = — 1D,
® =TT qosR2 R T3
— 2R’ nd, — = h2 _
b310:_31T01’b311 3R2 b312 .[h/zpd
1 -R'K, /20 o 4 (7 B
_ | 3h2 11 3
38 = 4R?2
1
K 4 V-
R?(2 L [y
n l: !153h2 3 (3h2j !55 3}
N 4R?
8n(D,,+3D,, +4D,,) Rin(B,,+B,, +2B,,)
| 9hR, 5R? ’

Solving Egs. (19) and (20) to obtain the
amplitudes U and @, then, substituting them into
Eq. (21), presented by

N.T. Tam et al
(611631 + 538 +621632 ) W
+( Cyybas +Cyybag )W (hic + W)
+( Cyobs, +Cppy, )W (2kh + W)
+bys W (W + 4xh/3 (22)

+(Cyobay +byg +C1psy )W (2xh + W) (ch + W)
+byAT(hic + W) + ATb,,, +qby,,

_ TRy T2 (B, W + W),
where
6 b12 b23 613 E22 ~ b12 b24 b14 B22
1M1= R2 127 [
b b b12 b11b22 b12
6 b12 b13 b11 b23 6 b12 b14 b1 1 b24
21 w2 » Lpp = w2
b b —bg, b11b22 b7

In the case of free vibration, the linearized
form of the governing equation is derived by
omitting the geometric nonlinear terms, viscous
damping effects, and external forcing. Under these
simplifications, the resulting equation of motion
describes undamped, unforced vibration, from
which the expression for the fundamental
frequency is determined as follows

oo |- 5(611531 +Cyiby, + ATy + 638)
5312717R12 .

(23)

Two types of time-dependent impulse loads
are investigated in the numerical investigations,
including blast load and step load, which are
respectively defined as
for blast load

Q(1—1), 0<t<T

q(t): T (24)
0, t>T
and for step load
Q 0<t<T
t)=1 " 25
q() {O, t>T (29)
2n

where the vibration period is denoted by T =—.
®

The time-dependent laws of impulse loads
are applied and substituted into the motion
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equation (22), and then the resultant is solved
using the Runge-Kutta method.
4. Numerical examples

Table 1 presents the comparison of the
dimensionless fundamental frequencies of FG-
GPLRC circular plates obtained from the present
semi-analytical formulation with those reported by
Chien and Phuc [27] and Javani et al. [28], which
were based on meshfree and differential

quadrature methods, respectively. The results are

N.T. Tam et al

shown for three typical GPL distributions (U, X, and
O types) under identical geometrical and material
conditions. It can be observed that the present
results show excellent agreement with the previous
studies,
accuracy of the proposed approach.

In this paper, the material properties of FG-
GPLRC are assumed temperature-
independent and are applied by referring to the
previous works [33-35].

thereby confirming the validity and

to be

Table 1. Validations of non-dimensional fundamental frequencies ® = ®R?,/p_h/T1,, of FG-GPLRC

circular plates (Wgp, =1%, E,, =3GPa, p,, =1200kg/m3, v, =0.34, R,=1m, IT_ :Emh3/12(1—vm2))

R,/h
Distributions References

5 10 29.4118
Chien and Phuc [27] 19.0329 20.5657 21.2205
U Javani et al. [28] 19.1378 20.6418 21.1638
Present 19.6549 20.9684 21.4086
Chien and Phuc [27] 20.6648 23.1168 24,1789
X Javani et al. [28] 21.7190 23.9322 24.7333
Present 21.6710 24.1887 25.1197
Chien and Phuc [27] 16.3881 17.3051 17.7029
0] Javani et al. [28] 15.7053 16.5524 16.8334
Present 16.0492 16.6377 16.8242

Table 2 reports the fundamental frequencies
of FG-GPLRC shallow spherical caps and circular
plates with various graphene platelet (GPL)
distribution types (U, X, V, A, and O) and GPL
mass fractions ranging from 0% to 0.8%. Several
key trends can be observed from the data. First, for
both circular plates and spherical caps, an increase
in the GPL mass fraction leads to a noticeable rise
in the fundamental frequency, confirming the
stiffening effect of GPLs on the structure. This
effect is particularly prominent in the X-type
distribution, where GPLs are concentrated near the
top and bottom surfaces. For instance, when the
mass fraction increases from 0% to 0.8%, the
frequency of the X-type spherical cap rises from

1647.1 rad/s to 2141.9 rad/s, which represents a
substantial enhancement in stiffness. Second,
among all the distribution types, the X-type
configuration consistently exhibits the highest
frequencies, followed by V and A types, while the
O-type This
corresponds to the relative efficiency of GPL
placement across the thickness:
concentrated reinforcement (X-type)
effective in increasing bending rigidity than center-
concentrated or distributed
configurations. Third, spherical caps demonstrate
significantly  higher fundamental
compared to their corresponding circular plates
geometrical

produces the lowest. order

surface-
is more

uniformly
frequencies
material and

under identical
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parameters. This increase is due to the inherent provides additional stiffness and resistance to
geometric curvature of spherical caps, which deformation.

Table 2. Fundamental frequencies of FG-GPLRC spherical caps and circular plates with various GPL
distributions and mass fractions (rad/s, h=0.02m, R, =20h, R, =R, /0.1, k=0, AT =100K, K, =10

MN/m?3, K, = 0.1 MN/m)

Wep, U X Vv A\ @)
0% 879.3 879.3 879.3 879.3 879.3
0.2% 941.3 1003.5 936.8 936.8 874.4
Circular plates 0.4% 1001.7 1113.6 986.4 986.4 874.0

0.6% 1060.5 1213.5 1031.3 1031.3 877.7
0.8% 1117.9 1305.4 1073.1 1073.1 885.1
0% 1647.1 1647.1 1647.1 1647.1 1647.1
0.2% 1751.8 1785.6 1747.8 1750.1 1716.3
Spherical caps 0.4% 1851.4 1912.9 1839.4 1844 .1 1784.0
0.6% 1946.7 20311 1924.3 1931.3 1850.2
0.8% 2038.1 2141.9 20041 2013.4 1914.9

32 3. [h=00om, R =200 R,=Rp0T, |-~ =9 | 2 [h=002m R =20k, [R,= R0 W, = 05%, =01 |-~ O
N Wep =0.5%,x=0.1,AT=0K, |7~ v AT=0K, -~ =6 MPa, ¢ = 1kN.s/m*. -- v
\Y GPL P
3 |0=6MPa,c= IkNs/ne. - 30 20 | R (K= 10MNID, Ko =00 MNm. |7 GD
K, = 10 MN/m, K, = 0. MN/m. | & N 0
16 Spherical shells 1
_ o A
g Q A Y
g Step load Blast load t
- by
S, /i “
\\ J A
4
y Forced vibratlion . 0 Forced vibratlion . Free vibration
0 2 [27] 4 6 8 0 2 4 6 8
t (ms) { (ms)
(a) (b)
0 X h=002m, R, =200, R, = Rj0.1,x=0.1,| — Foreed vibration 40 e =00 o S o — Forced vibration
AT=0K, 1Q=6Mpaac= 1kN.s/m?. |_— = —Free vibration K=0.1, AT=0K, 0 =6 MPa, ¢ = TkN.s/m?. L=~ - Free vibration
Step load 1 K, =10 MN/m’, Blast load
20 Spherical shells 20 5 Ky=01MNm. Spherical shells
| 4
E E 3 P ,7\ \\ -7 \\l’
£ SN TN E Sl 2\ \\/l II\\ ,'\\
=~ ~ \ - !
2 7'/\ /, AR 3 ,’ ;’ ! 3\ \\ l( ’.r vy
0 7/ [V \ 7’ 0 v ] 7 A} AL T
- v ’ A . 1 v v/ n »
L Wepy n_s 7 WX, A A
2i 3PL - = ’ A \\ /’ \ i N7
¥ Wep=1% | K, =10 MN/m*, K, = 0.1 MN/m. R A
220 PO I I L 220 R I L
0 2 4 6 8 0 2 4 6 8
t (ms) t (ms)
(c) (d)

Fig. 2. Effects of GPL distribution laws and GPL mass fraction on the dynamic responses of FG-GPLRC
spherical caps under impulse loads
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60 Forced vibration
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E AN 2 o3
g \\ *\ ,’]\’f e YT TN, /
= 0 AN _\/‘ I?\\ 7 BLAN Yo
i s ¥
1:Ry=R,/02 \__/\ \\-l’ ,A.__’f \‘ S
2:R,=R,/0.15 ;\\ X \
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0 1.7 2iu 4 6
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Fig. 3. Effects of geometrical properties on the dynamic responses of FG-GPLRC spherical caps under
impulse loads

Fig. 2 illustrates the dynamic responses of
FG-GPLRC spherical caps under two types of
impulse loads, step load and blast load,
considering different GPL distribution types (a, b)
and various GPL mass fractions (c, d). Figs. 2a and
2b compare the effects of five typical GPL
distribution types (U, X, V, A, and O) under step
and blast loads, respectively. In both loading
scenarios, the X-type distribution leads to the
lowest deflection amplitudes, indicating the most
favorable structural performance. This is due to the
reinforcement being concentrated near the outer
surfaces of the shell, where bending stiffness is
most critical. Conversely, the O-type distribution
consistently yields the largest deflections, as the
GPLs are primarily concentrated near the mid-
surface, which contributes less effectively to
flexural rigidity. This confirms that not only the

amount of reinforcement but also its through-
thickness distribution significantly affects the
dynamic behavior under impulsive excitations.
Figs. 2c and 2d present the effect of increasing
GPL mass fractions under step and blast loading
conditions. A clear trend is observed: as the GPL
content increases from 0% to 1%, the peak
deflection of the spherical cap decreases
noticeably with the loading duration. This reflects
the expected stiffening effect of GPLs, which
enhances the resistance of the structure to
transient loads. Moreover, the reduction
displacement is more pronounced under step
loading (Fig. 2c). In the case of step loading,
irregularities in the order of vibration amplitudes

in

among different GPL mass fractions can be
observed after the
is no longer subjected to external

load duration, when the

structure
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excitation.
Fig. 3 investigates the influence of
geometrical parameters, specifically the base

radius R, and the main (curvature) radius R,, on

the nonlinear dynamic responses of FG-GPLRC
spherical caps under step and blast impulse loads.
Figs. 3a and 3b illustrate the effects of increasing

base radius R, under step and blast loads,
respectively. It is observed that as R, increases,

the peak displacement of the cap also increases,
indicating a reduction in structural stiffness. Figs.
3c and 3d explore the effects of varying the main
radius R,, which governs the global curvature of

the cap. A larger value of R, implies a shallower
curvature, approaching a flat plate as R, —«. The
results show that increasing R, leads to increased

dynamic deflection, consistent with the notion that
deeper caps (smaller R, ) exhibit greater geometric

stiffness.
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Fig. 4 examines the effects of environmental
temperature on the dynamic responses of FG-
GPLRC spherical caps subjected to step (Fig. 4a)
and blast (Fig. 4b) impulse loads. In this study, the
mechanical properties of the FG-GPLRC material
are assumed to be temperature-independent.
Therefore, the variations in structural response are
attributed solely to the thermal expansion-induced
pre-deformation of the structure, rather than
the

increases, a thermal expansion field is induced in

material degradation. As temperature
the spherical cap, generating initial deflection in the
negative direction of the axial coordinate z. This
pre-buckling deformation causes the dynamic
displacement response to shift toward the negative
domain, as clearly observed in both figures.
Notably, this shift does not imply an increase in
vibration amplitude, but rather a relocation of the
mean position of oscillation due to the thermally-

induced geometric deformation.
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Fig. 4. Effects of environmental temperatures on the dynamic responses of FG-GPLRC spherical caps
under impulse loads

Fig. 5 illustrates the influence of damping
coefficients and elastic foundation parameters on
the nonlinear dynamic responses of FG-GPLRC
spherical caps subjected to step and blast impulse
loads. The first row (Figs. 5a and 5b) shows the
effect of viscous damping, while the second row
(Figs. 5¢c and 5d) examines the influence of the
Winkler and Pasternak foundation stiffnesses. In

Figs. 5a and 5b, it is observed that increasing the
reduces the
vibration amplitude in both step and blast load
cases.

damping coefficient significantly
The suppressing effect of damping
becomes more pronounced after the impulse load
has ceased, particularly under blast excitation (Fig.
5b), where the system exhibits stronger transient
oscillations. Figs. 5¢ and 5d explore the effects of
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increasing the foundation stiffness parameters.
Both  Winkler
contribute to the overall stiffness of the foundation-

and Pasternak components
structure interaction system. As these parameters

increase, the dynamic deflection of the spherical
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cap decreases substantially. It can be explained
that the presence of the Pasternak shear layer
provides additional lateral restraint, making the
structure less susceptible to deformation under
radial impulse loads.
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Fig. 5. Effects of damping coefficients and foundation parameters on the dynamic responses of FG-
GPLRC spherical caps under impulse loads

5. Conclusion

This study has developed a semi-analytical
approach for analyzing the nonlinear dynamic
responses of FG-GPLRC shallow spherical caps
under impulse loads, including step and blast
pressure, in a thermally affected environment. The
formulation is based on higher-order shear
deformation theory (HSDT)
Karman geometric nonlinearity, and considers the

interaction with a nonlinear viscoelastic Pasternak-

incorporating von

type foundation. The governing equations are

derived using the Lagrangian and Rayleigh
dissipation function

numerically the
Extensive parametric studies were carried out to
investigate the influence of GPL distribution types,
GPL mass fraction, geometrical characteristics,
temperature-induced initial deformation, damping
coefficients, and foundation stiffness parameters
on the dynamic behavior of FG-GPLRC spherical
caps and circular plates. The results revealed

principles, and solved

via Runge-Kutta method.

several key insights:
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The X-type GPL distribution, which places
reinforcement near the outer surfaces, provides the
highest structural stiffness and lowest dynamic
deflection under impulse loads.

Increasing the GPL mass fraction leads to
enhanced bending rigidity and reduced vibration
amplitudes.

Geometric curvature and base radius
significantly affect the dynamic response, with
deeper and smaller-radius caps exhibiting higher
stiffness.

Although material properties are assumed to
be temperature-independent, thermal expansion
induces pre-deflections that shift the oscillation
response domain.

Damping and foundation stiffness (both
Winkler and Pasternak components) effectively
mitigate dynamic amplitudes, particularly in post-
loading stages.
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