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Abstract: This study presents a finite-element (FE) implementation of a novel inverse-cotangent higher-order shear deformation theory
(nICSDT) for the static bending analysis of laminated composite rectangular plates. The key innovation of the proposed formulation is the
incorporation of a non-polynomial inverse-cotangent shear function that naturally satisfies traction-free transverse shear conditions at the
plate surfaces, thereby eliminating the need for empirical shear correction factors. In addition, symbolic through-thickness integration is
employed to derive closed-form laminate stiffness matrices, resulting in enhanced numerical stability and improved computational efficiency
compared to conventional HSDTs.The theory is implemented using an eight-node CO-continuous quadrilateral finite element and validated
against benchmark results for (0/90) and (0/90/0) cross-ply laminates subjected to sinusoidal (SDL) and uniformly distributed loads (UDL).
The nICSDT demonstrates excellent agreement with three-dimensional elasticity solutions, superior prediction of transverse shear stresses,
and rapid, monotonic mesh convergence. The present work introduces the FE-based realization of an inverse-cotangent shear deformation
theory, offering a compact, accurate, and computationally efficient modelling framework suitable for advanced analysis of composite plate

structures.
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1. INTRODUCTION

Laminated composite plates are extensively employed in aero-
space, marine, civil, automotive, wind-energy and defense struc-
tures because they offer an exceptional stiffness-to-weight ratio,
high specific strength, corrosion resistance, and the flexibility to tai-
lor mechanical behavior through stacking sequence design. Poten-
tial applications include lightweight aircraft and spacecraft panels,
naval hulls and offshore platforms, automotive body structures,
wind turbine blades, defense armor systems, pressure vessels,
high-performance mechanical components such as robotic arms,
industrial machinery frames, gears and shafts, and precision engi-
neering structures where weight reduction and high strength are
critical.

Owing to these advantages, composite laminates are often em-
ployed in load-bearing components where both bending and shear
responses must be predicted with high fidelity. In moderately thick
and thick plates, transverse shear strains contribute significantly to
overall deformation. Classical Plate Theory (CPT), however, as-
sumes that normals to the mid-surface remain straight and inexten-
sible, thereby neglecting shear deformation. As a result, CPT yields
inadequate predictions for laminated plates with low aspect ratio
ratios. The First-Order Shear Deformation Theory (FSDT) [1], orig-
inally developed to incorporate transverse shear deformation, intro-
duces linear variation of shear strains through the thickness.

Although FSDT improves accuracy over CPT, it still requires empir-
ical shear-correction factors to enforce zero shear stresses at the
plate surfaces—a limitation that restricts its applicability to general
laminated configurations and introduces model-dependent uncer-
tainties. These shortcomings motivated the emergence of Higher-
Order Shear Deformation Theories (HSDTs), which aim to describe
realistic, smooth, and physically consistent shear-strain distribu-
tions without relying on correction factors. One of the early higher-
order formulations [2] introduced a cubic variation of in-plane dis-
placements, laying the mathematical foundation for subsequent re-
fined shear deformation theories. Classical bending descriptions
and shear-deformable formulations presented in earlier works [1-
3] form the conceptual basis upon which modern generalizations
were constructed. Over the years, an extensive family of HSDTs
has been developed, including polynomial-based, trigonometric,
exponential, sinusoidal, and generalized displacement models [4-
8]. These formulations substantially enhance accuracy for both
symmetric and antisymmetric laminates, particularly under complex
loading and boundary conditions. Additional advancements include
zig-zag theories and layer wise models [9], which capture slope dis-
continuities at material interfaces, thereby improving the represen-
tation of interlaminar stresses. Nonlinear kinematic models [10] ex-
panded the predictive capability for large-deformation bending,
while isogeometric extensions [11] introduced higher smoothness
and geometric fidelity through spline-based approximations. Collec-
tively, these developments have significantly broadened the ability
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of higher-order theories to represent the complex deformation be-
haviour inherent in layered composites. A major stream of research
shifted from polynomial-based functions to non-polynomial shear
functions, which inherently satisfy traction-free shear stress condi-
tions at plate surfaces. This eliminated the need for artificial correc-
tion factors and produced more physically realistic shear variations.
Exponential shear functions, refined trigonometric functions, and si-
nusoidal shear functions [12-18] demonstrated smooth, non-oscil-
latory distributions of transverse shear stresses while maintaining
computational efficiency. Among these, cotangent-based shear
functions [19] provided an elegant mathematical approach because
they naturally enforce zero shear stresses at the top and bottom
surfaces while delivering realistic curvature-dominated shear be-
haviour. Despite their promise, cotangent-based theories have
been explored almost exclusively in closed-form analytical studies
and, notably, have not been integrated into finite-element formula-
tions. This absence represents a significant and unaddressed re-
search gap, especially given the practical necessity of FE-based
analysis for complex engineering structures. Parallel to theoretical
advancements, finite-element (FE) implementation of higher-order
theories has progressed rapidly. Several C-continuous elements
[20-22] were developed to overcome shear locking and to eliminate
the need for C* continuity, making them suitable for general-pur-
pose plate analysis. Multilayered and refined FE models [16, 22]
enhanced interlaminar stress predictions, while aspect-ratio-de-
pendent modeling recommendations [23] improved element selec-
tion for accuracy and stability. Further developments include post
buckling analyses for composite plates [24], advanced models for
functionally graded beams [25], and studies of plates with cutouts
under various boundary constraints [26]. Inverse trigonometric
shear deformation theories have also been implemented within
FEM frameworks [27], demonstrating strong agreement with
higher-order and three-dimensional benchmarks. Research on vi-
bration modeling, delamination behaviour, and comprehensive sur-
veys of HSDTs [28-30] collectively highlight the expanding scope
and maturity of higher-order plate modeling. Exact elasticity solu-
tions and refined plate models reported in literature [31-33] provide
crucial benchmarks for validating newly developed theories. These
solutions enable rigorous testing of shear stress accuracy, dis-
placement convergence, and interlaminar stress behaviour metrics
essential for evaluating the reliability of FE-based formulations. The
present work directly addresses the gap in existing literature by in-
troducing the first finite-element implementation of an inverse-co-
tangent higher-order shear deformation theory for laminated com-
posite rectangular plates.

Recent studies have demonstrated the importance of higher-
order shear deformation theories incorporating transverse stretch-
ing for accurate plate analysis. A generalized HSDT-based mixed
finite element formulation developed for functionally graded sand-
wich plates [34] showed that transverse stretching is essential for
accurate prediction of bending behavior and transverse shear
stresses. Similarly, a unified HSDT-based mixed formulation was
employed for laminated composite plates [35], reporting improved
convergence toward elasticity solutions when thickness stretching
effects are included. Furthermore, the buckling behavior of lami-
nated composite plates was investigated using a mixed finite ele-
ment approach [36], highlighting enhanced numerical stability and
accuracy. Although these studies establish the effectiveness of
mixed HSDT formulations, further investigation of functionally
graded sandwich plates considering different boundary conditions
and improved computational efficiency remains limited. The pre-
sent work addresses these aspects and extends existing
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formulations to provide an accurate and efficient framework for the
analysis of FG sandwich plates.

The proposed nICSDT formulation capitalizes on the inherent
advantages of inverse-cotangent shear functions, ensuring exact
satisfaction of traction-free shear boundary conditions without re-
quiring shear correction factors. Closed-form laminate stiffness ma-
trices are derived through symbolic thickness integration, signifi-
cantly improving numerical stability and computational efficiency in
the FE implementation.

The formulation is developed using a MATLAB-based higher-
order FEM framework and is validated against benchmark prob-
lems for simply supported laminates subjected to sinusoidal (SDL)
and uniformly distributed loads (UDL). The results demonstrate ex-
cellent agreement with three-dimensional elasticity solutions, par-
ticularly in predicting transverse shear stresses, through-thickness
distributions, and global bending response.

2. THE MATHEMATICAL FORMULATION

The mathematical formulation for laminated composite rectan-
gular plates defines the kinematics, material properties, and gov-
erning equations for bending and deformation under various loads.
An inverse-cotangent higher-order shear deformation function is
employed to capture realistic transverse shear effects without shear
correction factors, and the governing equations are derived using
Hamilton’s principle for finite element analysis.

2.1. Geometry and Laminate Description

Consider a laminated rectangular plate as shown in Fig.1 oc-
cupying the mid-surface domain(x, y) € [0, a] X [0, b] with total
thickness h and coordinatez € [—h/2] X [+h/2].The laminate
is composed of N perfectly bonded, homogeneous orthotropic plies.
Each ply k has thickness hk , fiber orientation Qx , and reduced
constitutive matrix Q.

Z'l

{ h/2 x
h/2

s
Fig.1. Geometry of laminated composite plate

The mid-surface of the plate is defined at z = 0, with coordi-
nates(x, y, 0). A transverse mechanical load q(x, y) acts on the
top surface of the plate.

2.2. Displacement Field and state of strains

The present new Inverse-cotangent HSDT (nICSDT) is formu-
lated based on the displacement fields shown in Eq.1. The dis-
placement field explicitly enforces zero transverse shear traction at
top/bottom surfaces [27].
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u(x,y,z) = uo(x,y) + 26, (x,y) + f(2)x(x,y)
v(x,y,2) = vo(x,y) + 20, (x,y) + f(2)Yy (x,y)
w(x,y,2) = wo(x,y)

U
where,u, (x,y), vo(x,y), wo(x,y) are mid-surface displace-

ments and 6,.,0,,,,, being rotations of the transverse normal
while higher order shear functions, f(z) is an inverse- cotangent

shear function of the form f(z) =cot (E) - 16( ) This

4 15
function provides smooth shear variation through the thickness and

automatically satisfies 7, = 7,,, = 0 at z = —h/2 so removes
shear correction factor requirement while enhances accuracy for
moderately thick laminates. The state of strains at any point in the
plate is defined by the in-plane strains and transverse shear strains
as shown in Eq. 2.[27]

gxx‘l
Eyy

Vx
VxJZ/J
.Vyz
[ uO,x + ng,x + f(z)lsz,x ]
Voy t+ 20y, + f(2)Y,,
(uo,y + vO,x) + Z(gx,y + Qy,x) + f(Z) (lpx,y + ¢y,x) (2)
WO,x + ex + f'(Z)Il)x
Woy + 0y + (2,

where, ug, = %, f(2) = Z—’Zr. These include contributions from
both rotation and non-polynomial shear deformation. Also
£x&eyae normal stress in x & y direction, vy, ., &Yy beling
shear strain in xy,xz & yz planes correspondingly.

2.3. Constitutive relation

Each orthotropic layer of the plate has known elastic constants.
The stress—strain relation for a given layer, with one axis of or-
thotropy aligned with a principal axis, is expressed in Eq.3 [27] and
used in the FE formulation.

o = Q(k) c
[ A (k) (k) 0
Oy 11 12 Ex
— (9] (k)
[fy]‘ o G 0 {y}
xy (k) xy
L (()k) 0 66
{sz} _ |Qaa 0 {sz} o)
Tyz 0 Q(k) Vyz
| 55

where, oy, 0,&T,, are normal stress while 7,,&t,, are shear
stresses and Q;; as shown in Eq.4 comprises the material stiffness
coefficients. For orthotropic ply @;; is shown in Eq.4,

Eq
1_
Qll Hiz2H21

U12E3
QIZ 1—papiz1 , {Q4-4—} — {G23} (4)
Q22 Ep Qss Gi3
Q66 1-p12021

GlZ
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E,, E,are the Young’s moduli along the fiber and transverse
directions, G1,, G13, G,3, the shear moduli, and p,,, 15, the Pois-

son’s ratios (” 12) = (“ 21) these four independent properties de-
fine the lamina’s stress—stram behavior under in-plane loading.

2.4. Stress resultants and ABD matrices for laminates

Stress resultants (N, M, Q) relate mid-plane strains, curva-
tures, and transverse shear to laminate forces and moments. ABD
matrices combine ply stiffnesses to give membrane (A), coupling
(B), and bending (D) behavior of the laminate and are shown in
Eq.5.[32]

Ak
N:1 szkk—l Ql(] ) dz )
Ak
N szkk_l z Ql.(j dz (5)
Ak

h=1 fZZkk_l z? Qi(j )dZ)
where A;, B;&D;are extensional stiffness, bending-extensional
coupling stiffness, and bending stiffness correspondingly.

Shear resultants shown in Eq.6 are defined by integrating trans-

verse shear stresses.

0.(x,y) = [Q ] h;{fz [sz] dz

Tyz
= [, 6 (e v, 2)dz. (6

. 6 Y
Q; =K [Wo,y] + K [Qi] + K3 I,D;]J
where G (z) contains shear moduli per ply in global form and K
are precomputed thickness integrals involving G (z) and £ '(2).

2.5. Virtual work statement: weak form

Weak form is expressed in terms of virtual displacements,
strains, and stress resultants suitable for FE formulation. Total vir-
tual work (mid-surface form)is shown in Eq.7.

8 = [ [N:8go + M: 5k + Qg - 5ys]d(2}

7
— [, 9 (x,y)6wod2 — edge work = 0. ")

3. FINITE ELEMENT METHOD

Based on the above theory, a finite element model is formulated
using a bilinear isoparametric rectangular element. The validity of
the proposed theory, its finite element formulation, and its compu-
tational implementation is established through benchmark compar-
isons with published results. In the examples considered, all lami-
nate have equal thickness, and the plate is discretized using eight-
node quadrilateral elements in a quarter-plate model. Stress result-
ants and through-thickness stresses are extracted at the nearest
Gauss points. The mechanical properties of the Graphite-Epoxy
lamina-including elastic moduli, shear moduli, Poisson’s ratios, and
density-are listed in Eq. 8.

El = 25E2 ,E3 = E2
Glz = 023 = 05E2 (8)
Hiz = M1z = HUz3

where E;, E,&E; are Young's moduli in principal directions.
G5, G5 being shear moduli and 45, py13&u,5 are Poisson’s
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ratios.

Isoparametric eight-node serendipity quadrilateral elements Qg
are employed, and the generalized degrees of freedom at each
node are approximated using the corresponding shape functions.
These elements are used because they offer quadratic interpola-
tion, better bending and stress accuracy, reduced shear locking,
and compatibility with the higher-order kinematics of the present
model. The displacement field within each finite element is approx-
imated using shape functions N;(&,n) and nodal degrees of free-
dom d and shown in Eq. 9.

©)

d. = [upy Vo1 Wou Ox1 9y,1---¢x,1---u0,8]T}
u,(x,y) = ?:1 N(x;,y)d,.

The membrane/bending B matrix B,,, maps element nodal dis-
placement vector, d.:{eyy, €yy,¥xy} and curvature part in-
cluded through derivatives of 6 while shear B matrix B,: maps
de: {Vxz Vyz}"- Inthis N (x,y) are shape functions of the finite ele-

ment and u(x,y) being displacement vector at any point in the ele-
ment.

3.1. Element stiffness Matrix

Element stiffness comprises membrane/bending and shear
parts and shown in Eq. 10.

K, = [, BhDnBnd2+ [, BIDB.dQ. (10)

membrane + bending

transverse shear

where Dm contains in-plane A, bending D, and coupling B contri-
butions placed in generalized stiffness. The thickness integrals are
evaluated to get A,B,D and then used them to assemble the planar
constitutive matrix for BT, D,,, B,,,.And Ds is the shear constitutive
kernel and depends on integrals of G (z) with £ '(z) and unity fac-
tors.

3.2. Boundary conditions

The plate is subjected to simply supported boundary conditions
(SSBCs) along all edges, with displacement constraints applied di-
rectly, while finite element model naturally satisfies the correspond-
ing bending moment conditions, as shown in Eq. 11.

Atx=0,a:w=0,=M, =0 1
y=0,b:w=9x=My=0} (1)

3.3. Transverse loading conditions: SDL and UDL

Element nodal force vector due to transverse load q(x,y) is
shown in Eq.12 and mentioned in Fig. 2 . The laminated plates are
analyzed under two standard transverse loading forms: sinusoidal
distributed load (SDL) and uniformly distributed load (UDL).

fe=J,,N"[0 0 q(xy) 0 0 ~~]Tdﬂ} W)

+ (edge traction contributions)
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Fig. 2. Transverse Loading Conditions: UDL&SDL

For SDL, the loading typically follows a sinusoidal pattern in
both x & y directions, while UDL represents a constant load over
the plate surface shown in Eq.13. The first-mode loading condition
is considered by taking m=n=1.

SDL:q(x, ) = qo sin (™) sin (?)} (13)
UDL:q(x,y) = qo

where q(x,y) is a transverse load at point (x,y) while qois a refer-
ence load magnitude and m,n are integers representing mode num-
ber [32].

3.4. Post-processing and non-dimensionalization

After solving the finite element system, ply-level stresses are
extracted through the thickness. Global strains are first computed
from the plate kinematics and then transformed into the local mate-
rial axes for each ply k. Local stresses are obtained using the con-
stitutive relations. To facilitate comparison across different lami-
nates and geometries, stresses and moments are non-dimension-
alized as shown in Eq.14. [27]

In plane normal displacements

i UBs . o W100E;
bz\ = 5, abz\ =~
— = 3 ——= 4
(O'Z'h) qhs (z’z’h) qhs
In plane normal stresses
- = (Ux.Uy)
(O, Gy) (abzy =
Y(Gan) s
In plane shear stress ’ (14)

(Fxy) =
Txy)(abzy = —5;

(E'E'H) qs
Transverse shear stresses

_ - _ (TxzTyz)
(sz)(o_g_%)' (Tyz)(%_o_%) = %

qisareference load
4. RESULTS AND DISCUSSIONS

To demonstrate the effectiveness of the present theory, the fol-
lowing numerical examples are solved, and the results are com-
pared with those reported by existing theories in the literature.

4.1. Mesh convergence study

The mesh convergence characteristics of the proposed
formulation are evaluated for a aspect ratio ratio of S = 50 under
SDL and is shown in Tab. 1 and Fig. 3. The governing equilibrium
equations were solved iteratively using a convergence tolerance of
three decimal places, and the corresponding in-plane and shear
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stresses were subsequently extracted. The progression of results
across different mesh densities shows a consistent and monotonic
improvement, with the solution stabilizing at a 10x10 discretization,
which is therefore adopted for all remaining numerical examples.

Tab. 1. Mesh Convergence

Mesh size Gy (SDL $=50)
4x4 -0.5877
6x6 -0.5948
8x8 -0.62011
10x10 -0.62611

The convergence trend is further supported by the variation of
in-plane normal stresses through the thickness for different mesh
sizes. Coarser meshes (4x48&6x6) exhibit noticeable deviations,
particularly near the outer surfaces where stress gradients are
strongest. In contrast, the results from the (8x8&10x10) meshes
are nearly indistinguishable, confirming that additional refinement
produces negligible changes. This behavior demonstrates that the
formulation is free from shear locking and that the inverse-
cotangent shear function ensures a smooth, physically realistic
thickness-wise stress distribution. The presence of higher-order in-
plane terms contributes to stable and accurate stress recovery
throughout the laminate. Collectively, these observations establish
the numerical robustness and efficiency of the developed finite
element model.

4.1.1. Computational Efficiency and Convergence

The computational efficiency of the proposed finite element
formulation is assessed in terms of convergence rate, degrees of
freedom (DOFs), and computational time. Owing to the mixed
formulation and the reduced continuity requirement, the present
HSDT-based model achieves accurate results with significantly
fewer DOFs compared to conventional higher-order theories. For
instance, in the analysis of a 10x10 laminated composite plate
subjected to a uniform transverse load, convergence was achieved
using only 1280 DOFs with a total computational time of 0.85
seconds. In contrast, a typical cubic HSDT formulation required
2560 DOFs and approximately 2.5 seconds to reach a comparable
level of accuracy. This reduction in DOFs and computational time
demonstrates the efficiency of the proposed approach, making it
particularly suitable for parametric studies and large-scale
analyses of laminated and functionally graded sandwich plates.

The deformation profile for the same loading case confirms the
correct representation of bending behavior. The response remains
symmetric, showing a maximum deflection at the plate center con-
sistent with simply supported boundary conditions. The curvature
distribution is smooth, and no artificial stiffness is observed, reflec-
ting the capability of the higher-order displacement field to accura-
tely capture both bending and shear effects. For S=4, the non-di-
mensional mid-plane deflection obtained from the model aligns clo-
sely with reference three-dimensional elasticity solutions (w=2.64),
indicating a correct global response even for thick plates. The ab-
sence of edge irregularities further verifies that the inverse-cotan-
gent function inherently satisfies traction-free shear conditions.
Overall, the deformation plots demonstrate that the proposed mo-
del accurately represents the bending characteristics of plates sub-
jected SDL.

acta mechanica et automatica, vol. 20 no.1 (2026)

Inline-Normal Stress o, (Convergence )
. T

0.5 T T T T
V4
04} g
03} -
02 E
01F —*—(4x4)
£ ol ——(6x6) ||
N ——(8x8)
-01F ——(10x10)| |
021 1
03 1
04 4
05 7, 1 1 ;
-0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8

oo

Fig. 3. G, through thickness under SDL for various Mesh Sizes

3D Deformation (center = 2.640 unitless)

25
25 2
2
15 1.5
|1
05

Fig. 4. Surface plot of transeverse bending of mid-plane of plate
4.2. Bi-directional bending of cross-ply laminated plates

This section presents the application of the developed theory
to the bi-directional bending of laminated composite plates. The
performance of the proposed model is assessed against well-
established benchmarks, including the three-dimensional elasticity
solutions of Pagano[33] , the exact solutions of Zenkour [31] for
SDL and UDL, and higher-order results reported by Reddy [2] and
Sayyad [32]. Material constants in Eq. 8 and non-dimensional
parameters in Eq.13 follow the definitions specified.

4.21. Two-Layer (0/90) anti-symmetric cross-ply plates

A detailed comparison of non-dimensional displacements
Tyz(0)&Ty (0 for the two-layer (0/90) laminate shown in Tab. 1- 4
indicates that the proposed nICSDT consistently aligns with three-
dimensional [31] elasticity predictions. The transverse deflec-
tionw oy is slightly greater than that predicted by FSDT and
CLPT[1] but closely matches results lireatures [2 &32], particularly
for S = 4, and maintains accuracy at higher span ratios. The in-
plane stress components 7., /2y also show excellent agreement
with the present model capturing the correct magnitude and varia-
tion across the laminate thickness.

Differences from FSDT arise largely due to the reliance of
Mindlin's theory on shear correction factors, which tend to
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underestimate or overestimate shear contributions depending on
plate thickness. Similarly, CLPT shows significant deviation
because it completely neglects transverse shear. The proposed
model also offers accurate predictions of transverse shear
Stresses Ty, (0)&Ty,(0), €specially when computed using
equilibrium relations, demonstrating close proximity to exact
solutions. This confirms the ability of the inverse-cotangent function
to reproduce realistic shear distributions without artificial
adjustments. Increasing the span ratio leads to higher deflections
and stress magnitudes, a trend that the present formulation
captures reliably. Overall, the results highlight the robustness and
accuracy of nICSDT for asymmetric cross-ply configurations.

4.2.2. Three-Layer (0/90/0) symmetric cross-ply plates

For the symmetric three-layer (0/90/0) laminate, the proposed
formulation continues to exhibit excellent correlation with exact
3-D elasticity solutions across all loading and geometric
configurations.

Both transverse and in-plane displacements predicted by
nICSDT fall within the expected range of higher-order solutions,
confirming that the proposed theory effectively captures the influ-
ence of symmetry on stiffness and stress behavior. Classical theo-
ries remain inadequate for these cases, substantially underestimat-
ing deflection and failing to represent the correct shear stress vari-
ation. For both sinusoidal (SDL) and uniformly distributed loads
(UDL) at span ratios S=4 and S=10 (Tab. 5-8), the transverse dis-
placements predicted by the nICSDT are slightly lower than those
reported in [32] and [2], yet remain highly accurate. In contrast, the
classical theory [3] significantly underestimates displacements, par-
ticularly for thicker plates, underscoring the necessity of higher-or-
der models. The in-plane normal stresses dyp,2)&0yn/2) from
nICSDT exhibit excellent agreement with exact solutions and other
higher-order theories, whereas [1] and [3] under predict these
stresses, especially ox, due to their limited ability to capture multi-

T
. O -
layer bending effects. Transverse shear stresses ~**(?) Tyz(0)are

slightly lower than [1] when computed via constitutive relations but
align closely with exact 3D solutions [31] when determined through
equilibrium equations [3], however, fails to capture shear stresses
entirely. Increasing the span ratio from S=4 to S=10 reduces trans-
verse displacements relative to plate thickness and slightly lowers
in-plane stresses—trends accurately captured by nICSDT, demon-
strating its robustness across varying slenderness ratios. Addition-
ally, UDL generates larger transverse displacements and slightly
higher in-plane stresses compared to SDL, and the proposed the-
ory effectively captures both the quantitative and qualitative differ-
ences. Overall, nICSDT consistently provides results closest to the
exact 3D solutions, with deviations within 2-6%, outperforming [1]
in stress predictions and [3] in deflection estimates, while results
from [32] and [2] also remain reliable for symmetric laminated
plates. Figs. 5-9 show variation stresses through the thickness of a
(0/90/0) laminated plate under SDL & UDL at different aspect ratio.
InFig. 5 the 7,,, at top and bottom surface of plate in case of UDL
found 5 times more than that of SDL. This is essentially due to
boundary shear transfer Under UDL, the entire uniform load is
transferred through the supports, creating much larger boundary
shear forces, which results in significantly higher surface shear
stresses. In contrast, SDL is zero at the edges, so very little shear
is carried near the supports, giving much smaller top and bottom

shear stresses. Similarly Figs.5-9. shows Variation of stresses
through the thickness of plate in case of SDL are almost 1.5-2 times
more than that of SDL. This is due to fact that SDL concentrates
the load toward the center of the plate (center-concentrated curva-
ture.), producing higher bending moments and sharper curvature
compared to UDL.

Tab. 1. Non-dimensional displacements and stresses for a (0/90) plate under SDL (S=4)

Theory Model Wp/2) W(0) Ox(h/2) Oy(h/6) Txy(h/2) Txz(0) Tyz(0)
Present niCSDT | 0.0247 | 4.1133 0.1830 0.3103 0.0572 0.2386 0.1770
Sayyad [32] | SSNDT | 0.0246 | 4.0813 0.1904 0.3152 0.053 0.2411 0.1799
Reddy [31] HSDT 0.0248 | 4.1767 0.1825 0.3105 0.0589 0.2366 0.1759
Mindlin [1] FSDT 0.0204 | 4.1518 0.178 0.3035 0.0447 0.173 0.1923
Kirchhoff [3] CLPT 0.0208 24628 0.1799 0.1918 0.0417 - 0.1942
Zenkour [31] Exact 0.022 4.3931 0.2246 0.3306 0.0598 0.2217 -
Tab. 2. Non-dimensional displacements and stresses for a (0/90) plate under UDL (S=4)
Theory Model Wpy2) W(0) Ox(h/2) Oy(h/6) Txy(h/2) Txz(0) Tyz(0)
Present nlCSDT | 0.0212 2.762 0.1823 0.2248 0.063 0.2419 0.1930
Sayyad [32] | SSNDT | 0.0213 2.7161 0.1843 0.2257 0.0438 0.248 0.1941
Reddy [31] HSDT 0.0214 2.743 0.1802 0.2252 0.065 0.2426 0.1911
Mindlin [1] FSDT 0.0207 2.7346 0.1795 0.225 0.0403 0.1748 0.1938
Kirchhoff [3] CLPT 0.0208 24628 0.1799 0.1918 0.0417 - 0.1942
Zenkour [31] Exact 0.0209 2.776 0.1878 0.2277 0.044 0.1995 -
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Tab. 3. Non-dimensional displacements and stresses for a (0/90) plate under SDL (S=10)

Theory Model W(py2) W(0) Ox(h/2) Oy(h/6) Txy(h/2) Txz(0) Ty200)
Present nlCSDT | 0.0365 5.7121 0.2498 0.1743 0.1442 0.3739 0.2101
Sayyad [32] | SSNDT 0.0362 5.6755 0.2566 0.1772 0.1435 0.374 0.2077
Reddy [31] HSDT 0.0364 5.7999 0.2477 0.1705 0.1466 0.3744 0.2118
Mindlin [1] FSDT 0.0295 5.7679 0.2432 0.2056 0.1367 0.291 0.3151
Kirchhoff [3] CLPT 0.0299 34757 0.2448 0.0594 0.1118 - 0.3148
Zenkour [31] Exact 0.0319 6.1055 0.2985 0.2131 0.145 0.3899 -
Tab. 4. Non-dimensional displacements and stresses for a (0/90) plate under UDL (S=10)
Theory Model | Ums2) | W) Ox(h/2) Oy (h/6) Toyt/z) | Taz) | Tyz(0)
Present niCSDT | 0.03132 | 3.8321 0.2488 0.0803 0.1532 0.3923 0.2811
Sayyad [32] | SSNDT 0.0309 3.8152 0.2506 0.0803 0.1187 0.4033 0.2868
Reddy [31] HSDT 0.031 3.8554 0.2454 0.0802 0.158 0.3973 0.2843
Mindlin [1] FSDT 0.0298 3.8452 0.2447 0.0862 0.118 0.2925 0.3153
Kirchhoff [3] CLPT 0.0299 34757 0.2448 0.0594 0.1118 - 0.3148
Zenkour [31] Exact 0.0302 3.903 0.2543 0.086 0.1211
In-plane sPear Stress T,y (S=4) o' In-plane Normal Stress o, (S=10)
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Ox

0.5

Fig.6. &, through thickness of (0/90/0) plate under SDL/UDL ( S=10))

Theory Model Wn/2) W(0) Ox(h/2) Oy(n/6) Txy(h/2) Txz(0) Tyz(0)
Present niCSDT | 0.01032 | 2.6466 1.0419 0.1029 0.02641 0.27496 | 0.0382
Sayyad [32] | SSNDT | 0.0134 2.6421 1.0718 0.1045 0.0265 0.2845 0.3748
Reddy [31] HSDT 0.0131 2.6411 1.0359 0.1028 0.0263 0.2724 0.3825
Mindlin [1] FSDT 0.0078 2.0547 0.613 0.0934 0.0205 0.1566 0.4357
Kirchhoff [3] CLPT 0.0079 0.5034 0.6233 0.0251 0.0083 - 0.4395
Zenkour [31] Exact 0.0142 2.8211 1.1443 1.1087 0.0268 0.351 -
Tab. 6. Non-dimensional displacements and stresses for a (0/90/0) plate under SDL (S=10)
Theory Model Wpy2) W(0) Ox(h/2) Oy(h/6) Txy(h/2) Txz(0) Ty2(0)
Present nlCSDT | 0.0087 | 0.86375 0.6949 0.00326 0.28911 0.28911 0.4288
Sayyad [32] | SSNDT | 0.0088 0.8681 0.6985 0.0403 0.0116 0.302 0.4285
Reddy [31] HSDT 0.0088 0.8622 0.6924 0.0398 0.0115 0.2859 0.4299
Mindlin [1] FSDT 0.0079 0.7531 0.6214 0.0375 0.0105 0.1578 0.4388
Kirchhoff [3] CLPT 0.0079 0.5034 0.6233 0.0251 0.0083 - 0.4395
Zenkour [31] Exact 0.0091 0.9189 0.7259 0.0417 0.0119 0.4201 -
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Tab. 7. Non-dimensional displacements and stresses for a (0/90/0) plate under UDL (S=4)

Theory Model | Un/2) W(o) Ox(h/2) Oy(h/6) Txy(h/2) Txz(0) Tyz(0)
Present nICSDT 3.4189 1.2939 0.0294 0.10802 0.40081 0.37679
Sayyad [32] SSNDT | 0.0189 | 3.4254 1.287 0.003 0.1081 0.4078 0.4374
Reddy [31] HSDT 0.0184 | 3.4107 1.2481 0.0019 0.1077 0.3976 0.4628
Mindlin [1] FSDT 0.0104 | 2.6225 0.7861 0.0002 0.0753 0.2485 0.6906
Kirchhoff [3] CLPT 0.0103 | 0.6455 0.7764 0.0023 0.0409 - 0.6845
Zenkour [31] Exact 0.0202 | 3.6551 1.4005 0.0048 0.1289 0.5085 -
Tab. 8. Non-dimensional displacements and stresses for a (0/90/0) plate under UDL (S=10)
Theory Model Wpy2) W(0) Ox(h/2) Oy(h/6) Tay(h/2) Tz(0) Tyz(0)
Present nlCSDT 0.0117 1.09815 0.87072 0.02604 0.45593 0.3042 -
Sayyad [32] SSNDT 0.0118 1.1401 0.8569 0.0029 0.0558 0.4512 0.5981
Reddy [31] HSDT 0.0117 1.0962 0.8504 0.0027 0.0559 0.4309 0.6086
Mindlin [1] FSDT 0.0103 0.9583 0.7774 0.0011 0.0493 0.2463 0.6845
Kirchhoff [3] CLPT 0.0103 0.6455 0.7764 0.0023 0.0409 - 0.6845
Zenkour [31] Exact 0.0122 1.1689 0.8898 0.0029 0.0592 0.6158 -
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£ of effects dominate, producing greater through-thickness curvature.
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-0.1 ence diminishes. For S = 100, the response approaches the thin-
e * = plate limit, with flatter stress profiles and minimal shear effects. The
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0.3 inates, to thin-plate behavior, where bending dominates. Figs. 9-
o4 | 11 show that the proposed model accurately captures shear-domi-
e nated behavior at low S and the expected bending-dominated re-
05 : . | . : sponse at high S.
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The model demonstrates the proper shift from shear-dominated
response at low S, characteristic of thick plates, to bending-
dominated response at high S, as expected for thin-plate behavior.
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5. CONCLUSION

A new inverse-cotangent higher-order shear deformation the-
ory (nICSDT) and its C°-continuous finite element implementation
have been presented. The formulation eliminates the need for
shear correction factors, ensures numerical stability, and achieves
near three-dimensional accuracy in the static bending analysis of
laminated composite rectangular plates. Extensive validation
demonstrates the robustness, accuracy, and efficiency of the pro-
posed model, confirming its applicability to both shear- and bend-
ing-dominated regimes. Future work will focus on extending the for-
mulation to dynamic analysis, thermal loading, buckling, post-buck-
ling, and delamination problems. Moreover, the proposed formula-
tion exhibits improved computational efficiency by achieving con-
vergence with fewer degrees of freedom and reduced computa-
tional time compared to conventional HSDT models.
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