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Abstract: An analytical framework is developed to investigate the nonlinear
thermal and mechanical buckling behavior of functionally graded graphene
platelet-reinforced composite (FG-GPLRC) catenary caps resting on nonlinear
elastic foundations. The formulation is based on the first-order shear
deformation theory (FSDT) coupled with von Karman-type geometric
nonlinearity. The cap geometry follows a catenary profile, from which spherical
caps and circular plates emerge as special cases when the curvature radius is
constant or tends to infinity, respectively. The graphene platelets are
embedded within a copper matrix and graded through the thickness using
various distribution patterns. By employing the Galerkin method, explicit
expressions for thermal critical loads and postbuckling paths under both
thermal and external pressure are derived. A comprehensive parametric study
is performed to examine the influences of cap geometry, foundation
parameters, and GPL distribution on the stability characteristics, offering
insights into the design of curved FG-GPLRC structures under combined
loading conditions.

Keywords: Buckling and Postbuckling, Catenary cap, Functionally graded
graphene platelets reinforced composite, Thermal load, External pressure.

1. Introduction

In contemporary engineering applications,
circular plates and shell-type caps have gained
widespread utilization in fields such as marine
engineering, civil infrastructure, and aerospace
structural

systems due to their

manufacturing feasibility, and high efficiency in

load-bearing performance.

Functionally graded materials
the gradual
composition between metallic and ceramic phases,

characterized by

effectively mitigate stress concentrations caused

by mismatched material properties. This
continuous gradation results in enhanced thermal
resistance, mechanical strength, and structural
integrity. Consequently, FGMs have been
extensively investigated in structural applications
subjected to combined thermal and mechanical
loading, particularly in circular plates and spherical

caps. Numerous studies have explored the stability

simplicity,

and vibration behavior of FGM circular plates
through analytical, semi-analytical, and numerical
methods under various boundary conditions and
theoretical frameworks [1-6]. In comparison,

(FGMs),
variation in
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annular plates and shallow spherical caps
composed of FGMs present greater modeling
challenges due to their more complex geometries.
These structures have attracted increasing
attention in recent years [6—12]. By introducing the
assumption of shallow curvature, researchers have
simplified the governing equations by transforming
from spherical to polar coordinates. However, this
geometric simplification does not reduce the
complexity of the thermo-mechanical behavior,
which remains significantly richer than that of flat

circular plates.

Functionally graded graphene platelet-
reinforced composites (FG-GPLRCs) represent a
class of advanced materials in which graphene
platelets are distributed non-uniformly through the
thickness, offering simultaneous improvements in
mechanical strength and thermal resistance. The
application of first-order shear deformation theory
(FSDT) combined with the Galerkin method has
enabled the analysis of various nonlinear
behaviors in FG-GPLRC structures, such as aero-
thermo-elastic flutter and dynamic responses of
stiffened porous plates and cylindrical shells [13,
14]. Further studies have addressed porous FG-
GPLRC annular sector plates, focusing on their
shear buckling characteristics, static responses,
natural frequencies, and dynamic behaviors using
both three-dimensional elasticity formulations,
FSDT, and HSDT [15-17]. Circular plates and
spherical caps made of FG-GPLRCs have also
been widely studied under diverse boundary and
loading conditions, encompassing problems such
as nonlinear vibration, dynamic buckling, bending,
and thermo-mechanical instability [18—-28]. In
particular, Nam et al. [29] proposed an enhanced
smeared stiffener modeling approach using a one-
step spiderweb scheme to analyze the nonlinear
buckling behavior of FG-GPLRC spherical and
circular plates, demonstrating the stiffeners’
significant contribution to structural performance.

In recent years, traditional shell forms such
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as spherical caps with constant curvature, while
structurally efficient, have become less adequate in
addressing the evolving demands of modern
engineering applications. Increasingly complex
architectural forms, aesthetic considerations, and
stringent performance requirements necessitate
the exploration of more versatile geometries [30—
34].

Despite their potential, shell caps with non-
uniform curvature, such as those deviating from
classical spherical shapes, remain underexplored,

particularly in the context of their thermo-
mechanical behavior. This gap is largely
attributable to the mathematical complexity

associated with modeling such geometries, which
poses significant analytical and computational
challenges.

Unlike conventional spherical or parabolic
caps, catenary caps exhibit a non-uniform
curvature that offers enhanced geometric flexibility.
This allows designers to tailor shell profiles for
specific performance or aesthetic criteria,
facilitating optimized stress distribution and
architectural adaptability. Such versatility makes
catenary shells particularly appealing in modern
structural and composite design, even though their
load-bearing advantages may depend on specific
loading scenarios. Despite their promising
characteristics, studies on the thermo-mechanical
buckling responses of such shells remain limited,
especially in the context of advanced FG-GPLRC
materials.

This study focuses on a novel FG-GPLRC
shell structure, catenary caps, which rest on
nonlinear elastic foundations and are subjected to
uniformly distributed thermal and external pressure
loads. The catenary curvature provides a
generalized geometric framework, wherein
spherical caps and flat circular plates emerge as
limiting cases corresponding to constant or infinite
curvature radius, respectively. The governing
nonlinear equilibrium equations are formulated
using the FSDT, incorporating geometric

99



JSTT 2026, 6 (2), 98-115

nonlinearity of the wvon Karman type. An
approximate analytical solution is obtained through
the Galerkin method, enabling the derivation of
critical buckling loads and postbuckling responses.
The study further explores the effects of cap
geometry, foundation characteristics, and GPL
distribution patterns on the thermo-mechanical
stability of the structure, offering new insights into
the design and performance of functionally graded,
curved composite shells.

2. Configurations and FG-GPLRC properties of
catenary caps

Fig. 1 illustrates the configuration of an FG-
GPLRC catenary cap. The geometrical properties

Catenary cap |
r
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are presented with the radius of cap projection a,

cap thickness h, radius of curvature R(r), rise of

the cap top Y. Due to the shallow geometric
characteristic, the simpler coordinate system

(r, 9,2) can be introduced. The caps are resting on

the nonlinear elastic foundation with three-

parameter model, including linear parameters K,,
K,, and nonlinear parameter K,. The catenary

caps are assumed to be clamped along their
edges, imposing zero displacement and rotation,
and considered to be under external pressure q

and uniformly distributed thermal load AT .

GPLRC-X

GPLRC-O

GPLRC-A

GPLRC-V

Fig. 1. Configuration of FG-GPLRC catenary caps and coordinate system

The radius of curvature R(r)of catenary

caps determined, as

Y catenary = Y-A |:COSh [%j - 1:|,

a=Aarc cosh[1 + I)
A

r
R(r)catenary =A COSh2 [Xj’ (1 )

where A is the catenary parameters.

Five different GPL distribution laws GPLRC-
0O, GPLRC-X, GPLRC-U, GPLRC-V, and GPLRC-
A are considered.
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Based on the extended Halpin-Tsai model,
the Young’s modulus of the catenary caps is
predicted by [29]

_3E, I:Q1‘C1VGPL (z)+1

E(2) 8 | —1,\Vgp (2)+1
(2)

.5 Q,7,Vep (2) +1
3 —1,Vgp (2)+1 ’

where

I
Lo+,

Q, :2( lapL J, Q, :2£ JepL ]’M _Een ,
ZapL ZapL En

with E is the denote of Young's modulus, the

u—1
ptQ,

T, = T

subscripts m and GPL are the denotes of matrix
and GPL, respectively. igp, jgp. @nd zgp, are the

GPL length, width and thickness, respectively, and

Vge, is the volume fraction of the GPL

(V,, + Vg =1), defined as

A
V. (7)= GPL
e ( ) AgpL + (pGPL /pm)(1 - AGPL)

where p is the denote of the densities, Ay, is the

: ©)

mass fraction of GPL, which depends on five
distribution laws of GPL, according to

AgpL (Z) =

TepL +2TgmL Efor _?h <z< g,GPLRC-A,

< g,GPLRC-X,

4
g,GPLRC-U, @

z -h
4|h—|TGF,L for7 <z

Tept for%h <z<

_ [ e, ch ]
2Mgp, ~4Tep - for — <2<, GPLRC-O,

Tap, — 2T g, Efor _7“ <z< g,GPLRC-V,

where T, is the total GPL mass fraction.

Poisson’s ratio and thermal expansion
coefficient are estimated according to the rule of
mixture, as
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V(Z) =VapLVorL Vi = Vi VepLs

)

o(2) = otgp Vap, + 0y — 0, Vpy -
3. Fundamental formulations
According to the FSDT, the displacements (
u, v, w ) atany point on the cap thickness and the
mid-plane displacements (u, v, w) are related
according to the following expressions [11]
u(r,z)=u(r)+2v(r),
v(r,z)=0, (6)
w(r,z)=w(r)+L(r),
where the axisymmetric deformation assumption is

considered for the caps, the geometrical

imperfection and rotation are denoted by L(r) and
v(r).

The strains are expressed through the
strains

corresponding mid-plane e, e and

deformation curvatures y,, x,, as

€ &) +2zy,

_ 0
€y =18 + er y
Tz V+wW,

0 ur+1wf+w,Lr—ﬂ
{s}: rrp e TR TR

u
{Xr } \V’r

w
r R
r

The stress-strain  expressions can be

applied, considering the thermal stresses AT, as

el arhe 1)
o, 1_[sz]2 vzh 1 ] g,
Ez\ AT

— oZA ,

1-vzh AT

. Ez)

" 2[1+vzk]y”’

(8)

A=—.
h

The internal forces of catenary caps are
calculated as
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h/2

(N, M,N;,M,.,Q, ) = J._hlz(Gr,ZGr,Ge,ZGe,Trz)dZ. 9)

resultants are
calculated using Egs. (14-16), presented as

The force and moment

N. D,

N, D,

M =—13D,+

M, @,

Q, 0

_A11 A, By By 0 | 8? 10
A, A, B, By 0 Sg

By, By Dy Dy 0 X g

B, By D;, Dy 0 Xo

0 0 O KHy || W+w,

where K, =5/6 is the shear correction factor, @,
and @, are the thermal force and moment,

respectively, and

N T

(AIJ’BU’DU!H ) (1’2’22’1)Qijdz’
;
h
2
CD1 =F1AT, F1 = J-(X(Q12 +Q11)dz
:
EzA
Ez\
Q,=vZh—M— |
2=V 1_v2z2)2
Ez\
Q44 i ue—
2vZh + 2

According to the FSDT, the equilibrium
equations of catenary caps, considering the cap-
foundation interaction in the nonlinear foundation
model are expressed as

(), N, =0,
). ~M,-Qr=
rQ,), [ (w +L )] +(N9+Nr)%+ (11)

(M
(rQ
{q K, w+K W,rr +1w,rj—K3w3}r:0,

Based on the Egs. (10) and (7), the
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equilibrium equations (11) are re-established with
respectto u,y and w, as

2
A,w

AW  Apu  AWw: Auw, . .
R r 2 R 2
AW, By Auw

R r

+B11\|],r + A11u,r + B11\|I,rrr + A11W,rL,rrr (1 2)

+ A11W,rL,r

_A12W,rL,r + A11u,rrr + I"6‘11W,rw,rr
+Aw, L r=0,

2 2
B11W,r _ B12W,r _ Dzz\lf _ B12W,r
2 R r 2
_Buw, . Buw Byu + B,,w

R R r R

B11u,r + B11W,rW,rrr + B11u,rrr

+B11WrLr + B11Wrrer + B‘I‘lwrl‘rrr
n v n (13)

+D11\V,rrr - B12W,rL,r + D11\|/,r

-KH,w r—KH,yr=0,

[_%(L,r + w’r)r —%(L!r + W’r)

+3L.w, w, r+L *w +u, (wyr +L'r)r

wR
+

(L, +w )r+wrrLr2r+1wr3
nb TESW,

1 w2
+U, | —+w, +L |r———r
"\R ’ 2R

+ngr2 (W,rr + L,rr)r tu, (L'r + W’r)
- % r+2w, L Lr+ g w AL, } Ay

-, (w’rr +L’rr)r + (% —%rJA22

_é(b r+%w+[r\:2 RYrW(L’r +W’r)

+lu,r— (L +Wr,)wr——w’r2r
R ' R
—%(wyr L)+ S +u(l, +w,)
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Y, (w,r +L, ) r+ (L'rr +W, )\V,r r] B,

v oV,
J{EJF R r +(L’rr + W’rr)\v
+\I/,r(W,r +Lqr)]B12 +K,w, +qr (14)
K, wir—K,wr+K,w,r
+KHw (r) +KH,, diw(r) =0.
r
4. Solution forms and Galerkin method

The axisymmetric assumption at the top (at
r =0) and the clamped edge contour (at r=a) are

considered. The corresponding  boundary
conditions are presented as
u=0,y =0,w =finite, At r=0,
(15)
w=0, y=0, u=0, At r=a.
To satisfy the conditions (15), the

approximate forms of the displacements, rotation,
and imperfection are chosen by [35]

u=Usin(Mj, w:‘Psin(M),
a a
mzr \|° mzr \]°
w=W cos—TE , L =L, cos—TE ,
2a 2a
where the amplitudes of displacement, deflection,
rotation, and imperfection are denoted by U,W |, ¥

(16)

,and L, ; m is the meridional buckling mode.
Substituting Eq. (16) into Egs. (12)-(14), and

applying the Galerkin method, leads to

P, W? +W (P, +P,L;) +P,U+P ¥ =0, (17)

P,yW? + W (P,, +PyLp )+ PyU+ Py =0, (18)

P, W2 + W2 (P, + Pyl ) + [PM (L)
Pl +PigU+ P, ¥ + P @, + Py
L (19)

+(PyoU+ Py, ¥ + Py, @, )WD} w
+Py3U + Py W + Py @4 + Pyysq =0,
where the parameters P; are recognized in the
Appendix.

From Egs. (17) and (18), the expressions of
U and ¥ can be obtained; next, putting them into
Eq. (19), leads to

K.Q. Thai et al

HW? + W2 (H, +HyLo )+ HsW (L )°
+W (H, +HL, +H, ®,) (20)
+H, @, Ly +H,®, +H,,q=0,

where the parameters H, are recognized in the

Appendix.

From Eqg. (20), the external pressure-
deflection postbuckling and thermal load-deflection
postbuckling  expressions are respectively
obtained, as
q= _i{H1w3 + W2 (H,L, +H,)

H1O
+WHy (Lo )* +H, @, +H, | (21)

+H @, L, + HWL, + H9®1},

1 [Hoa+HW® + W?

AT =
(WH7 + LDH8 + H9 )F1 (22)

X(Holo +Hy ) HHW (Lo ) + W (Help +H, ) |

Egs. (21) and (22) are employed to analyze
the postbuckling behavior. Moreover, the
corresponding formulations for circular plates can
be readily derived by setting the curvature radius to
infinity. Based on the bifurcation criterion, the
thermal critical buckling loads for perfect circular
plates are determined as follows
AT, =T (23)

1—‘1 H7
5. Numerical investigations and discussions

Table 1 presents a comparison of the thermal
critical buckling loads obtained in this study with
those reported in previous works using the
adjacent equilibrium criterion [1] and isogeometric
finite element analysis based on FSDT and HSDT,
respectively [2]. The comparison demonstrates
good agreement, thereby validating the accuracy
and reliability of the present analytical formulation.

In this section, a numerical investigation is
conducted to analyze the buckling and
postbuckling behavior of FG-GPLRC catenary
caps. The material properties of the copper matrix
reinforced with graphene platelets are adopted
from the work of Wang et al. [17].
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Table 1. Comparisons of critical thermal buckling loads AT, (K) of FGM circular plates with previous

works [1, 2]
h/a Najafizadeh and Hedayati [1] Loc et al. [2] Present
0.05 146.815 144.9953 147.0021
0.04 94.081 93.4005 94.0667
0.03 53.029 52.8191 53.3113
0.02 23.603 23.5719 23.7101
0.01 5.906 5.9093 5.9401

Table 2. Effects of GPL mass fraction on the critical thermal buckling loads AT, (K) of FG-GPLRC

circular plates (without stiffener, h=0.03m, R=o,L, =0,m=1)

a/h T (%) GPLRC-A  GPLRC-V ~ GPLRC-U  GPLRC-X  GPLRC-O
0 59.5779 59.5779 59.5779 59.5779 59.5779
3 65.0846 65.0846 71.4833 89.6830 54.609
%0 6 72.4265 72.4265 82.4730 104.9935 61.1071
9 79.9179 79.9179 92.6349 116.5781 68.3525
0 43.8404 43.8404 43.8404 43.8404 43.8404
3 47.8814 47.8814 52.5972 66.0112 40.1662
% 6 53.2777 53.2777 60.6806 77.2777 44.9423
9 58.7860 58.7860 68.1552 85.8001 50.2700
0 33.5996 33.5996 33.5996 33.5996 33.5996
3 36.6911 36.6911 40.3090 50.6005 30.7747
40 6 40.8238 40.8238 46.5025 59.2353 34.4325
9 45.0434 45.0434 52.2296 65.7659 38.5138

Table 2 investigates the effects of GPL mass
fraction and distribution patterns on the thermal
critical buckling loads AT, of FG-GPLRC circular

plates, considering three radius-to-thickness
ratios: a/h = 30, 35, and 40. The results clearly

demonstrate that increasing the GPL mass fraction
enhances the thermal buckling resistance across
all distribution types. This improvement is
attributed to the superior mechanical and thermal
properties of GPLs, which significantly increase the
effective stiffness of the composite. Notably, the X-
distribution yields the highest buckling loads
among all cases, followed by the U-distributions,
whereas the A-, V- and O-distributions exhibit

relatively modest improvements. The superior
performance of the X-pattern is primarily due to its
ability to concentrate GPLs near the surfaces,
where the bending moment and strain energy are
most pronounced, thereby maximizing structural
efficiency. Furthermore, a consistent reduction in
AT is observed with increasing a/h ratios,
indicating that thinner plates are more prone to
thermal instability. This geometric sensitivity is
expected, as slender structures typically exhibit
lower stiffness and are thus more susceptible to
thermal-induced deformation.

Fig. 2 illustrates the thermo-mechanical
postbuckling responses of FG-GPLRC catenary
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caps under various buckling mode assumptions.
The curves indicate that higher buckling modes
lead to postbuckling paths with increased stiffness
and higher load-carrying capacities. In other words,
the structure becomes more resistant to instability
as the buckling mode number increases, and the
corresponding postbuckling equilibrium paths shift
upward. This behavior can be attributed to the fact
that higher modes involve more complex
deformation shapes that require greater strain
energy to develop, making them energetically less
favorable and therefore less likely to occur in
practice. Consequently, although these higher-
mode responses represent stiffer configurations,
they are typically not critical for initial buckling
under uniform loading conditions. The first buckling
mode remains the most relevant from a design
standpoint, as it corresponds to the lowest critical
load and is most easily excited under service
conditions. These results reaffirm the importance of
identifying and focusing on the lowest buckling
mode when evaluating the stability of shell-type
structures such as FG-GPLRC catenary caps.

The comparisons of the mechanical and
thermal postbuckling curves of FG-GPLRC
catenary caps and spherical caps are presented in
Fig. 3. Fig. 3a compares the mechanical
postbuckling behavior of FG-GPLRC catenary and
spherical caps under external pressure. In the
initial postbuckling stage (small deflections), the

500  —— i = ~
m=1 ~, Catenary cap \
mrmm=3 S GPLRC-X \
400 f ——m=5 N
N \
_ h = 0.03m, a/h =30 A \
% 300 ¢ Topr=3% ~, |
&~ Y=a/63=0.19m N \
= N
200 + A4 =20 . \
L,=0,q=0MPa N
K, = 15MN/m? \

_ _ 5 ’
100 F K, =3MN/m, K; = 0MN/m N \

-0.8 -0.6 -0.4 -0.2 0

W/h

(@)

K.Q. Thai et al

catenary cap shows a lower response curve,
implying reduced stiffness and lower load-bearing
capacity at early deformation stages. However, as
deflection increases, the postbuckling path of the
catenary cap gradually surpasses that of the
spherical cap, indicating greater stiffness and
enhanced capacity in the large-deflection regime.
This transition suggests that while catenary caps
may be more compliant initially, their geometric
configuration becomes increasingly favorable
under large deformations, providing better
structural resistance in advanced postbuckling
stages. Fig. 3b illustrates the thermal postbuckling
responses of FG-GPLRC catenary caps and
spherical caps. Contrary to the mechanical case,
the catenary cap demonstrates a lower thermal
postbuckling path than the spherical cap
throughout the deformation range, indicating
weaker thermal buckling resistance. This suggests
that under uniform thermal loading, the catenary
curvature, despite its geometric advantages in
mechanical contexts, may induce less favorable
thermal stress redistribution, making it more
vulnerable to thermally driven instability. This
highlights a potential limitation of catenary caps in
high-temperature environments where thermal
loads dominate.

Fig. 4 investigates the mechanical and
thermal postbuckling curves of the Catenary caps
and circular plates with different GPL distributions.

500 ; m=1
| ; Catenary cap --=-m=3
. GPLRC-X — —m=
400 f I'I ! m-
[ "
T30 | , h=0.03m, a/h =30 K, = I5MN/m?
E | ; T =3% K, = 3MN/m
< | . Y=a/6.3=0.19m K, = OMN/m’
200 b f 4=20Y

L,=0,4T =0K

4.5 6

(b)

Fig. 2. Thermo-mechanical postbuckling behavior of the catenary cap with different buckling modes
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G hEN m=1, Ty =3%
<100 ’ ¥ =a/%6.3 =0.19m
- A4=20Y

0 L,=0,q = 0MPa

K, = 15MN/m’
K, =3MN/m

100 K; = 0MN/m®

-200 . . . A
-1.5 -1 -0.5 0 0.5 1
Wrh
(b)

Fig. 3. Comparisons of the mechanical and thermal postbuckling curves of FG-GPLRC catenary caps
and spherical caps
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(c)

q (MPa)

q (MPa)
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— —1: GPLRC-U -
——2: GPLRC-V
----- 3: GPLRC-X 2
- = 4 GPLRC-O 1

- - =5: GPLRC-A .

K, = 15MN/m?

h=0.03m, a/h = 40, Ty, =3%
m=1,1,=0,AT = 0K

Fig. 4. Mechanical and thermal postbuckling curves of the catenary caps and circular plates with
different GPL distributions

Figs. 4a and 4b display the mechanical and

thermal postbuckling responses of FG-GPLRC
circular plates with five different graphene platelet
(GPL) distribution types. In both loading scenarios,
the X-distribution consistently produces the highest

1 1.2 1.4 1.6 1.8
Wih
(b)
5 — — —1:GPLRC-U 7
——2: GPLRC-V Catenary cap ,
----- 3: GPLRC-X
4| | -~ 4GPLRCO
- - =5: GPLRC-A 2 S
K, = I5MN/m?
3 } K, =3MN/m .
K, = OMN/m’ -
2 L
h =0.03m, ath = 40, Ty =3%
a/¥ = 6.3, 4 =20Y, L,=0,AT = 0K
m=1
| .
0.5 1 1.5 2 2.5
Wik
(d)
postbuckling curves, confirming its superior

reinforcement efficiency by concentrating GPLs
near the surfaces, where bending moments are
maximized. Following the X-type, the U-distribution
shows the next highest stiffness, while the A- and
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V-distributions exhibit nearly identical and
moderate improvements. The O-distribution, which
represents uniform reinforcement, results in the
lowest postbuckling strength, highlighting its less
effective stress-adaptive behavior.

Figs. 4c and 4d present the mechanical and
thermal postbuckling behaviors of FG-GPLRC
catenary caps, using the same GPL distribution
types as in the circular plate case. The trends are
consistent: the X-distribution again achieves the
highest postbuckling paths, followed by U, then the
closely aligned A and V distributions, and finally the

K.Q. Thai et al

O-distribution with the weakest response.
However, in contrast to circular plates, the catenary
caps display significantly higher postbuckling
stiffness across all distribution types, especially
under large deflections. This confirms the
geometric advantage of the catenary shape in
enhancing structural stability.

Moreover, the thermal postbuckling curves
(Fig. 4d) reveal more pronounced differences
among the distribution types, suggesting that GPL
gradation plays a more critical role under thermal
effects in curved shells.
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Fig. 6. Mechanical and thermal postbuckling curves of the FG-GPLRC catenary with different GPL mass
fractions

Fig. 5 investigates the mechanical and
thermal postbuckling curves of the FG-GPLRC
catenary cap with different a/Y ratios. Fig. 5a
presents the thermal postbuckling responses of

FG-GPLRC catenary caps with different a/Y ratios,
where a is the base radius and Y is the rise of the
cap. It is observed that the curvature of the cap has
a significant influence on the shape and slope of
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the postbuckling curves. As the cap becomes more
curved (i.e., lower a/Y ), the thermal postbuckling

path becomes more uniform and stiffer, indicating
greater resistance to thermal instability. In contrast,
for shallower caps (higher a/Y ), the slope of the

postbuckling curve varies significantly with
deflection, resembling the behavior of flat plates
with initial imperfections. This behavior is
consistent  with the known  mechanical
characteristic that spherical or curved shells do not
exhibit bifurcation under uniform thermal loading,
unlike plates, which show clear bifurcation points.
Therefore, although very shallow catenary caps
may approach the behavior of plates, they still do
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not truly bifurcate; instead, their response mimics
that of imperfect plates with gradually developing
instability. Fig. 5b shows the mechanical
postbuckling behavior of the same caps under
external pressure. In contrast to the thermal case,
the mechanical response exhibits an opposite
trend in the large-deflection regime. Specifically, as
the cap becomes shallower (higher a/Y), the

structure demonstrates better load-carrying
capacity at large deflections. Meanwhile, highly
curved caps (low a/Y) exhibit greater initial

stiffness but tend to localize deformation more
rapidly, which may reduce their effectiveness under
large mechanical deformations.
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Fig. 7. Mechanical and thermal postbuckling curves of the FG-GPLRC catenary with different foundation
parameters

Fig. 6 illustrates the effect of GPL mass
fraction on the postbuckling behavior of FG-
GPLRC catenary caps under mechanical (Fig. 6a)

and thermal (Fig. 6b) loading. In both cases, an
increase in GPL mass fraction leads to a clear
enhancement in postbuckling stiffness and load-
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carrying capacity. This is attributed to the
exceptional mechanical and thermal properties of
graphene platelets, which, when incorporated in
higher quantities, significantly improve the
composite's effective stiffness and resistance to
instability. Under mechanical loading (Fig. 6a), the
improvement is progressive and particularly
notable at large deflections, where the enhanced
reinforcement allows the structure to sustain higher
loads without loss of stability.

Fig. 7 investigates the influence of elastic
foundation parameters on the postbuckling
responses of FG-GPLRC catenary caps under
thermal and mechanical loading conditions. The
foundation is modeled using a nonlinear elastic
foundation characterized by three parameters:
Winkler stiffness K,, Pasternak shear coefficient

K, , and nonlinear stiffness parameter K, .

In Figs. 7a and 7b, the combined effect of
varying K, and K, is evaluated under thermal and

mechanical loading, respectively. The results
clearly show that increasing either or both
parameters leads to a substantial enhancement in
postbuckling stiffness. Under thermal loading (Fig.
7a), higher foundation stiffness restricts vertical
thermal expansion, resulting in steeper and more
stable postbuckling paths. Similarly, in the
mechanical case (Fig. 7b), the interaction between
the Winkler and Pasternak components provides
both vertical and shear resistance, enabling the
structure to sustain greater loads with reduced
deformation. Figs. 7c and 7d focus on the effect of

the nonlinear foundation parameter K, under

thermal and mechanical loading, respectively. The
nonlinear stiffness becomes increasingly influential
at large deflections. In the thermal case (Fig. 7c),
higher values of K, contribute to a more

progressive and controlled postbuckling response,
offsetting the destabilizing thermal stresses. In the
mechanical case (Fig. 7d), the presence of
nonlinear foundation stiffness helps resist
excessive deformation after buckling, resulting in

K.Q. Thai et al

significantly stiffer postbuckling curves as K,
increases.

6. Conclusion

An analytical framework was developed to
study the nonlinear thermo-mechanical buckling
and postbuckling behavior of FG-GPLRC catenary
caps resting on nonlinear elastic foundations. The
model was formulated using FSDT and von
Karman-type geometric nonlinearity, with solutions
obtained via the Galerkin method. Based on the
extensive numerical investigation, the following key
conclusions can be drawn:

1) Among the five GPL gradation patterns,
the X-distribution consistently provides the highest
critical buckling loads and postbuckling stiffness
due to the efficient reinforcement near the
surfaces. The U-distribution follows, while A, V, and
O types show lower enhancements.

2) Increasing the GPL content significantly
improves the structural stiffness and load-bearing
capacity under both thermal and mechanical
loading conditions. The improvement is particularly
notable at large deflections.

3) The curvature of the catenary cap plays a
crucial role. In thermal loading, more curved caps
(lower a/Y) offer more stable and stiffer

postbuckling responses. In contrast, under
mechanical loading, shallower caps (higher a/Y)

provide better capacity at large deformations, while
more curved ones exhibit higher initial stiffness.

4) Catenary caps outperform circular plates
and spherical caps in mechanical postbuckling
performance, especially under large deflections.
However, they may show reduced thermal
resistance compared to spherical caps under
uniform heating.

5) Increasing  Winkler and Pasternak
stiffness improves both thermal and mechanical
postbuckling behavior by providing stronger
vertical and shear support. The nonlinear
foundation parameter K, becomes dominant at

large deflections, enhancing structural stability
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significantly under both types of loading.
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