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FINITE ELEMENT MODELLING OF LAYERED COMPOSITE
PANELS FOR AEROSPACE STRUCTURES: MESH SENSITIVITY,
BOUNDARY CONDITIONS, AND BUCKLING BEHAVIOUR UNDER
COMBINED LOADING

Accurate finite element (FE) modelling of fibre-reinforced composite panels is a prerequisite for reliable
structural certification in aerospace applications. Despite widespread adoption of finite element analysis
(FEA), analysts routinely face three fundamental questions: what mesh refinement is truly sufficient, how
much boundary-condition uncertainty is tolerable, and what is genuinely gained by incorporating progressive
damage into a post-buckling simulation. This study addresses all three questions through a systematic,
quantitatively rigorous investigation applied to representative CFRP and GFRP aerospace panel geometries.

The principal findings challenge prevailing assumptions. Boundary condition fidelity alone accounts for an
18 % spread in predicted linear buckling load between simply-supported and fully-clamped edge restraints —a
variation that exceeds the combined influence of typical material property scatter. Post-buckling failure load
predictions from purely elastic analyses exceeded experimental values by 28—34 %, integration of cohesive-
zone delamination modelling reduced that discrepancy to 6.2 %. A six-level mesh sensitivity study established
4.0 elements/mm? with SSR shell elements as the convergence threshold, achieving accuracy within 1.2 % at
approximately 25 % of the computational cost of the finest mesh evaluated.

All numerical predictions are validated against digital image correlation (DIC) measurements from panel
tests conducted under combined compression and in-plane shear. Buckling load errors remained below 4.5
% and ultimate failure load errors below 6.2 % across all configurations, with a full-field strain spatial
correlation coefficient R?> = 0.971. The paper concludes with a validated four-step modelling protocol that
practising structural analysts can apply with confidence to composite panel design tasks.

Keywords: finite element analysis, composite laminates, mesh sensitivity;, boundary conditions; buckling;

post-buckling; CFRP; GFRP; progressive damage, cohesive zone, aerospace structures.

Formulation of the problem. Fibre-reinforced
polymer (FRP) composites account for more than
50 % of the structural mass of modern commercial
and military aircraft. Wing covers, fuselage skin pan-
els, empennage skins, and floor beams are routinely
manufactured from carbon fibre-reinforced polymer
(CFRP) laminates whose load-bearing capability
under compressive and shear service loads is gov-
erned primarily by buckling and post-buckling stabil-
ity rather than by material strength limits [1, p. 1199].
This shift from strength-driven to stability-driven
design has made high-fidelity structural analysis
indispensable: errors in predicted buckling load trans-
late directly into structural weight penalties or, worse,
into non-conservative margins that compromise air-
worthiness certification.

The finite element method (FEM) is the univer-
sally adopted tool for composite panel stability anal-
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ysis in industry and research. Yet despite decades of
refinement, a recurring disconnect exists between
FEA predictions and physical test outcomes at the
panel level. Investigations consistently identify three
categories of modelling decision as the principal
sources of this discrepancy: (i) the choice of element
type and mesh density; (ii) the representation of phys-
ical boundary conditions; and (iii) the presence or
absence of progressive interlaminar damage model-
ling in the post-buckling regime [2, p. 318; 3, p. 194].
Each of these factors is routinely underestimated in
industrial analysis workflows, contributing to struc-
tural margins that are either overly conservative —
adding unnecessary weight — or non-conservative,
creating safety risk.

The problem is compounded by the anisotropic and
heterogeneous constitution of composite laminates.
Unlike isotropic metals, the buckling and post-buck-
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ling behaviour of composite panels is strongly coupled
to laminate architecture through in-plane anisotropy,
bending—extension coupling in non-symmetric layups,
and progressive interlaminar crack growth driven by
out-of-plane peel and shear stresses at ply interfaces.
Small modelling choices — whether to include trans-
verse shear in the shell kinematic formulation, whether
to assume pinned or clamped edges, whether to insert
cohesive elements at ply interfaces — produce dispro-
portionately large differences in predicted structural
performance. Quantifying these differences rigorously
is both a scientific and a practical imperative.

Analysis of recent research and publications.
The numerical analysis of composite panel stabil-
ity has attracted sustained research effort since the
1970s. Lekhnitskii's classical theory of anisotropic
plates provided the analytical foundation [4, p. 329],
and Reddy's comprehensive treatment of laminated
composite plate theory established the variational and
finite-element basis for modern structural simulation
tools [5, p. 1]. Early FEA studies of composite panels
focused primarily on linear eigenvalue buckling and
were limited by the computational resources availa-
ble at the time.

The development of progressive failure models
transformed post-buckling analysis. Chang and Les-
sard [6, p. 2] introduced ply-level property degrada-
tion rules that remain in widespread industrial use.
Hashin's physically motivated intralaminar failure
criteria [7, p. 329] distinguished between fibre-dom-
inated and matrix-dominated failure modes, enabling
mode-specific design interpretation. The cohesive
zone method, formalised for composite delamination
by Camanho and Davila [8], provided a mechanis-
tically consistent framework for simulating progres-
sive interlaminar crack growth. Subsequent work by
Turon et al. [9, p. 1072] introduced an element-size
regularisation correction that made the method prac-
tical for large structural models.

Mesh sensitivity in composite shell models has
received comparatively limited systematic attention.
Barbero's textbook treatment [10, p. 45] provides
general guidance but without the panel-specific quan-
titative data that practitioners need. Bisagni and Ves-
covini [2, p. 320] studied mesh effects in the context
of stiffened panel buckling and found significant sen-
sitivity at coarse densities, but their work was con-
fined to a single laminate architecture. Orifici et al.
[3, p. 196] reviewed progressive failure methodol-
ogies broadly but did not isolate mesh density as a
controlled variable.

The boundary condition problem has received
more explicit treatment in the experimental mechan-
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ics literature than in FEA methodology papers. Bisa-
gni [11, p. 178] documented fixture-induced partial
clamping in panel compression tests and showed that
assumed boundary conditions introduced prediction
errors exceeding 10 %. Nemeth [12, p. 3] provided
analytical solutions for plates under combined load-
ing that quantify the theoretical sensitivity to edge
restraint, but without the experimental correlation
needed to validate FEA models. The gap between
theoretical sensitivity studies and test-correlated FEA
remains largely unaddressed.

The unresolved aspects that motivate the present
study are therefore: (a) the absence of panel-specific
mesh convergence data spanning multiple response
metrics simultaneously; (b) the lack of a quanti-
fied comparison between assumed and character-
ised boundary conditions in test-correlated FEA;
and (c) the absence of a systematic assessment of
the improvement in failure load prediction accuracy
attributable solely to the addition of cohesive zone
delamination modelling, with all other modelling
choices held constant.

Task statement. The overarching objective of
this study is to provide quantitative, panel-specific
answers to the three modelling questions identified
above, supported by full experimental validation. The
specific research tasks are:

1. Determine the mesh density at which peak
in-plane stress, first-ply-failure load, and linear buck-
ling eigenvalue converge to within 1.5 % of the over-
kill solution for the panel configurations studied.

2. Quantify the sensitivity of predicted buckling
load to idealised boundary condition type (pinned vs.
clamped) and to measured fixture rotational stiffness
applied as distributed spring boundary conditions.

3. Assess the reduction in failure load prediction
error obtained by incorporating Benzeggagh—Kenane
cohesive zone delamination modelling in post-buck-
ling analysis, relative to an elastic baseline.

4. Validate all FEA predictions against full-field
DIC strain measurements and load-displacement data
from panel tests under combined compression and
in-plane shear.

Three panel configurations are investigated: a qua-
si-isotropic CFRP laminate [0/445/90]2s (300%200
mm), a cross-ply GFRP laminate [0/90]4s (300%200
mm), and a stiffened CFRP panel with two co-cured
J-stringers (450x300 mm). All panels are tested under
combined end-shortening compression and in-plane
shear representative of fuselage skin corner-panel
loading conditions.

Outline of the main material of the study. Mate-
rials and FE Model Formulation. The CFRP panels
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were fabricated from IM7/8552 unidirectional pre-
preg tape (VI = 0.57+0.02). Ply mechanical proper-
ties obtained from ASTM-standardised coupon tests:
Ei =161 GPa, E> = 11.4 GPa, Gi2 =5.17 GPa, vi2 =
0.32, Xt =2325 MPa, Xc = 1200 MPa, Yt =62 MPa,
Yc =202 MPa, Si> =92 MPa [13, p. 36]. The GFRP
panels used woven E-glass/epoxy fabric (600 g/m?)
infused by VARI: E1 = E2 = 23.5 GPa, Gi2 =4.1 GPa,
viz = (0.14. Interlaminar fracture toughness was meas-
ured per ASTM D5528 and D7905: Glc = 0.28 kJ/m?,
Gllc = 1.02 kJ/m?, Benzeggagh—Kenane exponent 1
=1.45[14, p. 1665].

All analyses were performed in Abaqus/Stand-
ard 2022. Eight-node reduced-integration shell
elements (S8R) with Mindlin—Reissner kinemat-
ics were selected over four-node bilinear elements
to avoid shear locking under bending-dominated
loads at moderate mesh densities [10, p. 87]. Three
Gauss points per ply through the thickness recov-
ered ply-level stresses for failure criterion evaluation.
Geometric nonlinearity (updated Lagrangian formu-
lation) was activated throughout. Cohesive zone ele-
ments (COH3D8) with bilinear traction-separation
laws governed by the B-K criterion [15, p. 439] were
inserted at all ply interfaces within the central 60 %
of the panel area. The model parameter summary is
given in Table 1.

Table 1. Summary of FE model parameters for the
three panel configurations investigated in this study.

Panel Element Dlzl::il:y Boundary = Panel Size
Configuration Type (el/mm?) Condition (mm)
CFRP Pinned /
[0/45/90]:4 S8R Shell 4.0 Clamped 300 x 200
GFRP [0/90]+ = SSR Shell 4.0 Pinned /300 . 200
Clamped
CFRP S8R +
Stiffencd Pancl  COH3pg |~ >0 | Clamped 450300

(a) Stress convergence

(b) Buckling load convergence

Mesh Sensitivity Study

Seven mesh densities spanning 0.5 to 8.0 elements/
mm? were evaluated. For each density, three response
metrics were monitored: peak in-plane normal stress
ou at the panel centroid, first-ply-failure load (Hashin
fibre criterion), and the lowest linear buckling eigen-
value. All metrics were normalised against the finest
mesh (8.0 el/mm?) result. Fig. 1 presents the full con-
vergence study.

The linear buckling eigenvalue converges fastest
because it is an integral energetic quantity associated
with a global mode shape rather than a pointwise
field variable: error falls below 3 % already at 2.0 el/
mm?. Peak ply stress, which involves a near-singu-
larity at free edges, requires 4.0 el/mm? to reach the
1.5 % convergence threshold. First-ply-failure load
errors exceeded 8 % at densities below 1.0 el/mm?,
a regime where many rapid design-iteration analyses
operate. At 4.0 el/mm?, all metrics are within 1.2 %
of the reference solution at approximately 25 % of the
computational cost of the finest mesh. This density is
identified as the optimal operating point for the panel
configurations studied [16, p. 248].

Boundary Condition Sensitivity and Fixture
Characterisation

Four idealised boundary condition cases were
applied: (SS—SS) simply supported on all edges,
(SS—C) simply supported loaded edges with clamped
unloaded edges, (C-SS), and (C-C) fully clamped
on all edges. The spread in predicted linear buckling
load between SS—SS and C—C reached 18 % (Fig. 2a),
confirming that boundary condition uncertainty is the
dominant source of prediction error for these panel
configurations — exceeding typical material property
uncertainty by a factor of approximately four.

To quantify the improvement obtainable by char-
acterising rather than assuming boundary condi-

(c) Cost vs. accuracy
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Fig. 1. Mesh convergence study results: (a) normalised peak stress; (b) normalised buckling load; (¢) CPU cost
vs. accuracy, identifying 4.0 el/mm? as the optimal efficiency point (all metrics within 1.2 %)
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tions, the rotational stiffness at each loaded edge was
measured using a calibration test: a short cantilever
of known geometry was clamped in the test fixture
and the moment-rotation relationship was recorded.
The measured stiffness (k6 = 3.6 kN-m/rad per metre
of edge) was applied as a distributed torsional spring
in the FE model. Maximum buckling load predic-
tion error dropped from 15 % (assumed BC) to 4.5
% (characterised BC) across all five panel configura-
tions (Fig. 2b), representing a threefold improvement.

Post-Buckling Behaviour and Progressive
Delamination

Post-buckling analyses used the modified Riks
arc-length method in Abaqus/Standard to trace the
equilibrium path beyond the initial buckling point.
Fig. 3a presents load—displacement curves for both
boundary condition cases, comparing FEA predic-
tions against experimental data.

Clamped panels maintained a stable post-buckling
plateau and ultimately carried 2.6 times the linear
buckling load before delamination-triggered collapse
[1, p. 1210]. Pinned panels reached approximately
1.8 times the buckling load, as delamination initiated
earlier at the simply-supported boundaries. Elas-
tic post-buckling analyses (without cohesive zone
delamination) overestimated failure loads by 28-34 %
across all configurations. Adding B-K cohesive zone
elements reduced this error to 6.2 %. The remaining
gap is attributed to fibre-direction micro-buckling in
0° plies under high compressive loads [17, p. 733], a
mechanism not included in the present model.

Buckling Mode Shapes

Fig. 4 presents normalised out-of-plane displace-
ment contours for the three principal analysis states:

(a) Effect of boundary condition on buckling load

first linear mode under pinned conditions (single
half-wave), first linear mode under clamped con-
ditions (double half-wave), and the post-buckling
deformed state at 2.6xPcr. The transition from sin-
gle to double half-wave between pinned and clamped
cases explains the 18 % buckling load difference: the
effective buckling length is halved by the rotational
restraint, increasing the critical load in proportion to
the square of the half-wave number [12, p. 5]. The
post-buckling deformation field shows mode cou-
pling and displacement concentration consistent with
the measured DIC pattern.

Error Budget and Modelling Protocol

Fig. 5 synthesises prediction errors and sensitiv-
ities across all modelling choices. Boundary con-
dition characterisation yields the highest return on
analytical investment: the 15 % — 4.5 % reduction
is achieved without any increase in model size. Pro-
gressive damage modelling eliminates a 28-34 %
non-conservative bias in failure load at the cost of
additional preprocessing. Mesh density is important
only at extremes: below 1.0 el/mm? errors exceed 8
%:; above 4.0 el/mm? further refinement offers dimin-
ishing returns. Material property uncertainty con-
tributes +4.5 % when properties are characterised to
ASTM standards — smaller than boundary condition
effects by a factor of more than three.

Based on these findings, the following validated
four-step modelling protocol is recommended: (1)
Characterise fixture rotational stiffness before the
structural test and apply measured distributed tor-
sional spring boundary conditions — never assume
idealised pinned or clamped conditions without ver-
ification. (2) Use S8R elements at minimum 4.0 el/

{b) FEA vs. experimental buckling loads
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Fig. 2. (a) Effect of boundary condition idealisation on normalised linear buckling load — 18 % spread between
pinned and clamped cases; (b) FEA vs. experimental buckling loads for all panel configurations; percentage
values indicate prediction error
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(a) Load-displacement response
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Fig. 3. (a) Load—displacement curves comparing FEA (lines) against experimental measurements (symbols) for
clamped and pinned CFRP panels; (b) progressive delamination area fraction vs. end-shortening displacement
for both boundary condition cases
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(a) Error budget by modelling cholce (b) Tornado sensitivity chart
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Fig. 5. (a) Prediction error budget: cross-hatched bars indicate inadequate modelling choices; plain bars indicate
recommended choices; (b) tornado sensitivity chart ranking contribution of individual parameters to variability
in predicted buckling load
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mm? for the panel field, with local refinement to 6.0
el/mm? near geometric features. (3) Include cohesive
zone delamination for any analysis extending into the
post-buckling regime. (4) Validate against full-field
DIC strain measurements at a sub-buckling load level
before committing to failure load predictions.

Conclusions

1. A mesh density of 4.0 el/mm? with S8R shell
elements achieves convergence within 1.2 % for peak
ply stress, first-ply-failure load, and linear buckling
eigenvalue at approximately 25 % of the cost of the
finest mesh tested. Analyses at densities below 1.0 el/
mm? carry errors exceeding 8 %, sufficient to com-
promise structural margins.

2. Boundary condition idealisation introduces an 18
% spread in predicted buckling load — larger than typi-
cal material property uncertainty. Fixture stiffness char-
acterisation before structural testing and application of
measured rotational spring boundary conditions reduces
prediction error from up to 15 % to below 4.5 %.

3. Elastic post-buckling analyses systematically
overestimate failure loads by 28-34 %. Cohesive
zone delamination modelling with the B-K criterion
reduces this non-conservative error to 6.2 %, making
progressive damage an essential component of any
post-buckling design analysis.

4. CFRP panels with clamped boundary condi-
tions sustain loads up to 2.6 times the linear buckling
eigenvalue before collapse — a post-buckling reserve
correctly predicted only when progressive interlami-
nar damage is included.

5. The four-step modelling protocol validated in
this study provides practising aerospace structural
analysts with a clear, experimentally supported frame-
work for composite panel stability analysis. Future
work will extend the approach to thermally loaded
panels representative of supersonic leading-edge
structures and will incorporate fibre-direction kink-
band micro-buckling models to close the remaining 6
% failure load gap.
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IOnic b.H. CKIHHEHHOEJIEMEHTHE MOJIEJ/JIIOBAHHS HIAPYBATUX KOMITIO3UTHHUX
MAHEJIEH JIJISI AEPOKOCMIYHUX KOHCTPYKIINA: UYTJUBICTH 10 CITKWH,
TPAHUYHI YMOBH TA ITOBEJITHKA ITPU BTPATI CTIHKOCTI IIJI KOMBIHOBAHUM
HABAHTAKEHHSAM

Toune cxinuennoenemenmue (CE) mooemosannsn naueneti i3 apmo8aHux 60J0KHOM NOMIMEPHUX KOMNO3UMIG
€ 0008'53K06010 YMOB0IO HAOIIHOI cepmuikayii KOHCmMpYKYil y 2any3i aepokocmiunoi mexwiku. Hezeadscarouu
HA WUpoKe 3acmocysants memooy ckinuennux enemenmie (MCE), anmanimuxu cmuxaiomoecsa 3 mpvoma
DyHOAMEHMATLHUMU NUMAHHAMIU KA MIHIMATIbHA 2YCMOMA CImKU € 00CIMAMHbO010, SIKA NOXUOKA SPAHUYHUX YMOS
€ 0ONYCmuUMo ma Ky NPaKmuuHy U200y 0G€ 6KIOYEHHS NPOSPECUBHO20 NOUKOOICEHHSL Y NOC-KPUMUYHULL
auanis. Jlana cmamms cucmemHo i KibKICHO 8I0N08I0ae Ha 6Ci mpu NUMarHs 0jig NPpedCmAasHUYbKUX 2eoMempill
aepoxocmiunux naneneil i3 CFRP ma GFRP. Pe3ynomamu 00cniodcents cnpocmogyioms HU3KY NOULUPEHUX
npunyujens. Ilo-nepuie, 00cmosIpHICIb SPAHULHUX YMOB CAMOCTHIUHO BUSHAYAE PO3KUO NPOSHO308AHO20 JIHILIHO20
KpUMUYHO2O HABAHMANCEHHA OO0 1 8 Yo MidicuapHIPHO-ONEPMUMUTNAICOPCINKO3AU EMACHUMUKDAAMU, WONEPEBULYYE
CYKYNHULL 6NIUE po3ciiosanus enacmueocmel mamepiany. Tlo-Opyee, npoenosu KpumuyHo2o HAGAHMANCEHHS
APU YUCIMO NPYICHOMY NOCM-KPUIMUYHOMY AHATI3I NEPesUyioms eKCHepUMeHmAnbHi 3uauenus Ha 28-34 %,
BKIIOUEHHS KO2E3UBHOI 30HHOI MOOeTi po3uwiapyeanist smeHulye yeu ¢ioxun 0o 6,2 %. I[lo-mpeme, docniodcenns
YYMaUeoCmi 00 CimKU HA wecmu PigHAaX 2ycmuHu ecmanosuno 4,0 en./mum? 3 obononrxosumu enemenmamu SSR sax
nopie 30idcHoCmi, Npu AKOMY MOYHICMb YCIX PO3LIAHYMUX XAPAKMEPUCUK BIO2VKY 3HAX0OUMbCs Y medxcax 1,2 %
3a eumpam o0UUCIIBATLHO20 HaACy Onusbko 25 % 610 naubinvu OpioHoi nepesipenoi cimxu. Yci uucnosi npoernosu
8epUPIKOBAHO 3a BUMIPIOBAHHAMU MEMOOOM YUPPoBoi Kopenayii 300padcens (LIK3) npu eunpobdyeannsx nanenet
ni0 KOMOTHOBAHUM CIMUCHEHHAM A 3CY80M Y NLOWUHI. [I0XUOKU KpUMUYHO20 HABAHMANCEHHS 3ANUUUNUCS HUJICHE
4,5 %, a noxubxu epanuyHo20 HA8aHMadicents pytinyeanns — nudicue 6,2 % ons ecix xougicypayii. Koeghiyienm
NPOCMOPOBOL KOPETAYIL MidC BUMIDSHUMU MA PO3PAXOBAHUMU NoAaMU Oepopmayiti cmanosums R? = 0,971
3anpononosanuii éepudikosanuii NPOMOKOL MOOENOBAHHA HAOAE NPAKMUKYIOUUM CIMPYKIYPHUM AHATIMUKAM
yimxuil aneopumm it npu NPOEKMYBAaHHI KOMROZUMHUX AGIAYIIHUX NaHeell.

Knrouosi cnosa: memoo cxkinuenHux enemenmis, wapysami KOMROIUMUY, YYMAUBICMb 00 CIMKU, SPAHUYHI
ymosu, empama cmitikocmi, nocm-kpumuuna nogedinka, CFRP, GFRP, npocpecusne nowikoOiceHHs,
KO2e3UBHAa 30HA, AePOKOCMIYHI NAHEl.
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