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Progressive Failure Evaluation of Composite Skin-Stiffener Joints
Using Node to Surface Interactions and CZM

A. Sanel'”, P. M. Padole! and R. V. Uddanwadiker!

Abstract: T shaped skin-stiffener joint are one of the most commonly used structures in
aerospace components. It has been proven in various studies that these joints are
susceptible to failure when loaded in pull out conditions however, in specific applications
these joints undergo pull loading. De-lamination/de-bond nucleation and its growth is one
of the most common failure mechanisms in a fiber reinforced composite structure. Crack
growth takes place due to the induced interlaminar normal and shear stresses between
different structural constituents when a load is applied. In this study, Finite Element
Analysis has been performed using cohesive contact interactions on a composite T-joint
to simulate the pull out test conditions. A simplified shell based model coupled with
CZM is proposed, which can evaluate the failure initiation and progression accurately
with lesser computational efforts. The final failure occurred at a displacement of 4.71 mm
at the computed failure load of 472.57 kgf for basic configuration. Computed Failure load
for the padded configuration is 672.8 kgf and corresponding displacement is 4.6 mm. The
results obtained by the proposed numerical model are validated by experimental results
and it is observed that predicted failure displacements and failure load calculated were
correlating reasonably well with the experiment.

Keywords: Carbon fiber composite, FE analysis, T-joint, cohesive zone modeling, node
to surface interactions.

1 Introduction

Adhesive bonding has become a popular practice for joining of complex structures which
are not easy to manufacture in one piece. Adhesive joints are replacing the other joining
methods, such as bolted, welded or riveted joints as they can be easily manufactured,
have superior strength than the conventional techniques and they can join different
materials [Adams (2005)]. Due to these reasons, utilization of adhesive joints are
increasing rapidly in various industries such as aerospace, aeronautic, automotive, and
marine etc. In order to use this joining technique efficiently, researchers have conducted
many studies to find out their properties and performance. The use of adhesive bonding is
common while manufacturing complex shaped structures, and it provides structural joints
that are theoretically as resistant as the base material [Petrie (2000)].
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The strength of any adhesive joint is dependent on number of factors, such as materials to
be joined (adherends), the geometrical parameters, and properties of adhesive [Fernandes,
Campilho, Banea et al. (2015)]. Regardless of the mentioned advantages, the application
of adhesive bonding technique is sometimes not appropriate, as it requires joint
preparation which is a time consuming affair. The peel resistance of adhesives is poor
and the prediction of strength is quite complex [da Silva, Ochsner and Adams (2011)].
Various techniques have been used for prediction of strength in adhesive joints; however
most of the studies are focused on numerical or analytical models.

The numerical techniques which are primarily employed for analysis are continuum
mechanics, fracture mechanics, damage mechanics, cohesive zone modeling (CZM), and
the eXtended Finite Element Method (XFEM) [He (2011); Mubashar, Ashcroft and
Crocombe (2014)]. Continuum mechanics techniques estimates the stress distributions in
the adhesive using theoretical or numerical methods such as FEM and a preselected
strength or strain based criteria is used for assessment of failure [da Silva, das Neves,
Adams et al. (2009)]. Finite element method is a very useful tool to deal with complex
structures and material nonlinearity [Akpinar (2014)]. Conventional fracture mechanics
methods are not commonly used to assess failure of bonded joints, although the Virtual
Crack Closure Technigue (VCCT) has been considered in some of the studies [Clark and
McGregor (1993); Xu, Liu and Wang (1999)]. It has been concluded [Campilho, De
Moura, Barreto et al. (2010); Alfano (2006)] that cohesive zone model uses a strength of
materials based approach to detect damage initiation and a fracture mechanics based
criteria to evaluate damage growth, and provides damage response of the structure up to
complete structural failure. Heidari-Rarani et al. [Heidari-Rarani, Shokrieh and Camanho
(2013)] have shown that CZM is quite accurate if the traction separation behavior is
properly estimated.

As compared to CZM modeling, XFEM method is able to provide better estimation of
damage growth as it does not restrict the direction of crack growth to the pre-established
crack growth paths [Belytschko and Black (1999)]. This method is based on the concept
of partition of unity and uses conventional FEM formulation. Azevedo et al. [Azevedo,
Campilho, da Silva et al. (2015)] has stated that in spite of the availability of all the other
techniques, CZM based models are used most extensively for prediction of strength in
adhesively bonded joints.

Various bonded joint configurations for different applications have been studied in the
past. It is established by Davis et al. [Davis and Bond (1999)] that to achieve maximum
performance these bonded joints should be loaded in shear. However, Zhan et al. [Zhan,
Gu, Wu et al. (2016)] researchers have stated that there are some specific applications
where the adhesive layer predominantly undergoes peel loads. Studies of adhesively
bonded joints under this kind of loading conditions are also carried out in past [Kaelble
(1959); Niesiolowski and Aubrey (1981)]. Analytical methods, strain gauge techniques
and digital image correlation has also been employed [Budzik, Jumel, Imieli&Nska et al.
(2011); Budzik, Jumel and Shanahan (2014)] to study the distribution of strain in bonded
joints under peel using single-Cantilever Beam (SCB) test.

Composite T-joints under peel loads are the most studied joint configurations by different
researchers [Da Silva and Adams (2002); Grant, Adams and da Silva (2009)].
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The T-shaped geometry has been used and is normalized by various standardization
agencies such as ASTM, BS and ISO. The pull out test is generally performed at constant
ramping speeds. T-joint has a large number of industrial application in marine structures
such as joining of panels to the hull [Di Bella, Borsellino, Pollicino et al. (2010)] and
connecting the glass-fibre composite hull with anti-flood panels [Trask, Hallett, Helenon
et al. (2012)]. It also has aeronautical applications such as wing panels, fuselage sections
[Bianchi, Koh, Zhang et al. (2012)]. Different researchers evaluated the performance of
adhesively-bonded T-joints, either by experimentation or analytical/numerical techniques
[Segovia and Pizzi (2009); Apalak (2002)].

The current study focuses on progressive failure analysis of two different configurations
of adhesively bonded T-joint namely basic and padded which are experimentally tested
by Vijayaraju et al. [Vijayaraju, Mangalgiri and Dattaguru (2004)]. The literature
suggests that the application of CZM for delamination/debond initiation and growth is a
very popular technique however the method uses cohesive element layers at the interfaces
and requires high computation time. A simplified methodology is proposed in this article,
which uses node to surface interactions instead of cohesive element layers in order to
detect the crack onset and growth. The traction separation properties are assigned to these
interactions and load displacement data are determined for the joints which are in close
agreement with the experimental results. Sensitivity studies are also performed which
shows that the biggest advantage of this technique is that coarser meshes can be used and
the computation time decreases significantly.

2 FE modeling methodology
2.1 Specimen and materials

In this study two configurations of T-joint namely basic and padded are studied and the
results are compared with available experimental data. The basic configuration consists
of a 2.4 mm thick stiffener co-bonded with a 2.7 mm thick skin. The skin has 18 plies,
web of the stiffener has 16 plies and flanges has 8 plies each resulting in a thickness of
1.2 mm. The triangular area formed by the skin and the two laps of the web known as the
delta region, is filled with resin along the length of the stiffener. Flange Thickness is
gradually reduced in four steps and pairs of plies are dropped with a stagger distance of 3
mm. Adhesive layers are run along the inner surface of each half of the stiffener plies and
another layer of adhesive is placed between the stiffener assembly and the skin as shown
in Fig. 1(a). The padded configuration has two extra plies resulting in a thickness of 0.3
mm and these are placed between skin and stringer as shown in Fig. 1(b).
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i : f Stiffener
All dimensions are in mm ek
Lay-up

Skin  :[45/-45/0/45/0/-45/0/30/0]s
Stiffener:[45/-45/0/45/0/-45/0/90]5

(a) Basic configuration

Skin :[45/-45/0/45/0/-45/0/90/0]5 Not To Scale
Stiffener :[45/-45/0/45/0/-45/0/90]5 A dinensoes i mm
Capping strips/pads : 45/-45

(b) Padded configuration

Figure 1: Schematic of T-joints under consideration

Specimens are modelled using T300/914C UD lamina and REDUX 319 film adhesive is
employed for bonding of the components of joint. Tab. 1 shows the layup used in
different section of both the joint configurations.

Table 1: Section wise layup sequence

No. of Laminate
Lay-up Sequence

T Joint Section

Layers Thickness
Basic Configuration
Stiffener 16 [45/-45/0/45/0/-45/0/90]s 2.4 mm
Skin 18 [45/-45/0/45/0/-45/0/90/0]s 2.7mm
Stiffener Flange 8 [45/-45/0/45/0/-45/0/90] 1.2 mm
Ply Drop 1 6 [0/45/0/-45/0/90] 0.9 mm
Ply Drop 2 4 [0/-45/0/90] 0.6 mm
Ply Drop 3 2 [0/90] 0.3 mm
Padded Configuration
Capping Strips 2 [45/-45] 0.3 mm
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Tab. 2 shows the material properties for the CFRP T300/914C UD composite lamina and
the film adhesive. The lamina is a transversely isotropic material having its material
properties same in directions 2 and 3 (Transverse Directions) whereas the adhesive is
considered as an isotropic material.

Table 2: Material properties
CFRP T300/914C UD composite lamina
E1(GPa) 130 vz 03 G2(GPa) 4
E2 (GPa) 10 vz 04 Gy (GPa) 3.27
E3(GPa) 10 wviz 03 Gi3(GPa) 4
Adhesive REDUX 319A (400 gsm)
E (GPa) 2.38 Y 0.28

2.2 Modeling strategy T-joint

The four principal components namely skin, left and right stiffener legs and delta region
of the joint are modeled as individual parts in Abaqus® Material properties, layer
stacking sequence are assigned to these parts. Partitions and Surfaces are created on these
parts for creation of interaction in subsequent modelling stages.

Local coordinate systems were created for defining material orientation in different areas.
An element edge of length of 2.5 mm was selected for the web and flange of the stiffener
and the curved region of stiffener was provided 20 elements along the curvature in order
to get a smooth mesh. Similar sizing was provided to the skin region and both the skin
and stiffener regions were meshed using S4R conventional shell elements. The resin rich
region has an element edge length of 2.5 mm along its length and 20 elements were
created in the curved region. The region was meshed using C3D6 wedge shaped solid
elements. A matched mesh is created for better establishment of interactions and small
node adjustments were allowed. Figs. 2(a) and 2(b) shows the meshed models of basic
and padded configurations respectively.

(a) Basic configuration
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(b) Padded configuration
Figure 2: T-joint configurations

The commonly used methodology for simulation of debond/delamination nucleation and
subsequent growth is to embed cohesive elements at the interfaces/probable crack paths.
These elements are assigned traction separation based cohesive property and a damage
model so that the crack initiation and growth can be detected upon loading [Sane, Peshwe,
Manjunatha et al. (2017)]. In this method layers of cohesive elements with very small
thickness are generated at the interfaces and connected to the bulk material using tie
constraints. This kind of model also requires very fine meshing in order to keep the
cohesive fracture process zone small and to avoid convergence problems. This leads to
increase total number of elements in the numerical model and thus the required
computation time is relatively high.

The current model uses node to surface contacts with cohesive behavior in order to
simulate debond/delamination initiation and growth. In order to do so, cohesive
interactions are used to model different interfaces in the joint. These interfaces works as
the probable crack paths where debond/delamination could take place upon loading.
Different surfaces are created on the model and the interactions between these surfaces
are defined using node to surface contacts. Every contact interaction is assigned an
interaction property which consists of cohesive behavior and damage model as the
governing phenomena. The cohesive behavior assigns the initial cohesive stiffness to the
interaction. The damage model contains a stress based damage initiation criteria and a
strain energy release rate based damage evolution criteria to predict initiation and growth
of interface crack.

A displacement boundary condition was applied in incremental steps on the stiffener to
calculate reaction load and encastre boundary condition (U1=U2=U3=UR1=UR2=UR3=0)
was applied at the far ends of the skin. The model thus created was solved for a non-linear
analysis and load displacement results were obtained.

2.3 Cohesive zone model

Cohesive zone model is one of the most popular numerical techniques for the detection of
debond/delamination in composite structures. It is being used over the conventional
techniques like virtual crack closure technique (VCCT) or XFEM as it can capture both
the damage nucleation and evolution. It considers the fracture formation as a gradual
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event, in which the separation of the surfaces take place across the predefined crack paths
or cohesive zones and is resisted by cohesive tractions.

The Mode | dominated bilinear CZM model assumes that the separation of the material
interfaces is dominated by the displacement jump normal to the interface as shown in Fig.
3. The area under the curve is the energy released due to debonding and is called the
critical fracture energy. The relation between normal cohesive traction t, and normal
displacement jump &, can be expressed as

T, = 6,(1 — Dy) 1)

max
Tn

where; Ky=Normal cohesive stiffness=

* 1
n

D,=Damage parameter (varies from 0 to 1).
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Figure 3: Traction separation curve under normal loading

The Mode Il dominated bilinear CZM model assumes that the separation of the material
interfaces is dominated by the displacement jump that is tangent to the interface, as
shown in Fig. 4. The relation between tangential cohesive traction t: and tangential
displacement jump 6; can be expressed as:
Ty = K¢6¢(1 = Dy) (2)
Ttmax

sr
D: = Damage parameter (varies from 0 to 1)

where; Ki=Tangential cohesive stiffness=
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Figure 4: Traction seperation curve under shear loading

For bilinear cohesive law under the mixed-mode fracture, the separation of material
interfaces depends on normal as well as tangential components of traction. To predict the
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damage nucleation correctly, the interaction between these two traction components has
been modeled using the quadratic stress criterion. This criteria is a function of normal and
shear components of traction and expressed as.

tn\2 tr \2 ts \° _
(E) + (%) + (t”m) =1 (3)
where t,, t;, and ts are tractions in normal and two shear directions respectively and tio, tio
and tyo are critical values of tractions in normal and two shear directions.

When the damage initiation criterion is fulfilled the cohesive stiffness degrades at a rate
based on the damage evolution model. A scalar damage parameter D is introduced which
increases monotonically from O to 1 when the loading is increased.

The Power law criteria is used to predict the damage evolution of the interfaces to
accurately predict the final failure of the joint. This criterion is expressed as a function of
the Mode |, Mode Il and Mode 111 fracture toughness values and expressed as

G\ (G (Gu)
(GIC) + (Guc) + (Gmc) =1 ()
The value of exponent a, B, and v is assumed to be 1. The power law criteria reduced to a
linear function of strain energy release rates, expressed as

Gy Grr Gur '\ _
(Go)+ () + () =1 ®)
The current numerical model uses node to surface interactions coupled with cohesive
behavior instead of modeling thin layer of cohesive elements between the adjacent
surfaces. A damage model is also programmed which consists of damage nucleation

criteria and damage evolution criteria to predict the initiation and growth of crack as
shown in Egs. (3) and (5).

3 Results and discussion

Finite element analysis is carried out to obtain load displacement relationship for the T
joint using node to surface contacts coupled with cohesive behavior and a damage model.
The results determined from the FE analysis are shown in Fig. 5. From the load
displacement curve, it is clear that the failure occurs at a displacement of 4.71 mm and
the load bearing capacity is found to be 472.57 kgf for the basic configuration. The load
start decreasing in the subsequent steps and at a displacement of 5.014 mm a sharp load
drop is observed. For the padded configuration peak load of 672.8 kgf was calculated at a
displacement of 3.9 mm. Final failure occurs at 4.63 mm with a corresponding load of
561.76 kgf and a sharp load drop is observed afterwards. The added capping strips
increase the stiffness and the load bearing capacity of the joint however the failure
displacement reduces as compared to the basic configuration.
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700 4 ----- Basic Fine Mesh
Padded
600 1 Padded Fine Mesh
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Displacement(mm)

Figure 5: Load displacement curve of CZM model

Previous studies show that sometimes the results of FE analysis vary when there is a
change in element sizing, especially in the presence of material/geometric nonlinearities.
In order to ensure that the current model is free of mesh size effects, a sensitivity study is
performed on both the configurations. The element size for the skin and stiffener legs is
reduced to 1.5 mm from initial value of 2.5 mm which in turn increased the total number
of elements in the FE model. The mesh in the resin rich region was kept as it is and solver
run was performed. The comparative load displacement curves of the coarse and fine
mesh for both the joint configurations are found to be almost the same, as shown in Fig. 5.
The behavior of both the configurations in terms of failure displacement and failure load
remains similar. The disadvantage of the finer mesh is higher computational time.

The results of the analysis are compared with available experimental data presented by
Vijayaraju et al. [Vijayaraju and Mangalgiri (2004)]. It is observed that the failure loads
and displacement predicted by the numerical model are slightly higher than the
experimental results; however the error is in permissible limits. Tab. 3 shows the
simulation v/s experimental result summary for both the joints.

Table 3: Comparison of experimental and simulation results

Joint configuration Basic Padded
Failure Load

(Simulation) 472.57 kgf  672.8 kgf
Failure Load

(Experimental) 465 kot 655 kgf
Failure

Displacement 4.71 mm 4.6 mm
(Simulation)

Failure

Displacement 4.5 mm 4.4 mm

(Experimental)
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It can be seen in Fig. 6(a) that stress concentration occurs (shown in red) at the interface
where the stiffener is in contact with the resin rich region. Fig. 6(b) shows propagated crack
at various interfaces of the joint for the padded configuration. It can be observed that
through cracks are present at stiffener-resin interface, stiffener-capping strip interface and
between the stiffener legs also.

Stress
Concentration
Locations

(@)

Interface
Failure

LT

(b)

Figure 6: Failure in Basic configuration

It can be seen in Fig. 7(a) that stress concentration occurs (shown by red) at the interface
where the stiffener is in contact with the resin rich region. Similarly there is stress
concentration between the capping strip and delta region which results in debonding at
these regions as shown in Fig. 7(b). Fig. 7(c) shows propagated crack at various
interfaces of the joint for the padded configuration. It is observed that through cracks are
present at stiffener-resin interface, stiffener-capping strip interface and between the
stiffener legs. An internal crack is also present at the capping strip-resin interface,
however it can not be seen in Fig. 7(c) as it is not a through crack.
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Figure 7: Failure in Padded configuration
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4 Conclusions

This study based on node to surface interactions coupled with cohesive behavior and
damage model predicts the failure behavior of both the basic and padded joint
configurations satisfactorily. The damage initiation criteria based on critical traction
values is able to predict debond nucleation at the interfaces. The damage evolution
criteria based on energy release rates calculates the scalar degradation of material after
initial debond and employ the decreased stiffness values to evaluate final failure. The
load displacement results estimated by the numerical model are in good agrrement with
the experimental data for both the joint configurations. It is also observed that the added
capping strips increase the load bearing capacity and stiffness of the joint. Sensitivity
analysis indicates that the mesh refinement doesnot change the analysis results in terms
of prdcited failure load/displacement and confirms an acceptable level of accuracy of the
FE model. The shell based 3D model coupled with node to surface interactions is able to
predict the failure initiation and growth for both the joint configurations precisely. The
computational time required using the proposed numerical model as compared to the
conventional cohesive zone modelling technique is reduced approximately by 15-20%.
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