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Featured Application: The presented methodology bridges the gap between the numerical eval-
uation of the specific parameters to fulfil the right physical response of the simulated tests. This
provides a more rational approach to the failure simulation of composites, reducing the need for
a trial-and-error procedure based on several extensive test campaigns.

Abstract: Numerical simulations have the potential to be used for designing damage-tolerance com-
posite structures. However, numerical models are currently computationally intensive, and their
post-failure evolution and fracture morphology predictions are still limited. In the present work, a
numerical methodology to simulate advanced composite joints is presented. The results of a numer-
ical campaign aimed to evaluate the progressive damage and failure analysis (PDFA) of an ad-
vanced pin-hole connection under tensile and compressive load are evaluated. A high-fidelity
stacked shell-cohesive methodology is employed to simulate the ultimate load, fracture initiation,
and propagation of the proposed composite joint. Post-failure erosion methodology is proposed to
control the initiation and evolution of composite fractures. The location and extension of the numer-
ically predicted damages are compared with experimental observations. The proposed methodol-
ogy demonstrates its preliminary ability to be used for designing composite joints up to failure.
Specific outcomes are also pointed out.

Keywords: fracture mechanics; delamination; cohesive elements; LS-DYNA; advanced joint

1. Introduction

Long-endurance ultra-light aircraft have been extensively designed for missions
where repetitive actions and permanence on the operative theaters require innovative
power balance and regenerative systems. Weight reduction has been considered a design
imperative due to the huge lifting surface dimensions required for continuous flight in a
day-night scenario [1]. Recently proposed hybrid configurations merged the advanced com-
posite materials with the classical ones for such a demanding design, with the modularity
aspects determined by the manufacturing needs. Consequently, a combination of solar power
and regenerative fuel cells for long-endurance ultra-light platforms makes composite materi-
als the best candidates for applications where the configuration and shape strictly depend
on solar/fuel cell efficiency and weight. Due to the dimensions of long-endurance light
vehicles, the focus has been on modular design, another design imperative given the man-
ufacturing limits and for transportability reasons [2—4]. Removable connections fuse me-
chanical bolted joints, but in the case of carbon fiber-reinforced polymers (CFRP), the best
structural efficiency is managed by a proper design configuration to increase the maxi-
mum allowable bearing failure limit. Removable connections request the following main
aspects: (a) defined load distribution between different primary structural parts according
to the airworthiness safety-oriented indications; (b) fast assembly and dismounting
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without any permanent effects on the materials; (c) easy and correct positioning of the
different structural parts demonstrating the right clearance and tolerance limit. Stress dis-
tribution around holes in anisotropic composite plates subjected to specific loading com-
binations is well understood; e.g., [5,6]. However, damage in a composite joint can initiate
at an early stage and accumulate inside the laminate as the load increases. Different failure
modes depend on the choice of material, ply stacking sequence, laminate thickness, joint
geometry, edge effects, and bearing and clamping effect, all based on the applied loading
conditions. The validation and verification of the structural sizing of such composite joints
is carried out using a combination of experimental tests and static numerical analysis.
Nevertheless, the evaluation of failure and post-failure modes is frequently excluded from
numerical studies. Typically, designers tend to increase experimental investigations to re-
construct the failure modes of a composite structure according to normative [7]. The lack
of a fully validated and standardized numerical tool has become fundamental in the pre-
liminary design procedure, especially for the design of composite structures subjected to
specific critical loads. These tools are requested to accurately and reliably predict physical
response when damage is initiated and failure mechanisms start, as described in [6-10].
Referring to the experimental activities described in Frulla et al. [2] at Politecnico di Torino
under the “HELINET” project, a structured comparison between the numerical results
and the experimental observations is proposed here. The experimental joint configuration
is based on a solid or sandwich CFRP laminate with the same lay-up loaded in two differ-
ent structural configurations: (a) basic laminate joint, (b) innovative joint configuration
(“advanced joint” in the following) completed with a steel reinforcement at the hole posi-
tion specifically designed to overcome the bearing failure mode of a composite laminate
(see Figure 1).

. Structural Glue D Crushable Foam

. Interlaminar Cohesive . Internal Steel Cylinder

Y X
>

Figure 1. Section of proposed composite joint configuration: (5X) Advanced Joint; (DX) Simple Joint.

High-fidelity new shell-cohesive progressive damage failure analysis (PDFA) meth-
ods, different with respect to the solid-cohesive one as reported in the open literature and
described in Section 3, have been proposed to numerically reconstruct the performances
of specified sandwich sample structural configurations under tensile and compression
loading conditions. A complete stacked shell modeling technique, as described in Polla et
al. [11], with the application of specific material models available in the LS-DYNA soft-
ware package was applied. A cohesive zone model (CZM) was introduced to describe the
delamination evolution in the proposed composite joint configurations under different
critical loads. Material formulations in LS-DYNA were compared in [12] and a consistent
selection is proposed here. The presented numerical results are validated against simple
experimental data to support modeling features, such as observed deformations and
physical modes of failure. The described results also present the possibility to generalize
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the modeling methodology to complex geometrical composite configurations as a conse-
quence of this research activity.

2. Advanced Joint Configuration

A flat sample configuration was chosen for rapid execution of the related testing ac-
tivities even though the real joints were positioned on a cylindrical surface, as in Figure 2.
Such a real mounting configuration was tested during the full-scale bending-shear test of
the HELIPLAT prototype, as in [13], confirming the validity of the selected experimental
campaign as described in the following sections. Two specific experimental configurations
were proposed: a sandwich joint configuration with a 9 mm core-thickness of standard
Rohacell 51 rigid foam reinforced with glass microspheres, and a solid sample with the
same lay-up. The sample dimensions were 240-mm-long, 130-mm-wide with an active
zone of damage around the hole of 170-mm-long and 130-mm-wide. The preliminary de-
sign of a composite joint typically starts with the definition of the correct laminate lay-up
and material selection. According to [2], all of the evaluated samples tested in the experi-
mental campaign were manufactured with the same Uni-Directional (UD) M40]/epoxy
material and the same laminate lay-up [+20/-20/90/45/-45/90/45/-45]s for every single skin,
which maximizes laminate bearing strength (Figure 3), avoiding net-tension/shear-out
failure. The nominal thickness of a single composite laminate is 2.16 mm, and the approx-
imate thickness of a single lamina is around 0.135 mm. The mechanical properties of the
adopted materials are reported in Tables 1-3. The advanced composite joint is reinforced
with two steel plates (yellow part in Figure 3) with an external diameter of 80 mm and a
thickness of 1.5 mm. The internal steel cylindrical support connected to the flat external
steel plates has an internal diameter of 20 mm and a thickness of 3.95 mm. The reinforce-
ment is bonded to the composite laminate by means of Araldite adhesive, as detailed in
Table 3 and as shown in Figure 4 (green layer). The internal cylinder provides the loading
transmission between the joint structure and the bolt during the pin-loaded test. The rel-
ative positions of the Strain-Gauge (SG) are reported in Figure 3 according to [2]. Experi-
mental static properties for the proposed flat configurations are summarized in Table 4
[2]. The load was applied up to sample failure to understand the modes of fracture and
the improvement obtained with the advanced configuration. The experimental results
show a reduced capacity of the simple solid and sandwich configuration to overcome the
typical 20 kN pin bearing load. The average failure load for the solid composite joint was
about 20,481 N and 39,481 N for the sandwich configuration.

Figure 2. “HELINET” project prototype connection detail.
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Figure 3. Sample dimension and SGs position [mm].

Table 1. Stiffness material properties of M40]/epoxy as published in Frulla et al. (*) [2] and associated
strength material threshold [14].

LS-DYNA Experimental

Property Units Symbol Parameters Value
Density [kg/mm?] P RHO 1.6 x 106 *
Modulus 1-direction [GPa] E1 EA 215.0 *
Modulus 2-direction [GPa] E> EB 66.7 *
Shear modulus 12-direction [GPa] G2 GAB 4.3*
Shear modulus 23-direction [GPa] G23 GBC 3.6*
Shear modulus 31-direction [GPa] Gs1 GCA 3.6*
Major Poisson’s ratio [-] Vi2 - 0.27*
Minor Poisson’s ratio [-] 23 PRBA 0.0837
Strength 1-direction tension [GPa] on’ XT 2.365
Strength 2-direction tension [GPa] 0227 YT 0.072
Strength 1-direction compression [GPa] o11€ XC 1.270
Strength 2-direction compression [GPa] 022¢ YC 0.140

Shear strength 12-direction [GPa] T12 SC 0.063
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Table 2. Material properties of Rohacell 51 [15].

. LS-DYNA Experimental
Property Units Symbol Parameters Value
Density [kg/mm?] P RHO 52x10%
Elasticity modulus [GPa] E E 0.0686
Major Poisson’s ratio [-] Vi2 PR 0.05
Minor Poisson’s ratio [GPa] oy TSC-SIGP1 0.00186
Table 3. Material properties of Araldite adhesive [16].
. LS-DYNA Experimental
Property Units Symbol Parameters Value
Density [kg/mm3] P RHO 8.0 x 107
Elasticity modulus [GPa] E Ex 1.7
Elasticity modulus [GPa] G Er 0.8
Energy release rate I [GPaxm] GIC GIC 1.10 x 10-3
Energy release rate II [GPaxmm)] GIIC GIIC 1.45 x 103
Tensile strength [GPa] ol T 0.041

On the other hand, the advanced configuration average failure load was about 94,267
N for the solid sample and 97,363 N for the sandwich one. The mode of failure changes
from the typical bearing failure related to a simple solid/sandwich joint to a standard ten-
sion failure mode outside the joint position for the advanced configuration confirming the
well-behaved design of such a solution (Figure 5). Such experimental results have been
used as a benchmark in comparing and correlating the numerical methodology proposed
in the following sections. The primary objective was to characterize and reproduce the
mechanical behavior of the sandwich flat samples with the adoption of an explicit LS-
DYNA R11.1 solver [17,18]. In particular, the results are focused on calibrating and veri-
fying the sandwich composite joint FE explicit numerical model against the experimental
evidence. Subsequently, a reproduction of the failure mode mechanism has been deter-

mined. The cylindrical arrangement has been left to future investigation.
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Figure 4. Characteristic section of the composite sample and structured mesh details inserted
around the pin-hole in both advanced and simple configurations.
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Figure 5. Experimental failure modes: (A) for the advanced joint, (B) for the not reinforced joint. A
similar failure mode has been determined for the solid configuration.

Table 4. Experimental static failure load for different CFRP samples in initial and advanced config-
uration (A-i = solid laminate; B-i = sandwich laminate).

Sample Not Reinforced [N] Reinforced [N]
A-01 21,327 93,862
A-02 21,401 93,646
A-03 18,714 95,294
B-01 39,326 97,971
B-02 37,500 98,924
B-03 41,618 98,193

3. Numerical Modeling Methodology of Composite Advanced Joint

Several numerical techniques have been proposed in the literature for reproducing
the orthotropic nature of composite materials [19-22]. Recently, many numerical applica-
tions have been based on a ply-by-ply modeling technique of composite structures with
the adoption of solid Hexa FE elements. Gomez et al. [23] modeled a composite-fastener
joint with one through-thickness solid element for each composite ply. The proposed
model was based on the application of the calibrated LS-DYNA material model MAT162
extracted from the preceding phase of the NASA ACC HEDI project [8,9]. Moreover, Giro-
lamo et al. [24] proposed the same FE modeling technique to predict the strength of a
composite-bonded joint under longitudinal tensile loads. However, the applicability of a
ply-by-ply solid model is restricted to small samples and requires high computational re-
sources. Finally, Gerendt et al. [25] presented an FE model to predict the static progressive
failure behavior of fiber metal-laminated bolted joints. A user-defined continuum-damage
constitutive model was formulated and applied to a ply-by-ply solid numerical model. A
complete stacked shell modeling technique (L2ZDE-Cohesive), proposed and described by
Polla et al. [11], was considered for the present evaluation and it was validated against
experimental evidence of a complex sandwich structure subjected to critical tensile loads.
A shell-cohesive modeling approach can be considered to be a new and substantial step
in simulating composites by means of LS-DYNA application, different with respect to the
usual solid-cohesive procedure. Computational cost reduction and the possibility to sim-
ulate composites in a macro-scale environment can be viewed as an interesting
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consequence of this modeling technique. A brief description of such a modeling technique
is summarized in the following paragraphs, as derived by [14] and presented in Figure 6.

D Cohesive Elements ELFORM 19-20 I:l Solid Elements ELFORM -1 I:l Shell Elements ELFORM 16

’-” ] /,’ I
heohe ; : ! heohe

tsolid

tshell

tsolid
tshell
\\ Y, )
\\ E

. N__

,,,,,,,,,,,,,,,,,,,,,

UD Composite Micro-Domain L3DE-Cohesive L2DE-Cohesive

Figure 6. Schematic representation of different FEM-Cohesive models [11].

A single plane of 2D shell elements was introduced for each composite ply belonging
to the laminate. The two-dimensional elements plane belonging to a single ply was placed
at the geometric mid-surface of each physical composite layer. *“PART_COMPOSITE was
chosen to define each shell-ply that constituted the composite laminates. Structural conti-
nuity through the thickness was established with the application of interlaminar interface
elements (CZM) properly connected node-to-node to the adjacent ply mesh structure. The
introduction of defined cohesive elements restored the structural integrity and allowed
the definition of transverse stiffness and toughness associated with the specific composite
material [11]. ELFORM 20 cohesive formulation was applied for compatibility with a se-
lected two-dimensional adjacent mesh.

Solid metallic components, crushable core foam, and composite gripping sections
were represented with solid Hexa FE elements. A fully-integrated shell element formula-
tion (ELFORM 16) was selected to avoid energy dissipation from hourglass modes. Three
integration points (IP) were defined through the thickness of each composite layer to cor-
rectly reproduce possible bending deformation modes in every single ply. An efficient
fully-integrated solid element formulation (ELFORM-1) was selected for all solid-mod-
eled components. A structured circular mesh was refined as the periphery of the bolt was
approached to improve the aspect-ratio index of finite elements and improve energy con-
servation during the high-deformation fracture process observed in the experimental
tests. A characteristic mesh length parameter was set between 0.35-1.4 mm (Figure 1) ac-
cording to a previous FE evaluation, see [3,4]. A finer mesh was applied around the circu-
lar hole region, pointing out stress variations around the hole (Figure 4).

The reported mesh-length parameter was derived by the static stress and strain dis-
tribution around the pin-loaded point when compared to previous analyses and experi-
mental tests. Reference to previous convergence evaluations was assumed enough for this
research activity avoiding repetitions. Furthermore, the post-failure regime could be de-
pendent on several cohesive parameters avoiding a direct convergence investigation. For
this reason, a pre-failure numerical/experimental comparison was considered representa-
tive for the presented research; similar to different element type selection. An LS-DYNA
*CONTACT_SINGLE_SURFACE algorithm was employed to define ply-to-ply post-fail-
ure interaction and to reproduce the Coulomb friction that exists between delaminated
ply interfaces. Both static and dynamic composite coefficients of friction were equally set
to 0.2 and a viscous damping coefficient of 0.05 for the critical factor was introduced.
Moreover, a contact surface algorithm was introduced to reproduce the load exchanged
in the hole between the cylindrical steel support and the sandwich structure during the
control displacement loading. In particular, an automatic contact algorithm was intro-
duced (*CONTACT_AUTOMATIC_NODE_TO_SURFACE) to model this interaction.
During fracture propagation, the initial contact surface can progressively change; for this
reason, a set of slave nodes around the hole was selected to interact with a master rigid
contact surface associated with the external steel cylinder. For example, one-quarter of the
selected sandwich FE node set is represented in the yellow dotted box in Figure 4. Classic
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Coulomb coefficients of friction were set to 0.16 for the static and 0.11 for the dynamic
conditions. A viscous damping coefficient was introduced for this contact equal to 0.05 to
control the damp energy inside the numerical model and reduce the high-frequency
modes associated with the fracture propagation. A soft constraint algorithm (SOFT 1) was
set for both contact algorithms. Contact parts were represented in [12] with the characteristic
distinction between master and slave groups. Moreover, the *CONTACT_INTERIOR algo-
rithm was inserted to avoid the negative volume of crushable solid foam elements when
subjected to compression loads. Single point constraints (SPC) were applied to the six-
aligned holes in the gripping area. Constrained xyz-displacements were set to all the
through-thickness FEA nodes that constitute the aligned holes in the Gripping Zone re-
ported in Figure 3. Prescribed displacement was applied to the rigid cylindrical internal
steel support to generate the requested tension load.

The simulations were executed on LS-DYNA R11.1 explicit single-precision MPP
solver. One node on an HPC architecture with Intel Xeon Gold 6130 16 cores was adopted.
Sandwich FE models with metallic circular flat support had 873,318 nodes, 832,596 solid
elements, and 661,632 shell elements. On the other hand, the sandwich model without the
metallic support plate had 836,454 nodes, 795,732 solid elements, and 661,632 shell ele-
ments. Every simulation was completed in a mean of 10 hours.

4. Material Model for Progressive Damage Failure Analysis of Composite Structure

Composite structures have the potential to exhibit different and simultaneous failure
mechanisms when subjected to multiple loading conditions. Tensile and compressive fi-
ber fracture, intralaminar matrix fracture within CFRP plies, delaminations between ad-
jacent plies, adhesive debonding, sandwich core crushing, etc. All these failure mecha-
nisms interact and influence the final failure mode of the evaluated composite sample. No
strain-dependent material properties were evaluated in this research activity. Multiple in-
tralaminar material models are available and different numerical methodologies can be
selected to reproduce the composite elastic and fracture evolution in LS-DYNA [17]. The
presented research focused on the material formulation defied by the MAT58 scheme ac-
cording to Matzenmiller et al. [26] and related to the composite laminate simulation.
MATS58 defines a smooth stress-strain relation and implements classic Hashin failure cri-
teria to control the failure initiation inside a specific element. An effective strain parameter
(ERODS) is used to control the erosion of FE elements inside this numerical model during
a post-failure condition. Post-failure softening values can be defined in the described ma-
terial model to manage the residual strength of selected material directions (SLIMxx).
Moreover, a detailed application of several composite material models was reported in
[12]. Material and numerical parameters obtained through a calibration process and
adopted in the selected composite material formulation are proposed in Table 5.

Table 5. MAT58 intralaminar numerical parameters.

Variable Definition Inserted Value
SLIMT1 Post failure maximum stress limit 1-tension 0.25
SLIMT2 Post failure maximum stress limit 2-tension 0.90
SLIMC1 Post failure maximum stress limit 1-compression 0.45
SLIMC2 Post failure maximum stress limit 2-compression 0.90
SLIMS Post failure maximum plane stress shear direction 0.90
TFAIL Time step criteria for element deletion 1.0x 108
ERODS Maximum effective strain for element failure -0.3
E11C Strain at longitudinal compressive strength 0.0065
E11T Strain at longitudinal tensile strength 0.012
E22C Strain at transverse compressive strength 0.00231
E22T Strain at transverse tensile strength 0.0012

GMS Engineering shear strain at shear strength 0.03144
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The Cohesive Zone Model (CZM) is a mathematical technique that tries to represent
the stress-displacement relation that exists around an initiated material crack. The CZM
method is based on a nonlinear numerical procedure that consists of reproducing the ini-
tiation and evolution of cracks or delaminations in a known a priori propagation path. A
characteristic bi-linear cohesive curve is described in terms of local stress versus crack
opening displacement Figure 7.

\ O
TiS Cohesive Layer 18, *
Area: GC top
S ____H;.-Gl
— ________ botroa:n

del Ofail
Figure 7. Cohesive constitutive law-bilinear shape; schematic cohesive element representation with

the definition of constitutive displacement relative to the top and bottom surface of adjacent shell
layers.

Fracture surface initiates inside a cohesive zone only upon satisfaction of character-
istic failure strength. After failure initiation, the stiffness properties of damaged elements
soften with further deformation. The area underneath the CZM constitutive law defines
the energy necessary to propagate the fracture, which is commonly associated with frac-
ture toughness (Gc). “MAT_COHESIVE_MIXED_MODE (MAT138) was selected for the
definition of the CZM elements in the interlaminar region between adjacent composite
plies. Cohesive material properties and cohesive stiffness values obtained with the formu-
lations proposed by Polla et al. [11] are reported in Table 6.

Table 6. MAT138 material parameters for the interlaminar region.

Variable Definition Inserted Value
RHO-[kg/mm?] Mass per unit volume 8 x107
ROFLG Density per unit of volume or area 1.0
INTFAIL NP° Integration point for deletion of an element 1.0
EN-[GPa/mm)] Normal cohesive stiffness 28.2
ET-[GPa/mm)] Tangential cohesive stiffness 16.0
GIC-[GPa*xmm] Energy release rate for mode I 3.52x10*
GIIC-[GPaxmm]  Energy release rate for mode II 1.45 x10-°
XMU Exponential of the mixed mode criteria -1.0
T-[GPa] Peak traction in the normal direction 0.050
S-[GPa] Peak traction in the tangential direction 0.092

Crushable closed-cell foam core shows fragile behavior in tension and non-linear
evolution in compression. *“MAT_CRUSHABLE_FOAM (MAT63) was selected to numer-
ically reconstruct the physical behavior of closed-cell foam Rohacell 51 used in the ad-
vanced joint sandwich samples. MAT63 is dedicated to modeling crushable foam with
optional damping and tension cutoff reconstructing its compressive crushable behavior.
A Rohacell 51 characteristic curve based on mechanical material properties was defined
by a specific MATLAB code according to standard behavior derived from the literature.
Moreover, a *MAT_ADD_EROSION card was inserted to define tensile stress failure and
erosion control parameters for the solid foam FE elements. Mechanical parameters and
numerical values adopted for this formulation are reported in Table 7.



Appl. Sci. 2023, 13, 1004

10 of 16

Table 7. MAT63 material properties for crushable closed-cell foam.

Variable Definition Inserted Value
RHO-[kg/mm?] Mass per unit volume 52x10%
E-[GPa] Young modulus 0.0686
PR Poisson ratio 0.05
TSC-[GPa] Tensile stress cutoff 0.00186
EFFEDPS Maximum effective strain for element erosion 0.5

*MAT_ADD_EROSION
Volumetric strain at failure
VOLEPS *MAT_ADD_EROSION 05

Percentual number of failed integration points

NUMEIP *MAT_ADD_EROSION -100
Principal stress at failure
SIGP1-[GPa] “MAT_ADD_EROSION 0.00186
120 Advanced Sandwich Sample
Global-Load
= ocal-Load
100 i
80 |- i
=z
=,
g 60F i
o
('
40 i
20 |- i
0 ! 1 |
0 0.5 1 1.5 2 2.5 3

Displacement [mm]

Figure 8. The characteristic force-displacement curve for the advanced composite joint.

5. Numerical and Experimental Results

The selected joint configurations were investigated and numerically simulated with
the introduced material models based on the LS-DYNA procedure previously described,
under a static pin-loaded tension test for experimental/numerical comparison and valida-
tion. The predicted peak loads of the composite specimens are listed in Tables 8 and 9 and
corresponding force-displcement curve are shown in Figures 8 and 9. Moreover, the frac-
ture morphology numerically reproduced for both the proposed composite samples is re-
ported in Figures 10 and 11. The intralaminar composite material models available in cur-
rent numerical solvers are typically defined with the application of two macro sections:
the undamaged elastic region and the damaged region. The passage from one region to
the adjacent one is typically controlled by strength-based failure criteria specifically asso-
ciated with the selected material formulation. The damaged region related to MAT58 card
is generally described with the introduction of two characteristic values: SLIMxx and
ERODS. SLIMzxx is related to the post-failure residual strength for each orthotropic mate-
rial direction, while a single ERODS value is connected to the FE-element erosion during
fracture initiation/propagation during numerical simulation. The MAT58 erosion param-
eter was calibrated at an absolute value of about 0.3, following the full tensorial formula-
tion available in LS-DYNA (ERODS < 0 option). The same calibrated value was adopted
for the advanced joint configuration and for the simple one. The calibrated value and its
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related numerical results were compared and discussed against the experimental evi-
dence reported in Frulla et al. [2].

Simple Sandwich Sample
120 T T T

Global-Load
Local-Load
100 - N

80 b

60 - b

Force [kN]

40 .

0 . [ SN T~

0 0.5 1 1.5 2 25 3
Displacement [mm)]

Figure 9. The characteristic force-displacement curve for the simple composite joint.

The characteristic force-displacement curve of the advanced composite joint is re-
ported in Figure 8. There are two different curves: the blue curve represents the tensile
load evolution in the function of the pin displacement; the red curve describes the contact
load exchanged between the external rigid steel surface of the cylinder and the internal
surface of the sandwich hole with respect to the global pin displacement. Both curves can
be divided into three characteristic zones: (a) the first elastic part that describes the non-
linear evolution of the loading inside the composite structural joint; (b) the second part of
the curve that represents the initiation of the failure; (c) the third part that shows the frac-
ture evolution process inside the entire specimen. For the advanced joint case, the curve
is characterized by two distinct peaks in the failure zone. The first peak represents the
initiation of failure inside the composite joint; instead, the second strength limit defines
the failure of the entire sample and the beginning of the global fracture process. The load
difference between the global failure point (blue curve) and the maximum internal contact
force (red curve) is equally distributed around the hole by the presence of the steel circular
plate, characteristic of the advanced composite joint. The fracture surfaces reported in Fig-
ure 10 show that the principal failure mode for the advanced composite joint is a pure
complete tensile load. It shows a satisfactory correspondence with the experimental evi-
dence, as indicated in Figure 5A, demonstrating the validity of the presented methodol-
ogy in simulating such failure conditions.

Table 8. Reinforced maximum load comparison.

Source Reinforced Sample [kN]
Experimental Sample 97.3
LS-DYNA Model First Peak [kN] Second Peak [kN] ERR [%] (Max Peak)
MAT58_MAT63 96.3 98.5 1.1

Table 9. Not reinforced maximum load comparison.

Source Not Reinforced Sample [kN]
Experimental Sample 39.5
LS-DYNA Model First Peak [kN] Second Peak [kN] ERR [%] (Max Peak)

MAT58 MAT63 52.7 - 25.1
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C

Figure 10. The numerical fracture surface of advanced composite joint model. (A) Fracture axonom-
etry. (B,C) Fracture surface.

Figure 11. The numerical fracture surface of simple composite joint model. (A) Fracture axonometry.
(B,C) Fracture surface.

The characteristic force-displacement curve of the simple composite joint is reported
in Figure 9. Both curves are comparable, and no remarkable differences are revealed. The
internal contact load exactly follows the global failure load of the simple specimen. The
absence of steel reinforcement increases the localization of the damage and the initiation
of the bearing fracture mode in the contact region, as in Figure 11, but no evidence of a
propagation of such mode of fracture is determined, as revealed in the experimental test
shown in Figure 5B. This is probably due to the compressive guided mode of failure in the
contact zone that requires a consistent and correct definition of compressive material
properties, both in the elastic range and in the post-failure condition. The data introduced
in the simulation were instead extrapolated by a generic database, so a certain dispersion
in results was expected when comparing the experimental failure load of about 40 kN to
the numerical one, as in Table 9. The post-failure parameters (ERODS and SLIM:) char-
acteristic of MAT58 could also play a role in the correct identification of the failure mode;
a correct calibration seems to be required on the basis of the real characterization of the
material properties. An extensive characterization of the material properties seems neces-
sary with a deeper calibration of the principal post-failure numerical parameters available
in the proposed LS-DYNA material models. The adoption of the same erosion parameters
for the two situations could also be too stringent assumption and a more detailed inves-
tigation on its sensitivity to the numerical simulation will need to be performed as a sub-
ject for future research activities.

The punctual strain values obtained in the proposed numerical model at 20 kN of
tensile load for both composite specimens were reported in Polla et al. [12] against the
results proposed by Frulla et al. [1], as summarized in Figures 12 and 13. The deformation
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local path is in good agreement with the literature results for SG 3—-4 and SG 5. The strain
field differences between the advanced and simple composite joints have also been found
for numerical SG 1-2. However, a slight difference between the results found by Frulla et
al. and the present value was observed. The lack of a complete material characterization
was the major effect that could influence the obtained numerical results. The global strain
field maps between the advanced and simple composite joints are compared in Figure 14.
The picture reports the localized longitudinal strain map obtained at 20 kN of tensile load
in the external composite ply of the proposed joints. A certain level of strain-concentration
is evident near the contact area and at the hole edges in the simple configuration (B). A
large reduction in the hole edge concentration and homogeneous distribution in the entire
external surface can be evaluated with the application of the advanced solution (A). Re-
duced differences have been found in comparison to the literature results. A qualitative
view of the longitudinal strain distribution was proposed. An extended evaluation of
stress-strain is proposed for future work.

Longitudinal strain - P=20kN - SG1-2 Longitudinal strain - P=20kN - SG3-4

900 2500 .
FE-Advanced [2] SIMPLE-SG3
800 - o § —FE 2] SIMPLE-SG4
O ADVANCED-SG3 @ SG3-EXP
700 | /-\ ] 20007 % ADVANCED-5G4 # SG4-EXP
800 - 1
=
< /\'—//—\ © 1500 F
B 500 1 B
8 400 1 2
E E 1000+
300 1
200 - FE-Advanced [2] SIMPLE-SG1| | 500
s FE [2] SIMPLE-SG2
100 F O ADVANCED-SG1 ® SGI-EXP |- e R R ———
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0 ! I I I 0 ‘ ! !
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Figure 12. Strain comparison for SG 1-2 and 3—4 between static FE [2] and present numerical simu-
lation. Experimental strain values are from Frulla et al. [1].
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Figure 13. Strain comparison for SG 5 between static FE [1] and present numerical simulations. Ex-
perimental strain values are from Frulla et al. [1].
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Figure 14. An external qualitative view of the longitudinal strain distribution of the advanced and
simple joint (A) first-ply longitudinal strain of the advanced composite face under 20 kN (B) first-
ply longitudinal strain of the simple composite face under 20 kN.

6. Conclusions

A complete new and significant high-fidelity shell-cohesive numerical procedure
was detailed to establish the mechanical response (elastic, plastic, and failure) of the com-
posite pin-loaded joint configuration proposed by Frulla and Romeo, and a comparison
between experimental and numerical campaign was offered. The advanced joint was de-
signed to demonstrate an improvement in loading strength that eliminates the typical
bearing failure of a simple composite configuration. Numerical simulations demonstrated
a satisfactory correlation with the experimental results in the advanced joint case. Both
strain distribution in pre-failure condition, failure load level, and post-failure fracture
propagation confirmed the validity of the presented methodology and procedure. In par-
ticular, the proposed numerical model properly evaluated and defined the non-linear be-
havior observed in correspondence to the failure condition for the same case under the
control-displacement loading phase. Reference material and numerical parameters were
proposed for the selected formulations available in LS-DYNA R11.1. The best numerical
results obtained from the described numerical campaign were reported and compared
with the experimental results. The average peak loads obtained after the calibration pro-
cess of the erosion parameter demonstrated that the *MAT_LAMINATED_COMPO-
SITE_FABRIC material model could correctly reproduce the failure mechanisms and
strength limit experimentally observed for the advanced configuration. The simple com-
posite joint was also compared with experimental evidence. The strain distribution in pre-
failure conditions demonstrated a satisfactory correlation with the experimental one, but
high failure load level was numerically observed. The compressive guided failure condi-
tion in the contact point was considered to be a critical aspect in obtaining a consistent
numerical/experimental correlation. Therefore, material compressive properties should
be carefully selected after specific material characterization campaigns instead of being
extracted from a general database. It is also important for post-failure propagation and
fracture mode definition whether the typical bearing failure has been correctly identified
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by numerical models. The simple composite joint simulation showed that the calibrated
post-failure parameters must be selected to simulate real material behavior. A structured
evaluation is required to select the appropriate numerical erosion and post-failure resid-
ual strength parameters according to the real fracture mode. Preliminary test-analysis cor-
relation indicated that the selected modeling technique adopted for this study could be
used to predict experimental results with a reduced computational cost when compared
to the significant number of laboratory tests on composite sandwich joints.
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