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Abstract Due to the advantage of strength enhancement without increasing the structural weight, stiffeners are
commonly used in many engineering structures. However, during their service life, these stiffened structures
are usually exposed to an extreme environment, which may cause damage. Most of the researchers have carried
out the work to study the unreinforced plate’s stability behaviour considering interlaminar skin debonding in
the hygrothermal condition. However, in the current investigation, the buckling capacity of stiffened composite
plates debonded at the contact of plate and stiffener under non-uniform edge loading in hygrothermal conditions
is studied. The study is performed by developing a computationally efficient finite element formulation. In
the present research, the plate and the flange of T-stiffener are formulated by adopting a 9-noded heterosis
element preventing the shear locking. In contrast, a 3-noded isoparametric beam element is used to formulate
the stiffener web by accommodating the torsion correction factor, considerably reducing the computational
cost. In the current study, the debond is modelled by creating a dummy node, and further interpenetration of the
nodes is prevented by introducing a fictitious spring in the debonded region. Due to the highly uneven stress
variation, a dynamic approach is employed to estimate the buckling constant by utilizing two sets of boundary
conditions. Three schemes of hygrothermally stable laminates (8/(90-6))s, (22.5/— 67.5);, and (77.5/— 12.5)s
are considered to identify the stiffened plate configuration with enhanced buckling capacity when subjected
to various non-uniform loading patterns. Further, extensive parametric investigations are conducted on the
obtained stiffened plate with improved performance under a hygrothermal environment by considering debond
at the skin—stiffener interface. It is found that debonded plate’s stability is substantially affected by moisture.
On the other hand, depending on the stiffener position and hygrothermal load intensity, the stiffener’s depth-to-
width ratio substantially affects the debonded plate’s stability. Therefore, this investigation can be considered
as a benchmark study for the stability performance of the debonded reinforced composite panel, which partially
reduces the 2-D problem to 1-D element, thereby improving the computational cost.

1 Introduction

The majority of the engineering structures are usually supported on the stiffener, as they provide better resistance
to buckling modes without significantly increasing the overall structural weight. However, these are subjected
to multi-field loading in highly complex operating environments. Also, the manifestation of thermal stresses
and moisture absorption significantly impact the composite structure’s performance, which will degrade the
elastic modulus at a higher temperature intensity or moisture concentration that might damage the structure.
The presence of delamination or any other discontinuities in composite laminates detrimentally affects the
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structure’s safety and durability. Hence, it becomes considerably important to have extensive knowledge of
the buckling characteristics of the debonded stiffened composite plate exerted with a non-uniform edge load
exposed to hygrothermal environment, which has received considerable attention recently.

Analysing composite structures is extremely difficult because of the coupling between torsion, membrane,
and bending strains, and mechanical characteristics discontinuity across the laminate thickness. Due to this,
displacement-based theories are widely used in the analysis of laminated as well as sandwich structures.
Among the various theories, 3D continuum-based theories can more accurately determine the response of
laminates but involves high computational cost. However, the equivalent single-layer (ESL) model reduces
the considered problem to a 2D problem by expressing the displacement field as the mid-plane variable,
significantly reducing the computational cost. The use of analytical/ numerical techniques in accordance
with various 2D and 3D theories has piqued the research group’s interest. A detailed review of the different
computational methods used for the hygrothermal analysis is provided by Garg et al. [1].

Many researchers [2—5] have been inspired to examine the stability behaviour of plates applied to uniform
edge loads in recent years. The static and stability characteristics of plates, beams, and shells were studied by
Kumar [6] by briefly reviewing the Rayleigh—Ritz method employing various theories. Plates are usually found
as components of larger structures. So, this minor portion may not be evenly under load due to its interaction with
the adjoining part. Therefore, a non-uniform load distribution must be considered for a realistic investigation
of the components. Few researchers [7—13] have investigated static stability performance of unreinforced and
reinforced plates with beam stiffener under non-uniform edge loads by employing the first and higher-order
theories. Numerous investigations are available that considered the buckling capacity of the delaminated plate.
Many researchers [14—16] have investigated the stability behaviour of plates by considering the delamination
of different shapes along the laminate thickness using the finite element method (FEM). They divided the
debonded zone into sublaminates and employed displacement continuity conditions at the edges. Further, Yap
et al. [17] performed a buckling and post-buckling investigation of a T-stiffened plate debonded at the interface
of plate and stiffener by employing MSC Nastran. However, they used plate elements to model the stiffener.
On the contrary, Ovesy et al. [18] studied the debonded plate’s stability and vibration behaviour using two
variations of the finite strip method (FSM) approaches, semi-analytical and spline methods.

Later, the thermal stability characteristics of the clamped rectangular plate were investigated analytically
by Al-Khaleefi et al. [19] using first-order shear deformation theory. Further, Cui et al. [20] conducted a study
investigating the thermal stability and the dynamic behaviour of a simply supported plate with adjacent in-plane
stick-slipstop boundaries. Their main motto was to investigate the effects of normal forces and clearances on
the thermal stability and vibration behaviour of the plate under temperature. On the other hand, a handful of
researchers investigated the stability behaviour of skin-delaminated plates under hygrothermal loading. Panda
et al. [21] experimentally and numerically examined the stability performance of interlaminar debonded plates
under hygrothermal conditions. Further, by using the third-order shear deformation theory (TSDT), Nikrad
et al. [22] inspected the thermal instability behaviour of delaminated composite plates by considering the von
Karman geometric nonlinearity. The thermal buckling and post-buckling characteristics of the rectangular
composite plate under localized heating was studied by Kumar et al. [23] by using the semi-analytical method.
Later on, vibration and buckling characteristics of the delaminated plate were investigated by Amoushahi
et al. [24] by using FSM. They have employed temperature-dependent material properties for the analysis.
On the other hand, Mondal et al. [25] used the layerwise B-spline finite element method to investigate the
thermal stability of the delaminated plate exposed to localized heating. They employed a step function in
the delamination zone to represent jump discontinuities. Recently, Xia et al. [26] examined the buckling and
post-buckling capacity of the debonded Reissner—-Mindlin composite plates by using an obtained asymptotic
solution for the delaminated composite plate.

The review shows that extensive investigation has been conducted on the buckling behaviour of delaminated
composite plates and beams over the last two decades from both linear and nonlinear perspectives. Also, a
significant amount of work is available on the stability characteristics of the laminated plate under the effect
of hygrothermal loading. However, a handful of research has been conducted to study the buckling strength of
the skin-delaminated plate under exposure to hygrothermal conditions. To the best of author’s knowledge, no
research was carried out that deals with the buckling capacity of debonded stiffened plates under hygrothermal
conditions. Furthermore, using an appropriate theory to examine the impact of environmental loading on plate
behaviour is critical. Material properties variation, as well as structural expansion, is observed with the exposure
to hygrothermal load. As the loading intensity varies along the thickness, it becomes critical to employ an
appropriate model to predict the thermal, hygral, and thermomechanical properties. Chamis et al. [27], Noor
et al. [28], and Garg et al. [1] explained the various approaches to predict these properties.
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In the current investigation, the authors have attempted to examine the debonded stiffened composite
plate’s buckling capacity under non-uniform edge load exposed to hygrothermal condition by employing the
FE approach. For this, a reliable FE code is developed in MATLAB. In the earlier studies, the entire stiffened
plate was formulated by employing a 3-D brick element or a 2-D shell element, which were computationally
expensive. However, in the present work, the plate and the flange of the stiffener are represented by employing
a 9-noded heterosis element, preventing the shear locking. In contrast, the stiffener web uses a 3-noded
isoparametric beam element that incorporates the torsion correction factor, reducing the computational cost. The
debond is modelled by splitting the parent nodes into independent dummy nodes and inserting a fictitious spring
to avoid interpenetration of nodes. In the bonded region, the displacement continuity condition is employed at
the interface of the plate and flange to emphasize the nodal displacement of the flange in terms of the plate’s nodal
displacement. The study takes into account a uniform distribution of hygrothermal load across the thickness,
and hygrothermal load-dependent material properties are used in the analysis. The investigation considers
three hygrothermally stable plates with lamina schemes of (6/90—0)s, (22.5/—67.5)s and (77.5/—12.5) that
are subjected to six different non-uniform loading patterns. Initially, an investigation is carried out to ascertain
a suitable lamina scheme and loading pattern based on the improved buckling strength of the plate. Further,
extensive parametric studies are conducted on the determined stiffened plate with enhanced performance to
examine the influence of stiffener depth, stiffener position, debonding length and aspect ratio subjected to
non-uniform compressive in-plane edge load under hygrothermal conditions.

2 Theory and finite element modelling

The mathematical model of the debonded reinforced laminated composite plate is discussed here. The current
study is carried out on a plate of size a x b x h, attached with a T-stiffener at the lower surface of a plate,
as presented in Fig. 1a in the cartesian coordinate system (x-y-z). The stiffener has a flange of by x fr and
web of #,, x d,,. The total depth of the stiffener is denoted by dy (i.e. dy= ty + d,,). Also, in the current
study, the thickness of the flange (¢) is considered same as the web width (¢,,) and is presented as b;. The
current investigation uses the FE technique to study the debonded stiffened plate’s buckling capacity. With FE
technique, the plate and stiffener are modelled independently, and by using compatibility conditions, the plate
and beam elements are tied together. As T-stiffener is used in the present work, the plate and the flange of
the stiffener are modelled employing a 9-noded isoparametric heterosis element, while the stiffener web uses
a 3-noded isoparametric beam element. The square mesh is adopted for the plate and the stiffener flange, as
shown in Fig 2a. Further, by lining up the stiffener flange with the nodal line of the plate element, the stiffener
is attached to the plate. Further, the stiffener web is connected to the stiffener flange along the central nodal line
of the flange, as delineated in Fig. 1c. The buckling examination is conducted on the debonded stiffened plate
subjected to uniaxial load along the edge at x = 0 and x = a, under the impact of hygrothermal environment,
as shown in Fig. 2.

@ Node of Heterosis element with u, v, W, 0,, 0, degrees of freedom|

O Node of Heterosis element with u, v, 6, 0, degrees of freedom

(O Node of 1-D beam element with u, v, w, 8, 8, degrees of freedom|

() (b) ()

Fig. 1 a Fibre-reinforced stiffened composite plate model, b geometry of the T-stiffener and ¢ finite element modelling of the
T-stiffener
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Fig. 2 a Meshing scheme of the stiffened plate and b stiffened plate configuration with unidirectional stiffener
2.1 Displacement field
In the present study, Reissner—Mindlin hypothesis is employed to model the plate and the stiffener flange by

incorporating the shear deformation effect. The displacement field at a point (x, y, z) in terms of mid-plane
displacements (up, vp, wp,) and rotations (6, 6,p, 0) is expressed as:

{Up(x.y.2), Tp(x, y,2), Wyx, y,2)} = {up(x,y), vp(x,y), wplx, )} + 2{0p(x. ¥), Oy, (x, ), 0} (1)

where (i), V) is the primary in-plane displacement and transverse displacement is highlighted by (w,).
In the Cartesian coordinate system, Green—Lagrange’s strain displacement relation for a plate element is
expressed as [29]

1({0u; OJuj ouy duy
8,’j=§ —l+—J+Z—— (2)
0x j 8)(,' X 8x,~ 0x j
where i, j, and k describes X, y, and z.

The strain—displacement relation, shown in Eq. (2), contains both linear strain and nonlinear strain. Despite

the fact that linear analysis is used in the present study, the initial stress stiffness is found by using the
Green—Lagrange nonlinear strain displacement term.

2.2 Constitutive model
2.2.1 Constitutive relation of the plate and stiffener flange

The constitutive relation highlighting the resultant stress and moment components {F} to strain element {e}
and resultant stress and moment components induced by the hygrothermal field {FN} is presented as [30]

{F} = [Cl{e} — {F"} 3)
In Eq. (3), [C] represents constitutive matrix of laminate [31]. To address the parabolic distribution of

shear stress across the plate’s depth, a correction factor of 5/6 is utilized in the shear-shear coupling element
of constitutive matrix [32].
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Fig. 3 Geometrical arrangement of the arbitrary oriented laminated beam stiffener

2.2.2 Constitutive modelling of the stiffener web

Consider a stiffener web as a uniform orthotropic laminated beam with a total depth ‘d,,’, length ‘/,,’, and
width ‘z,,’ in a cartesian coordinates system (X, y, z) angled at ¢ about the global x-axis, as presented in Fig. 3.
On the basis of modified beam theory [33], the displacement field is accorded by

{tsw, Usw, Wsw} = {Usw, 0, Wsw} + 2{bsw, Ow, O} 4)

where, ug,, and wy,, are the axial and transverse displacements, 6y,, and 8,,, are bending and torsional rotations
about the t- and s-axes, respectively.

The resultant stress and moment with respect to the stiffener’s local axis (s- t- z) under the influence of
hygrothermal condition is given by

{Fy} = [D*{ew} — {F}} )

. . . . . T
In which {F,,)T = {Ni, ML, Mi, Q1" and {,)7 = {&f, x!, x%, x'?}" are the resultant stress and

strain vectors of web, respectively, the resultant force and moment induced by hygrothermal load is highlighted
by {FE}T = {NisN, Mig, M;tN, O}T. The laminated stiffener web’s constitutive matrix [Dy,] is highlighted
extensively by Patel et al. [34]. Kalgutkar et al. [35] thoroughly discuss the beam’s detailed formulation
by considering the hygrothermal condition. A torsional correction factor proposed by Ugural et al. [37] is
employed, which underlies on the web’s depth-to-breadth ratio (d,,/#,,). The constitutive matrix’s shear-shear
coupling components incorporate a shear correction factor suggested by Dharmarajan et al. [36] to expiate the
parabolic shear stress distribution along the stiffener’s depth.

2.3 Finite element concept
2.3.1 Plate and stiffener flange formulation

This section provides a brief overview of the FE formulation of the stiffened plate. To discretize the plate and
stiffener flange, the current investigation considers a 9-noded heterosis element. The elastic stiffness matrix,
geometric stiffness matrix due to applied in-plane loads, residual stiffness matrix due to hygrothermal load,
mass matrix, and element nodal load vector are determined by employing the minimum potential energy
principle, which is described elaborately by Sai Ram et al. [30] and not highlighted here for brevity. The
considered formulation was developed for an 8-noded element. However, it is extended to a 9-noded heterosis
element for the purposes of this study.

Similarly, the different stiffness and mass matrices for the stiffener flange are obtained by pre-multiplying
and post-multiplying the transformation matrix [T,] and [T¢] with the plate element formulation. The [T, ] is
the transformation matrix associated with the orientation of the stiffener flange, and the transformation matrix
[T¢] is employed to express the flange’s degree of freedom (dof’s) in terms of the plate’s dof’s. This is obtained
by implementing the displacement constraints at the plate-flange interface.
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2.3.2 Stiffener web formulation

As mentioned in the previous subsection, a 3-noded isoparametric beam element is employed to depict the
stiffener’s web. The elastic stiffness matrix [keg], the geometric stiffness matrix due to the applied in-plane
load [kgs] and the mass matrix [mg], for the beam element are obtained by employing Green—Lagrange’s
strain—displacement term [38], as concisely presented by Rajanna et al. [9] and have not included here for the
conciseness purpose.

However, the nodal hygrothermal force vector is written as

{fI;T}j = tW/ [Tp];r[Tf]jT[Tw]jT[Bw]jT{Fu}jdl (6)

%

The web’s geometric stiffness matrix due to residual hygrothermal field stresses is outlined as

T T
[,] = / [To]; [Tef ITwIf [GUT; [SV][GV] [Tw[Te [Ty ] @)
i
in which,

851)V§Yi 0O 0 0 0 N(S) 00 M(S) X Q(S)Z

0 0 % 0 0 e,
@)= 0 o 0 = o [Si]=| M0 BN 0 0@

0 0 0 0 M 0 0 0 %NS 0

0 0 0 Ny 0 J_,, Q 0 0 o 0

The transformation matrix [Ty, ] is derived by implementing displacement constraint at the stiffener flange
and web interface.

2.3.3 Equation of motion

The stiffened laminated composite plate’s equation of motion under the action of in-plane loads exposed to a
hygrothermal environment (Fig. 2b) is defined as

vI{5] + [1Kel - [K§] - PKaT](3} = (0) )

where [Ke], [Kg], [Kg], and [M] are the elastic stiffness matrix, residual stiffness due to hygrothermal load,
geometric stiffness matrix due to in-plane load, and consistent mass matrix, respectively.
The buckling characteristics equation is derived by substituting {8}: 0. Hence, Eq. (9) transforms to

[[Ke] — [K§] — Per[Kg1]{8} = {0} (10)

where P, is the critical buckling load factor of the stiffened plate. Equations (10) illustrate the eigenvalue
problem, and {8} depicting the eigenvectors for the different buckling modes.

2.3.4 Modelling of the debond region with the fictitious spring

Figure 4a depicts the nodal representation of the plate—stiffener flange interface. The parent nodes are cleaved
in the delamination or debond region to form dummy nodes that demarcate the delamination or debond. Further,
the displacement compatibility condition is employed in the bonded region to define the flange’s nodal degrees
of freedoms (dofs) in terms of plate dofs. On the other hand, the parent and dummy nodes move independently
in the delaminated region. Furthermore, to prevent the dummy node from interpenetrating the parent node,
a fictitious spring is introduced between the parent and dummy nodes in the debonded region, as shown in
Fig. 4b. Sekine et al. [39] describe the procedure for inserting a fictitious spring between the penetrated node.
A three-step procedure is used to implement this method. First, for each pair of overlapped points, a suitable
value of "/ k* is found, then the stiffness matrix is modified to include the effect of the new spring, and finally,
the eigenproblem is solved.
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Plate

Parent nodes Upper layer

Stiffener’s flange

@  Parent Node (Independent Displacement of the plate) Dummy nodes Lower layer
@ Parent Node (Displacement of the stiffener’s flange using Displacement compatibility condition)
O Dummy Node (Independent Displacement of the stiffener’s flange) J
@ (b)
Fig. 4 a Nodal representation of the plate-stiffener interface and b schematic view of the interface with fictitious spring
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Fig. 5 a Schematic representation of the debonded stiffened plate with loading and b stiffened plate model with hygrothermal
loading variation

The stiffness of the iteratively solved inserted fictitious spring is given by

(K + Ky Py — (K + Kyj) P (K2 — KiiKy)

5 (11)
_(Kii + ij + ZKij)

1+r

3 Problem details and validation studies
3.1 Problem definition

The present investigation considers a debonded T-stiffened composite plate with a centrally placed horizontal
stiffener subjected to uniaxial nonuniform edge load along the boundary at x = 0 and x = a, under hygrothermal
environment as displayed in Fig. 5. In the present examination, a thorough width debond is introduced at the
interface of plate and stiffener in the central region of the attached stiffener unless otherwise specified. The
CY continuity FE formulation is developed for the plate and discrete beam element, suited for examining the
performance of debonded stiffened plates. The investigation is conducted on a square plate with a dimension
(a = b) of 0.3 m and a length-to-thickness ratio (a/h) of 150. The T- stiffener is attached at a distance ‘d’ from
one edge of the plate, and a debond of through width ‘d;’ and length ‘d;’ is introduced at a distance ‘e’ from
the edge of the plate as shown in Fig. 5a. The hygrothermal load-dependent elastic properties, considered from
Parhi et al. [40] work are employed for the stiffened composite plate at different temperatures and moisture
conditions, as indicated in Tables 1 and 2, with a density ‘p’ of 1360 kg/m3.

The present study is conducted on the thin plate with a uniform variation of hygrothermal load along the
thickness and across the surface, as shown in Fig. 5b, with reference temperature T¢o= 300 K and reference
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Table 1 Elastic moduli of carbon/epoxy at various temperatures; vi2 = 0.3, Gj3 = G12, G23 = 0.4Gq2, o) =-0.3 X 107%/K and
o =28.1 x 10°%/K. C = 0.0%

Elastic moduli (GPa) Temperature T (K)

300 325 350 375 400 425
E; 172.5 172.5 172.5 172.5 172.5 172.5
E; 6.9 6.17 5.81 5.45 5.08 4.9
Gip 3.45 3.45 3.16 2.88 2.73 2.59

Table 2 Elastic moduli of carbon/epoxy at various moisture concentrations; vz = 0.3, G13 = G2, G3 = 0.4G2, B; = 0 and
Br=044.T =300K

Elastic moduli (GPa) Moisture concentration, C%
0.25 0.50 0.75 1.00 1.25 1.50
E; 172.5 172.5 172.5 172.5 172.5 172.5
E> 6.72 6.54 6.36 6.17 6.17 6.17
Gip 3.45 345 3.45 345 3.45 3.45
dl
B 6/7P 1.5P,
LS 0 6P 3Py 3P,
|
2 2 2 2 2
Uniform 1-n+2n &l 1-4(m) 1-q 1
(a) LP-1 (b) LP-2 (c) LP-3 (d) LP-4 (e) LP-5 (f) LP-6

Fig. 6 Different loading patterns

moisture Co= 0.0% except as otherwise specified. The analysis is performed such that the volume of the
attached T-stiffener is one-tenth the volume of the considered plate, irrespective of the plate’s size. In the
study, a stiffener depth-to-width ratio (ds/bs) of 4 is maintained unless otherwise specified. The present study
is being conducted on the three hygrothermally stable laminate schemes that are considered based on the
observation of earlier researchers. The lamina scheme (6/(90—0)); is the configuration that induces equal
normal non-mechanical stress resultants and zero non-mechanical shear and moment resultants [41]. The
lamina scheme with the better shear extension coefficient is (22.5/— 67.5)s, while the lamina scheme with the
optimal bending stiffness and compliance is (77.5/— 12.5)s [42].

In addition, six different types of compressive nonuniformly varying loading patterns are considered, as
shown in Fig. 6. The term | = y/b (loading edge distance) appears in the quadratic equation of load variation.
The buckling parameter are compared for different loading patterns by adjusting the loading intensity such
that the total applied load equals Pob. The analysis in this work is performed in three phases. Initially, a stress
analysis induced by hygrothermal loading is carried out. Following that, a pre-buckling analysis is done to
find the in-plane stress distribution within the plate element as a result of mechanical loading. Finally, the
determined in-plane stresses are used to evaluate the critical buckling load. It is worth noting that two types of
edge constraints are employed- one for the stress analysis due to hygrothermal loading and the other for the
pre-buckling and buckling analysis. Detailed displacement conditions along the boundary have been presented
by Kalgutkar et al. [35] and have not been presented for brevity.

The non-dimensional buckling load is expressed as

P..b?

—_— 12
E2Tref h3 ( )

Yer =
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Table 3 A validation study of buckling load (P,) results of the delaminated stiffened composite plate

P (N/m) 8la=0 8/a=0.2 §la=04 8/a=0.6
Present 6.05 6.03 5.94 5.74
Castro et al. [43] 6.00 5.96 5.85 5.61

Ei1 = 142.5 GPa, Ex» = E33 = 8.7 GPa, Gj2 = 5.1 GPa, v = 0.28. a/b = 0.5, b/b, =5

Table 4 Stability performance of the hinged plate at the moisture of 0.1% and temperature of 325 K

a/b alt (0/90) Moisture C = 0.1% Temperature T = 325 K
1 100 Sai Ram et al. [30] 0.6099 0.4488

Whitney et al. [44] 0.6091 0.4477

Present (9- NHE) 0.6081 0.4462

Present (ABAQUS CAE) 0.6080 0.4461

where v, is the non-dimensional buckling load, and P, highlights the critical buckling load factor of the plate.

T, .
E, */ connotes the transverse modulus of elasticity at reference hygrothermal load.

3.2 Validation studies

Comparison studies are essential for ascertaining the accuracy and efficiency of various matrices associated with
analysing the delaminated plate’s buckling characteristics. The elastic stiffness matrix and the geometric stiff-
ness matrix are validated by comparing the buckling study results of the current model with classical/numerical
solutions. Further, the investigation performed under the hygrothermal environment is validated with the previ-
ously available literature on the hygrothermal effect to ascertain the veracity of the formulation of the residual
stress matrix.

3.2.1 Validation studies of the debonded reinforced plate under the action of mechanical loading

To validate the model consisting of the debond between the plate and stiffener, which is the interest of the
current problem, a comparison study for the buckling behaviour is conducted. The buckling responses are
compared to ascertain the elastic stiffness matrix and geometric stiffness matrix formulation. The debonded
stiffened composite plate’s buckling analysis is carried, and the findings is presented in Table 3 along with the
outcomes of Castro et al. [43]. Castro et al. [43] conducted the analysis using a semi-analytical approach to
model the debonded stiffened plate, and the entire stiffened plate was modelled using a plate element. From
the study, it is noticed that there is a slight variation in the buckling study findings estimated from the current
model with the semi-analytical model. This minor deviation might be due to the penetration of the node in the
semi-analytical model. Therefore, from the analysis, it is noticed that current findings closely agree with the
available literature. Hence, the current formulation can be employed for further studies.

3.2.2 Validation studies of the unreinforced plate subjected to thermomechanical loading

In addition, the residual stiffness matrix due to non-mechanical loading formulation is substantiated by con-
ducting a stability study on the (0/90)s laminated plate exposed to a moisture concentration of 0.1%, and 325 K
temperature. The findings are shown in Table 4 and validated with the results of Sai Ram et al. [30], Whitney
et al. [44], and the outcomes obtained from ABAQUS CAE employing S8R5 elements. The findings of the
current study are consistent with the available literature’s outcome.

4 Parametric investigation on buckling performance of delaminated stiffened composite plates
subjected to non-uniform edge load under hygrothermal environment

This segment outlines different case studies performed to demonstrate the impact of several parameters on the
buckling capacity of the reinforced plate debonded at the plate-stiffener interface subjected to hygrothermo-
mechanical loads. The present research focuses on a square plate with a ratio of thickness-to-width (b/h) of
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Fig. 7 Influence of the lamina schemes and loading pattern on the buckling strength of the laminated stiffened composite plate

150, except as otherwise provided. The stiffener has a depth-to-width ratio (d¢/b;) of 4, with fibres lined along
the stiffener’s axis. Irrespective of the plate’s size, the attached stiffener’s volume is one-tenth of the volume
of the considered plate, and the width of the stiffener web (¢,,) is considered to be equal to the thickness of the
stiffener flange (zy).

As previously stated, the investigation is initially conducted to assess the buckling strength of the bonded
stiffened plate under the impact of various non-uniform edge loads for different lamina schemes to determine
a stiffened plate with a suitable lamina scheme and loading pattern that has enhanced buckling capacity. The
obtained stiffened plate is further investigated for different parameters under hygrothermal loading conditions.

4.1 Impact of lamina schemes and loading patterns on the buckling capacity of the stiffened laminated
composite plate

In this section, a preliminary study is performed to comprehend the stability performance of the stiffened plate
for various lamina schemes and loading patterns. This research aims to identify stiffened plates with improved
buckling capacity so that further parameter studies can be performed on it under hygrothermal conditions. In
the present study, debond is not introduced in the stiffened plate, and the stiffener parallel to the length of the
plate (x-axis) is positioned at the centre of the plate. The stiffener has a d /b of 4. As previously discussed, the
study is performed by subjecting the plate to six different loading patterns with four lamina schemes. Figure 7
presents the outcome of the buckling study. From the investigation, it is noted that among the different lamina
scheme plates subjected to various loading patterns, the plate with (0/90)s lamina scheme under the action of
inverse parabolic edge load (LP-4) has enhanced stability. On the other hand, the plate with 45° oriented plies
has the least buckling capacity. It is interesting to note that irrespective of the loading scheme, the sequence
of the lamina scheme with reduced stability is as (0/90)s >(77.5/— 12.5)s >(22.5/— 67.5)5 >(45)s.

As a result, the stiffened plate with (0/90)s lamina scheme under the action of LP-4 load is taken into
account in the subsequent parametric studies. It is worth noting that the lamina scheme significantly affects
the plate’s stability under the impact of in-plane load. Apart from this, it can be highlighted that when a large
portion of higher intensity load is applied on the plate along the lamina direction, the plate’s stability will
be minimal. For (0/90)s laminated plate, enhanced stability is observed when the plate is applied with LP-4
pattern (load intensity is highest at the corner) whereas, the (45); plies stiffened plate subjected to LP-3 pattern
(load intensity is significant at the central region) has the enhanced stability when compared to other loading
cases.
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hygrothermal load and b presence of hygrothermal load

4.2 Impact of various parameters on the buckling performance of the debonded reinforced composite plate
under hygrothermal environment

An investigation is undertaken in the preceding subsection to figure out the stable scheme of the T-stiffened
laminated plate based on the stability behaviour and discovered that (0/90), plate applied to LP-4 loading
has an enhanced buckling capacity. Further subsequent investigation is carried out on the (0/90), T- stiffened
composite plate provided with through width debond at the plate-stiffener interface to study the stability
behaviour under the influence of various parameters exposed to uniform hygrothermal loading. In all the
considered parametric studies, only one unidirectional T-stiffener is attached at the plate’s bottom surface.

4.2.1 Impact of debonding length on the buckling strength of the debonded reinforced plate for different
aspect ratios of the plate

In this subsection, an investigation is conducted to study the debonded stiffened plate’s stability under hygrother-
mal loading conditions. In the present work, the width () and thickness (%) of the plate is retained to 300 mm
and 2 mm, respectively, and only the plate’s length (a) varies depending on the required aspect ratio (a/b). It
is important to note that the volume of the stiffener is equal to one-tenth of the plate’s volume, irrespective
of the plate’s aspect ratio. A through width debond ‘d>’ of 20 mm is introduced in the central region of the
attached stiffener, and the length of the debond ‘d;’ varies depending on the debond ratio (d;/d>). The analysis
is performed at the reference temperature, 325 K temperature and 0.25% moisture, and the findings are shown
in Fig. 8. From the investigation, it is seen that with the increase in the plate’s aspect ratio, the buckling load of
the plate drops significantly due to the loss in the plate’s stiffness irrespective of the hygrothermal conditions.
Figure 8a shows that as the plate is exposed to reference temperature or moisture, the plate’s buckling capacity
drops by a small amount at lower d;/d> values. Further, as the length of the debond rises, a sudden drop in the
buckling load is noticed. The buckling load drop is quite significant in the higher aspect ratio plate due to the
loss of stiffness because of the longer panel’s length and larger debonding size.

The stiffened plate’s buckling strength abates significantly as exposed to hygrothermal load. This behaviour
is quite noticeable in the case of a lower aspect ratio plate. However, a sudden drop in the buckling capacity
occurs at a short debond length. This is because, along with the reduction in mechanical buckling load,
the critical hygrothermal load (i.e. the non-mechanical load at which the plate loses its stability) reduces
substantially as the debonded length increases.

For a better understanding on the debonded stiffened plate’s stability, the von Mises stress plots are pre-
sented. Figure 9 depicts a stress plot of a rectangular stiffened plate with an aspect ratio of 3 for different
debonding lengths subjected to 7 = 300 K. From the plot, it is observed that the stress intensity drops with
the enhancement in the debonding size. Furthermore, at the small size debond, the stress is concentrated at the
debonding edge in a smaller region. On the other hand, as the debonding size increases, the stress is highly
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Fig. 10 Von Mises stress plot of a square reinforced plate with the debond length of a 0 mm, b 100 mm, ¢ 120 mm, and d 140 mm
subjected to a temperature of 325 K

focused in the central region of the debond in the plate. Figure 10 depicts the stress plot of a debonded square
plate exposed to a temperature of 325 K. The introduction of hygrothermal load results in a drastic reduction
in the stress induced in the structure, and the intensity of the stress also decreases as the debonding length
increases. Additionally, as the debonding size enhances, a small amount of stress is focussed in the debonded
region. Hence, it is noticed that larger the stress induced in the structure, greater is the plate’s buckling strength.

4.2.2 Impact of stiffener depth on the buckling behaviour of the debonded stiffened plate

The current segment outlines the investigation that considers the effect of stiffener depth on the stability
behaviour of the plate under hygrothermal load. In this work, the volume of the attached stiffener is retained
to one-tenth of the volume of the plate, and accordingly, the width (z,,) and web’s depth (d,,) are adjusted.
Furthermore, the flange thickness (¢f) is equal to the stiffener web width (¢,,). The stiffener depth-to-width ratio
(ds/bs) of one is an instance of a plate attached to a spread stiffener. In the current investigation, a 60 mm x
20 mm debond is introduced in the central region of the attached stiffener. The investigation is performed at
varying moisture concentrations and temperature intensities, and the outcomes are shown in Fig. 11. It can
be noted that at the lower temperature up to 350 K, the buckling load decreases marginally with enhancing
the d/b; ratio. This drop might be due to a reduction in the flange thickness with the rise in d/b; to retain a
constant stiffener volume. With the temperature increase, the plate’s buckling load increases abruptly with the
d /by ratio. This performance is due to a drastic loss of the plate’s stiffness at lower d/b; than in the stiffened
plate with a higher d/b, value. This shows that at the higher value of d /b, (i.e. at the greater stiffener depth),
the exposed temperature has a marginal influence on the plate’s stability compared with a plate with a lower
depth of stiffener. Similarly, debond significantly impacts plate stability at lower ds/bs values.
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Fig. 11 Effect of stiffener depth on the buckling strength of bonded and debonded stiffened laminated plates under the impact of
a temperature and b moisture

On the other hand, Fig. 11b highlight the buckling behaviour of stiffened plate under moisture effect. A
similar trend is observed in the buckling behaviour, comparable to the temperature effect on buckling capacity.
At lower moisture content up to 0.5%, the plate’s stability marginally reduces with increasing stiffener depth
ratio. However, at higher moisture concentrations, the buckling capacity increases significantly as the dy/b;
ratio rises. Contrarily, the panel’s stability reduces significantly with debonding with the rise in the moisture
concentration. Also, the drop in the plate’s buckling capacity caused by debonding is higher at the lower depth
of the stiffener due to the increase in the flange thickness. It can also be noticed that moisture extensively
affects the plate’s buckling behaviour more than the temperature.

4.2.3 Effect of stiffener position on the buckling performance of the debonded stiffened plate for different
stiffener depths

This study examined the effect of the stiffener position on the debonded stiffened plate’s stability under LP-4
pattern. In the current examination, a through width debond of length 60 mm is introduced in the plate centre,
irrespective of the stiffener position. In the study, the stiffener position ‘d’ is measured from the plate edge
to the stiffener’s central line. The analysis is performed at the reference temperature, 400 K temperature and
0.75% moisture and the findings are shown in Fig. 12. From the finding, it is reported that at 7 = 300 K,
there is a slight drop in the plate stability as the eccentricity of the stiffener ‘d’ is increased from 30 to 70 mm
from the edge. On the other hand, as the stiffener is attached towards the centre of the plate, i.e. d = 150 mm,
the plate’s stability increases abruptly. This abrupt enhancement in the plate’s buckling load is significantly
noticed in the lower stiffener depth-to-width ratio plate. Although a quite minimal significance of debonding
on the plate’s stability is noted, a considerable drop in buckling load is noticed in the case of the centrally
placed stiffener, irrespective of the d/by ratio.

In contrast, under hygrothermal environment, a contrary behaviour is observed. The plate’s stability initially
increases as the stiffener is placed from the edge up to the 90 mm distance from the edge. Furthermore, placing
the stiffener in the centre reduces the buckling load dramatically. It is also observed that when the stiffener is
placed at the edge, the stiffener depth ratio does not play a vital role on the stability and only debonding slightly
reduces the buckling capacity. However, as the stiffener is positioned towards the plate’s centre, the stability
substantially increases with the stiffener depth ratio rise. Also, with the introduction of debonding, the plate’s
stability degrades with hygrothermal exposure, irrespective of the d /b ratio. On the other hand, a similar
performance is noticed in the plate affected by moisture as it is marked in the plate under thermal environment.
However, the plate’s stability substantially degrades when the stiffener is placed in the plate’s central region,
and it is predominantly observed in the plate with a lower d /b, ratio. Therefore, one can conclude that centrally
placed stiffened plates with lower stiffener depth are less stable under exposure to hygrothermal load.

The von Mises stress plots of the debonded reinforced plate with d/b; of 6 for the varying position of the
stiffener subjected to reference temperature and moisture concentration of 0.75% are manifested in Figs. 13
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Fig. 12 Influence of stiffener position on stiffened plate’s stability under the impact of hygrothermal load of a7 =300K, b T
=400 K, and ¢ C = 0.75% for different stiffener depth ratios

and 14, respectively. It is seen that when the stiffener is attached towards the edge of the plate, a considerable
amount of stress is concentrated towards the opposite edge of the plate at a reference temperature. However,
there is a small rise in the stress intensity when the stiffener is attached slightly closer to the plate’s centre,
indicating a marginal drop in the buckling capacity, as shown in Fig. 12a. Furthermore, moving the stiffener
closer to the centre of the plate gradually increases the stress intensity. Also, the stress is equally distributed
across either region of the stiffener for a centrally positioned stiffened plate, indicating improved stability.
On the contrary, when the plate is subjected to moisture, the stress intensity reduces drastically, indicating
stability deterioration. Here, the stress is highly concentrated towards the edge of the plate, which is contrary
to the plate’s behaviour under reference conditions. The stress intensity initially increases and then drops as
the stiffener is moved from the edge to the plate’s centre, indicating a similar stability performance as seen in
Fig. 12c. This indicates that under the reference condition, the stress is focussed on the central region of the
plate, indicating enhanced stability, while under moisture exposure, the stress is highly concentrated towards
the edge, pointing to lower stability.

5 Concluding remarks

In this study, the authors have attempted to investigate the impact of thermal and humidified conditions on
the stability behaviour of a debonded T-stiffened composite plate by applying a generalized FE framework in
a MATLAB environment. Unlike previous studies that used a plate element to model the stiffener, this study
considers modelling the stiffener web with a beam element, which reduces the computational cost. Four types
of hygrothermally stable lamina schemes and six different loading patterns are considered. The key objective
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Fig. 14 Von Mises stress plot of a square stiffened plate with a central debond length of 60 mm with a stiffener placed at a distance

a 30 mm, b 70 mm, ¢ 110 mm, and d 150 mm from the edge exposed at 0.75% moisture concentration

the current research is to determine a stiffened composite plate with a specific lamina and loading pattern

that has enhanced buckling capacity and further to inspect the impact of various parameters in the presence
and absence of debonding exposed to hygrothermal conditions under the action of non-uniform edge loads.
Extensive parametric investigations are conducted, and the prominent outcomes are summarized as follows:

i

ii.

iii.

iv.

V1.

The T-stiffened composite plate with (0/90)s lamina scheme under the action of inverse parabolic loading
(LP-4) has enhanced buckling capacity.

As the hygrothermal load intensity rises, the buckling strength of the higher aspect ratio plate abates
significantly at a larger size of debonding.

The stability degrades with an increase in the stiffener depth ratio (ds/b;) at a lower magnitude of the
hygrothermal load. On the contrary, the plate’s stability increases abruptly with the enhancement in
stiffener depth-to-width ratio (ds/b;) at higher hygrothermal load intensity. However, at the lower stiffener
depth ratio (ds/bs), hygrothermal loading and debond significantly degrade the plate’s stability.

At the reference hygrothermal load, the buckling load of the plate initially degrades as the stiffener is
placed from the edge up to a certain distance towards the centre of the plate. Further, as the stiffener is
positioned towards the plate’s centre, the plate stability enhances significantly.

Under the exposure of hygrothermal loading, contrary buckling behaviour is noticed. The plate’s buckling
capacity initially increases, and then a gradual drop is seen as the stiffener is placed from the edge to the
plate’s centre.

When a stiffener is attached at the plate centre, the stability of the plate with a lower stiffener depth ratio
(ds/bs) (i.e. plate attached to spread stiffener) increases significantly at the reference hygrothermal load.
On the contrary, the stability of the lower stiffener depth ratio (d/bs) plate drops substantially in the
presence of hygrothermal loading.



3930 A. P. Kalgutkar, S. Banerjee

From the parametric investigation, it can be stated that several parameters remarkably impact the stability
performance of the stiffened plates under environmental conditions. Also, one can draw the conclusion that
moisture considerably influences the stiffened plate’s behaviour more than the temperature. Finally, it can be
inferred that the current model has an advantage in reducing the computational cost due to the partial use of 1-D
element for the stiffener. However, the current FE model is only capable of handling non-progressive damage
during loading. This problem can be solved by using other techniques to model the progressive debonding
while taking into account the stress fields along with displacement fields.
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