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Simulation of fluid driven crack propagation along metal /

elastomer interface - Application to the numerical analysis of the

Rubber Cord Adhesion Inflation Test

P.-Y. Corbel"", J. Jumel

'IRDL, ENSTA Bretagne, UMR 6027,29200 Brest, France.

Abstract:

The Rubber Cord Adhesion Inflation Test (RCAIT) has been proposed as an alternative
technique to more standard pull out protocols such as H, T or pull out tests for characterizing
the adhesion between cord/cable reinforcement and rubber. During this test, a fluid is injected
in between a wire and a rubber cylindrical envelope to provoke the interface separation once a
critical pressure is reached. A simple energy balance analysis is used to evaluate the critical
strain energy release rate, G, which drives the crack propagation from measurable quantities.
However, some assumptions should be assessed to ensure reliable G- evaluation. Then, a
predictive finite elements simulation of the RCAIT is proposed to simulate the fluid driven
crack nucleation and propagation process along the rubber cord interface. These results are

compared with the ones obtained from the RCAIT simplified analysis.

Keywords : Rubber cord adhesion, Cohesive zone, Fluid-driven crack, Hydrostatic element,

Blister test
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1. Introduction

Elastomer are used for manufacturing a large variety of parts such as antivibration
components, gasket, transmission belt, tires or pipes. To obtain the desired mechanical
performances composite systems are often used by incorporating particles, cords, cable, mesh
or fabric into an elastomer matrix. However, as for all composite materials the adhesion strength
between matrix and reinforcement is a key parameter controlling the overall initial and long
terms performances of the component. Specialized techniques are then developed to modify the
chemistry and morphology of the surface of the reinforcement so as to achieve strong and
durable bonding with the elastomer matrix [1] [2]. Due to more restrictive regulation regarding
processes and products toxicity, substantial efforts are undertaken to develop environmentally
friendly processes [3]. The mechanical performances of these new reinforcement / elastomer

interfaces should be assessed which requires the use of specialized testing protocols.

Very few experimental techniques are available to characterize the adhesion between an
elastomer matrix and a single reinforcement cords or cable [4] [5] [6] [7] [8]. They are mainly
adapted from classical pull out tests and some of them are now standardized (ISO 4647, ISO
5603, ASTM D1871-04...). Recently, the rubber cord adhesion inflation test (RCAIT) has been
proposed as an alternative technique for refined mechanical characterization of rubber to
reinforcement wires bonding [9] [10]. The specimen consists in a unique cord reinforcement
embedded along the central axis of a cylindrical rubber envelope and initially partially
debonded on one end. A pressurized fluid is slowly introduced in between the rubber envelope
and the cord until a critical pressure is reached and a stable and progressive decohesion is
observed along the specimen length. To prevent from rubber envelope failure, the specimen is
placed in a lubricated confinement tube so as to limits the tube circumferential expansion.
Contrary to alternative test procedures, the specimen and test conditions are designed so that a

steady state crack propagation regime can be observed when constant pressure of the injected
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fluid is measured. Then, this test protocol can be viewed as an axisymmetric confined blister
test as proposed by [11] [12]. The analysis of such test relies mainly on a global energy balance
analysis from which the critical strain energy release rate (SERR) which drives the extension
of the decohesion is determined. Basically, the work needed to inject the pressurized fluid is
partially stored in the rubber deformation and fluid compression potential energy, the rest being
dissipated in the damage processes leading to crack propagation. Other possible dissipation
mechanisms can be involved such as rubber envelop damage or viscous dissipation so as fluid
viscosity. For this analysis to be valid, crack propagation regime should be stationary. Also, all
possible unwanted dissipations mechanisms should be minimized and/or evaluated. At last,
some of the quantities needed for the energy balance analysis are determined indirectly from

measurable quantities so that possible calibration errors should be evaluated.

Due to the axisymmetric nature of the specimen, the fracture process zone surrounding the
crack tip region is not visible so that experimental assessment of the RCAIT analysis hypothesis
is limited. Then, a finite elements simulation is proposed here to simulate both the crack
nucleation and propagation steps and considering the hyperelastic nature of the rubber and
complex loading conditions. Indeed, a stationary pressure is recorded during the steady state
crack propagation regime. Then, it is necessary to reproduce the fluid driven crack propagation
process to ensure the calculations will remain stable. For this reason, fluid cavity elements are
used together with cohesive elements to achieve progressive interface decohesion but also to
control the fluid injection rate in the numerical simulation. This solution was found relevant to
simulate the overall macroscopic response of the specimen during the test and the rubber
envelope deformation during the crack propagation process. Alternative specialized
implementations have been proposed in other context such as hydraulic fracture simulation,
crack propagation in porous media or elastomer using XFEM [13], [14] or phase field [15]

implementation. However, no contribution was found where volumetric fluid driven crack
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propagation along a specific interface and involving hyperelastic material was found. The
proposed procedure uses only standard routines implemented in the commercial finite element

simulation programme, Abaqus© and could be easily replicated to analyse similar situations.

In the following, after a short presentation of the RCAIT principle and analysis, the finite
element implementation of the test simulation is described. The results from the model are
compared with the ones obtained experimentally and presented in a previous contribution [9].
Finally, the self-similar nature of the crack propagation regime is discussed by analysing in
details the finite element simulation and by comparing them with the one obtained with the

Thich Tube Rubber Inflation Model (TTRIM) [16].
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2. Rubber Cord Adhesion Inflation Test principle

b) X Pressurized water i Crack ¢ Rubber ’

Figure 1 Rubber cord inflation test in a) initial configuration and b) pre-crack length inflation regime.

The rubber cords adhesion inflation test (RCAIT) studied here is depicted in Figure 1.
To evaluate the crack nucleation and propagation condition along a metal cord and a rubber
matrix, a pressurized fluid is slowly introduced in between the two components. The specimens
are obtained by moulding a 9.4mm diameter rubber cylinder around a 1.3mm diameter steel
wire coated with brass. During the vulcanization process the rubber creates cohesive bonds with
the coating which leads to strong bonding. A release film or anti-adherent coating is placed on
one specimen end along a distance ay, = 50mm producing an initial decohesion to ease the fluid
injection and evaluation of rubber mechanical properties. The specimen geometry also includes
a flange on the precrack side which is clamped tightly to a fluid injection fixture connected to
a hydraulic circuit. Finally, a glass confinement tube having 10mm inner diameter is placed
around the specimen so as to prevent from rubber envelope failure and force the crack
propagation along the cord. The tube is lubricated to prevent any adhesion between rubber and

glass or at least limit possible friction effect.

The test is driven under constant fluid volume injection rate. During the test, the fluid
pressure first increases while the precrack part of the specimen envelope inflates. Two regimes
are observed here. First the free inflation regime, prior the outer surface of the specimen touches
the confinement tube. Then the confined inflation regime, when the specimen is constrained

radially and the envelope expands mainly axially. After a critical pressure is reached, the crack
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propagates a stable manner and the fluid pressure remains almost constant. Tap water is
generally used for the experiments.

During the test, several quantities can be measured. Fluid pressure, P, is recorded with
a pressure sensor placed along the hydraulic circuit. The fluid is injected by using a high-
pressure stainless-steel syringe whose piston is attached to a tensile testing machine to control
the volume injection rate. The injected volume, AV, is determined from the crosshead
displacement measurement after a proper calibration of the system is performed to evaluate
possible effect of fluid compressibility and hydraulic circuit compliance. Finally, markers
and/or patterns are drawn on the specimen and observed during the experiment with a camera
in order to monitor the longitudinal elongation, 4,, at the surface of the specimen.

Assuming the initial decohesion is large and contribution of clamping and crack tip
regions on the overall deformation is negligible, the measured P(AV') evolutions can be used to
evaluate the rubber mechanical behaviour with the help of the thick tube rubber inflation model
(TTRIM). Once a critical pressure P, value is reached a decohesion occurs at/or near the rubber
/ cord interface. The decohesion then propagates a stable manner longitudinally while the fluid
is slowly injected at a constant pressure value. A simple energy balance analysis is then used to

evaluate, G, which controls the propagation of the decohesion:

P8V = 2nr..Goba + weba (1)

In equation (1), the term P8V corresponds to the energy transferred to the system when
injecting the pressurized fluid and propagating the crack along a distance oa. This energy is
converted mainly into potential energy w,da due to rubber envelope reversible expansion and
fluid incompressibility. w, corresponds to the stored elastic energy per unit length. Finally, a

substantial ratio, 2nr,.G.da, is dissipated during the fracture process and other dissipative
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mechanisms. From the global energy balance analysis, the estimated G, value incorporates all
these dissipation sources. According to the above presentation and previous contributions, a
reliable analysis of the RCAIT and G, estimate requires proper monitoring of crack
propagation, fluid pressure, injected fluid volume and specimen deformation. Also, the

influence of additional dissipation mechanisms should be evaluated.

3. Finite Element modelling of the RCAIT

Up to now, the analysis of the experimental data from the RCAIT is essentially funded on
conclusions drawn from the TTRIM results [10] [16] and global energy balance evaluation.
This 1D model is applicable to the regime preceding the crack propagation step and describes
the inflation of an infinite pressurized rubber tube whether it is confined or not. However, the
influence of the specimen clamping region and the vicinity of crack tip position are not
considered. Finally, it would be relevant to assess the energy balance analysis during the crack
propagation regime by reproducing with a complete finite element simulation both crack
nucleation and propagation regime. Finally, the self-similar nature of the crack propagation

regime could be confirmed.

3.1. Model description and preliminary hyperelastic analysis
In the following, all finite element simulations use Abaqus© code. The model geometry
and boundary conditions of the model are presented in Figure 2 so as the mesh in the vicinity of

crack tip position. Due to specimen geometry and loading conditions, 2D axisymmetric

simulations are performed and cylindric coordinates system (?52) is considered. Due to the
mechanical contrast between the rubber and steel, the cord reinforcement is modelled as a rigid
line placed at a distance 0.65mm from the cylinder axis. The cord displacement is free along
direction Z but other degrees of freedom are set to zero (U, = Rg = 0). The rubber envelop

outer radius is 17, = 4.7mm and is represented with a rectangular solid surface.
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Figure 2. Geometry, boundary conditions and mesh topology of the finite element model for crack
onset study. The pre-crack opening is exaggerated for visualisation.

In the present analysis a detailed analysis of the clamping condition is not proposed.
Assuming the clamping region length is small compared to the pre-cracked distance, the
contribution of clamping region deformation on the overall injected volume will be assumed
negligible. Therefore, the clamped side of the specimen is simply replaced by the kinematic
condition (U,(z = 0) = 0 ) corresponding to free radial expansion of the rubber tube across
section. Along the Z direction, the rubber envelop is partially bonded to the cord. The length
along which antiadhesive coating is deposited is considered as a pre-crack length, the presence
of film or coating is not explicitly considered in the simulation except by introducing
discontinuity between the two materials. Interphase region between rubber and cord is not
considered either and the bonding between the cord and the rubber is simply modelled with a

displacement continuity condition at the interface between rubber and cord.

A focus ring of element meshes the interface singularity region. 2D axisymmetric
quadrangle elements with quadratic interpolation are chosen. Full integration and hybrid
formulation scheme (viz. CAX8H in Abaqus) are used to manage material incompressibility.

All present computations use the implicit solver of Abaqus and the hypothesis of finite strain.

Finally, the Smm inner radius confinement tube is introduced. Again, the mechanical

contrast between rubber and glass tube is very large so that the confinement tube can be
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modelled as fixed rigid body. Considering that the lubrication between the glass tube and rubber
is efficient, the contact between the rubber envelop and the confinement is modelled as
frictionless contact using node to surface and penalty algorithm. Various loading conditions can
be applied to the inner radius of the rubber envelope (pressure, volume variation, ...) which are

detailed below.

The Exp-Ln strain energy potential [17] is used to derive the rubber material constitutive

law, as given in equation (2):

1 1
W=4 [Z exp(ally - 3)) + b0 = (1~ In(l, = 2) ==~ b @)

The expression of the strain energy density function only depends on the first invariant I; of the
transformation gradient. The Exp-Ln strain potential is applicable to natural rubbers reinforced
with black carbon which exhibit hardening for large elongation values. Material parameters 4,
a and b values used for the simulation have been identified previously (A = 1.29 MPa,a =
—1.19,b = —0.87) [9]. The constitutive law is implemented in the finite element code
Abaqus© using the UHYPER subroutine.

In Figure 3 is represented the deformed configuration of the specimen for several
inflation pressure values up to 9 MPa as determined with the finite element model. The
maximum pressure value corresponds to the one measured experimentally when the decohesion
of the rubber / cord interface propagates. A 4.9 MPa pressure value is found for the end of the
free rubber expansion regime and start of rubber envelope to confinement tube contact (7., =
Tcons)- Then, at higher pressure, the confinement tube tends to constrain the rubber envelop
radial expansion. Meanwhile, the axial expansion along the tube axis tends to increase rapidly

with the pressure.
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199  Figure 3 Opening logarithmic deformation &, at different pressure for the crack onset model.

200

201  These results may seem similar to the one observed in other contributions [18], [19] where
202  elastomer / metal delamination mechanisms are discussed and modelled. However, peel like
203  mechanical test procedures are generally considered which leads to very different stress / strain
204  fields in the fracture process zone region compared to the RCAIT situation. The main difference
205 lies in the fact that due to the axisymmetric situation, the crack front is circular and
206  homogeneous plane strain condition is achieved all along the crack front. As also observed
207  when strong adhesion is achieved between rigid and soft bodies, a blunted crack tip is observed
208  at a finite distance from the rubber / metal interface. The initial stress singularity located at the
209  crack tip position vanishes since the rubber / cord contact angle becomes very small [20] [21].

210 Such result is consistent with previously observed fractured surface where a thin layer of
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residual rubber was observed on the cord after complete failure. The mapping of the &,

distribution in the specimen section does not illustrate the modification of the rubber loading
condition from mainly radial to longitudinal expansion but clearly enlighten the presence of
large circumferential stress concentration along the blunted crack tip at a finite distance from

the rubber / cord interface.

Now that the initial stage preceding the crack onset has been described, additional features
should be added to the finite element calculations to simulate the crack initiation and
propagation steps. Due to the presence of the initially sharp crack tip, numerical convergence
of the node-release crack propagation technique is difficult to achieve. More advanced methods
such as phase field, X-FEM are numerically costly and specific formulation and implementation
are required to describe the fluid injection process. The main objective of the present model
focused is to analyse the macroscopic response of the RCAIT specimen trying to capture the
overall response of the rubber envelope so as its interaction with the fluid and the confinement
tube. Nevertheless, numerous highly nonlinear phenomena can be evidences (large
displacements and rotations, hyperelastic behaviour, contact, ...). It seems difficult to capture
these macroscopic phenomena together with a fine description of the damage processes at the
crack tip position which could be studied in a second step. A phenomenological description is

then chosen to model the interface decohesion.

3.2. Cohesive zone modelling of crack nucleation
Since the crack path is known, a cohesive zone modelling (CZM) approach seems
appropriate as proposed in previous contributions [18] [22] [23]. Indeed, using CZM allows to
simulate both the decohesion nucleation and propagation regimes of the interfacial region
between the rubber and the cord. Phenomenological description is then achieved since the

cohesive elements are not capable to describe the complexity of the damage processes at the

11
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crack tip. However, after appropriate calibration, a damage process zone with physical extend
should be observed and a sensitivity to mode mixity loading conditions can be introduced.

So, a layer of cohesive elements is introduced in between the rubber material and the solid line
representing the rigid cord. Using Abaqus cohesive elements is preferred rather than cohesive
surface interaction following recommendation from [24] for finite strain considerations.
Abaqus surface interaction integrates the cohesive model on current configuration, while
cohesive element maps back to the initial configuration. It leads to large difference over 10%

in the effective work of fracture in the case of an elastomeric peel test from a rigid substrate.

The model including cohesive elements is quite similar to one presented in section 3.1.
However, the introduction of cohesive elements needs to modify the mesh topology. Mesh and
boundary conditions applied to the finite element model are presented in Figure 4. A grid-like
mesh topology is used for the rubber envelope with higher element density nearby the inner
radius were large elongation gradient are expected. Quadratic size distribution is used, therefore
the mesh density along 7 is given by the total number of elements in the radial direction N,., set
at 20 elements. 2D axisymmetric quadrangle elements with linear interpolation (CAX4H) are

chosen to ensure connectivity with the rest of elements.
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Figure 4. Geometry, boundary conditions and mesh topology of the finite element model including

cohesive elements. The pre-crack opening is exaggerated for visualisation.

Cohesive elements are inserted between the rubber envelop and the rigid cord along half of
the total length, with element density equal to d, = 4, to bond the cord to the rubber envelop.
Cohesive elements COHAX4 from the element library of Abaqus© with an initial zero
thickness are used (see Figure 4). The cohesive element length is identical to the rubber mesh
(0.25 mm). The cohesive element is formulated with a 2D axisymmetric hypothesis, linear
interpolation and a Newton-Cotes integration scheme. As discussed above, the detailed
description of the mechanical fields and damage processes close to the rubber / cord interface
is replaced by a one-dimensional phenomenological description of the overall decohesion
process. The cohesive model controls the evolution of cohesive stresses normal and tangent to
the interface as a function of the relative displacement across the interface until complete
decohesion. A phenomenological stress versus displacement evolution should be calibrated so
that the simulated overall specimen response is found similar to the one observed
experimentally. As main parameters, the cohesive element stiffness, K, should be chosen so
that no significant softening is introduced during the elastic loading regime. Also, the CZM

parameters (viz. max. relative displacement, &, ultimate stress, gy, ...) should be chosen so as

to respect the energetic criteria controlling the complete decohesion of the interface.
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Figure 5 Shape of the trapezoidal traction-separation law to model the interface.
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In the present RCAIT configuration, the crack nucleation intermediate regime cannot be
distinguished for the reversible loading regime prior crack propagation occurs by analysing
P(AV) or P(A,) evolutions. This suggest that the fracture process zone extend remains small
compared to other dimensions so that linear elastic fracture mechanics is applicable. CZM
parameters should be chosen also to observe limited extend of the fracture process zone on the
simulations. A triangular interface separation law is generally adopted for cohesive element
[18] [23] [22] over trapezoidal or exponential laws. However, large fracture process zone is
generally observed which are not consistent with the experimental observations. Then, a
trapezoidal law is preferred here with an additional shape parameter, r, which controls the
plastic regime extend, is used. A higher energy dissipation can be introduced while keeping a
same critical stress and critical relative displacement at break. Interface separation law is
represented in Figure 5. In the following, the nominal interface “stiffness”, K, and shape
parameter, r, will be kept constant. Indeed, K, is set so that the overall specimen stiffness
response is not altered with respect to the rigid interface situation. Meanwhile, the critical strain
energy release rate G, is set arbitrary in a range of values corresponding to the ones measured
experimentally. The critical stress gy is directly linked to G¢, K, v and §¢. Then &, 0 and r are
chosen so as to obtained physically realistic fracture process zone (FPZ) configuration. As
evidenced in section 3.1 and generally observed in interface decohesion situation mixed mode
loading conditions are expected. Mixed mode failure criteria could then be introduced.
However, due to the lack of experimental data describing the effect of mode mixity on the
decohesion process in this situation it would be artificial to introduce supplementary
parameters. Then identical interface separation laws are used for both traction and shear
contributions. The stress criterion at damage initiation is quadratic and the damage evolution

rule also considers the coupling between peel and shear stresses. Simulations results will be
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introduced later, once the method for coupling CZM with the fluid injection process will be

discussed.

3.2. Modelling of fluid driven crack nucleation and propagation

3.2.1. Implementation of hydrostatic fluid element

The RCAIT such as most mechanical characterization tests including blister tests are
not load controlled but kinematic controlled. Indeed, since the injected fluid is incompressible
and the compliance of the hydraulic circuit is considered negligible the experiment is driven by
fluid volume injection rate. A constant pressure is applied to the inner surface of the specimen
but the contour of the inner surface including the near crack tip region depends on the fluid /
structure interaction. Since large deformation and nonlinear hyperelastic behaviour are
introduced the pressure versus injected volume evolution, P(AV), is not linear either. Then
applying pressure load to the inner radius of the specimen along the decohesion as boundary
condition is not really representative of the test conditions. Kinematic conditions should be
applied in the numerical simulation which are representative of the pressurized fluid injection
rate control conditions. This is notably critical to simulate the crack propagation regime when
the fluid pressure is constant where numerical instability may arise unless artificial numerical
“viscosity” would be introduced. To control the volume variation inside the rubber envelope
rather than applying a pressure to the inner radius, hydrostatic elements from Abaqus elements
library are used . Such elements describe the mechanical behaviour of closed cavity filled with
either compressible (pneumatic) or incompressible (hydraulic) fluid. They introduce a simple
fluid-structure interaction through the hypothesis of constant pressure across the fluid volume
and assuming the effect of liquid inertia is negligible. This formalism was previously used for
mechanical study of pressurized vessel [25], air spring suspension [26], air filled closed-cell

foam [27] or multiple pneumatic crash cushion [28].
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Numerically, a layer of fluid cavity limits elements (here FAX2) is introduced around
the enclosed space between the rubber and the cord interface. The FAX2 elements mesh the
boundary of the fluid cavity, sharing nodes with the corresponding surface. Then, a node placed
in the meshed cavity acts as an integration point to compute the pressure. For axisymmetric
situation, this node must lie on the axis of revolution.

As boundary condition, a prescribed quantity of fluid can be added to a cavity. This
parameter corresponds to the one set experimentally. Providing, the displacement of the inner
radius of the rubber envelope could be prescribed by the expansion of the fluid cavity at a given

expansion rate, a uniform pressure will be applied to the inner radius of the rubber envelope.

3.2.2. Coupling fluid cavity element and cohesive element

The simulation of fluid driven crack propagation remains a complex issue especially due to
the difficulty in controlling the application of the pressure loading to the newly created surface.
The simulation of the RCAIT is even more complex due to the large deformation of the medium
coupled to the fact that the injected fluid pressure is expected to be constant during the crack
propagation regime. Therefore, to achieve numerical stability, kinematic controlled loading
conditions should be applied. Therefore, the proposed strategy consists in introducing multiple
connected hydrostatic fluid cavity along the rubber / cord interface which will be filled with
fluid sequentially during the crack propagation regime to force the crack opening while the
decohesion extends. This solution is proposed since the pore pressure cohesive elements and
hydrostatic fluid cavities cannot be used together in a model in Abaqus. The main advantage of
the coupling presented here is the meaningful dialogue between the inflation of the pre-crack
length of the specimen and the newly cracked surface length. The coupling of the fluid cavity

is also possible with continuum element degradation or node-release crack propagation.
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Figure 6 Illustration of the superposition of hydrostatic fluid element and cohesive elements
(thickness of the cohesive elements is exaggerated) and connection between cavities.

The superimposition of initial mesh with the fluid cavity elements network describing the
interaction between cohesive and fluid cavity elements is presented in Figure 6. A main fluid
cavity maps the initial pre-crack length of the specimen. Then, a succession of fluid cavity is
superimposed to each cohesive element. However, each cavity is extended up to the axis of
revolution in order to compute the injected volume properly and allow to place the integration
point of the cavity. These cavities are filled sequentially along the crack propagation path, fluid
link elements are used to connect each successive cavity. The fluid flow from a first cavity to

the following is given by the relation:

AP =Fhy — B =(yq (1)

Where AP is the pressure difference between first (pressure P,) and following (pressure Ps)
cavities, C, 1s a viscous resistance coefficient and ¢ is the fluid flow between the two cavities.
This additional numerical parameter, C,, should be calibrated so that no artificial rate
dependence effect is observed. Also, the fluid link elements have a modifiable fluid behaviour
since C,, can depend on AP, temperature or user defined field variables f,,. This last dependency
is the key to the coupling between fluid cavities flow connection and cohesive elements

degradation. Indeed, from physical standpoint, the flow of the fluid penetrating in the fracture
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process zone may be dependent on local damage of the rubber. Then, the C,, coefficient value
is updated during the simulation as a function of the damage level of the local cohesive element.
For now, a simple cavity onset criterion is introduced considering the local fluid cavity element
starts to fill once the damage variable D of the local cohesive element is more than 0.2. Indeed,
it was observed that the numerical convergence is enhanced when the pressure is applied before
the total degradation of the cohesive element is reached. Therefore, the pressure locally
increases with the fluid flowing to the cavity and then introducing an intermediate process zone
region where the internal pressure accelerates the damage process but also allows smooth

injection of the fluid in the newly created area.

( END INCREMENT i
Loop over all
cohesive elements
Read D URDFIL

NO\%M/Y&S
Forbid fluidflow Allow fluidflow
Co=0; fs=1 Cyp=00;f; =2
Assign f, UFIELD

(START INCREMENT ¢ + 1)

Figure 7. Flowchart of numerical procedure to combine fluid cavity and cohesive element and the
breakdown between the two Abaqus subroutine.

The relation between fluid cavity element and damage is not a standard implementation
in Abaqus. The algorithm depicted in Figure 7 is executed between each iteration of the finite
element solver. First, the local damage value of each cohesive element is read with a URDFIL

subroutine. Then, the subroutine UFIELD assigns a field variable, f,,, to each fluid link element
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depending to the damage of cohesive element located at the slave cavity element. Two values
can be assigned to C,. In case D < 0.2 then C,, is set to zero so that the fluid is blocked, in case
D = 0,2 then an incommensurable value is assigned to C,, so that the fluid fills the cavity
immediately at the next iteration. A Fortran COMMON BLOCK is used to retrieve damage

value from URDFIL subroutine and transmit them to the UFIELD subroutine.

With this numerical procedure the whole crack nucleation and propagation steps are simulated
reproducing the complete RCAIT. In particular, fluid driven crack propagation under constant
volume injection rate is achieved with stable crack propagation regime with constant fluid
pressure. Add to the cohesive zone parameters two additional parameters (onset, C,,) which

controls the pressurized fluid flow through the process zone.

4. Cohesive zone modelling of the RCAIT

In the following, the numerical procedure described above is used to reproduce theoretically
the experimental results obtained on a specimen made with NBR bonded to a brass coated steel
cord. After satisfactory agreement is found at a macroscopic scale, then the results from the
simulation are analysed to evaluate locally the conditions leading to crack nucleation and

propagation but also to discuss the limits of the proposed approach.

4.1. RCAIT macroscopic response - experimental vs theoretical
As discussed above, most of the material parameters controlling the response of the RCAIT can
be determine experimentally. Indeed, a simple hyperelastic model of the rubber behaviour has
been identified from uniaxial tensile tests data and evaluation of the RCAIT data along the
precrack length. The critical SERR of the rubber / cord interface is obtained from energy
balance analysis of the RCAIT, and rubber strength is obtained from tensile test results again.
The remaining parameters are mostly numerical ones except the remaining cohesive zone model

parameters (viz. r and &f). In the following, the shape factor is set arbitrarily to 85%. Indeed,
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as for most cohesive zone models use cases, a high enough element density should be used to
ensure appropriate description of the interface separation law along the FPZ. Then, r = 0.85
was found satisfactory to obtain satisfying compromise between mesh density, numerical cost
and description of the FPZ. Then a smooth development of damage along the process zone was
found which is also a necessary condition to observe a progressive filling of the fluid cavity
elements according to the scheme depicted in Figure 7. Then, the last parameter to be determine
is the displacement jump leading to complete interface separation, 8¢, which is found equal to

2.8mm. CZM parameters are finally summarized in Table 1.

GC K 0'0 r 6f
80 KJ/m? 1000 MPa 30 MPa 0.85 2.8 mm

Table 1. Cohesive zone model parameters.

In Figure 8 and Figure 9 are reported the main experimental data recorded during a RCAIT
which are compared with the complete results of the RCAIT simulation describing decohesion
nucleation and propagation regimes. It should be noted that the simulation is stopped before
total delamination of the whole interface is observed considering the computation time. Indeed,
for Gc = 80 kJ/m?, the simulation of a I mm crack propagation requires approximately 3 days
of processing using 16 cpus at 2.60 GHz. In Figure 8, the injected fluid pressure, P, versus
injected fluid volume shows satisfactory agreement for both the crack nucleation and
propagation regime. Indeed, during the crack propagation regime, a same plateau pressure value
is found which confirms the crack propagation behavior is controlled at the macroscopic scale
by the only energy balance criteria. During the crack nucleation regime, very similar behaviour
is observed. The experimental evolution exhibits more compliant behaviour so as abnormal

preliminary inflation regime. Indeed, the specimen attachment condition are not precisely
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422 modelled in the finite simulation nor the possible presence of air entrapped in the hydraulic
423 circuit so that very stiff initial response is found numerical compared to the experimental result.
424  Also, overall more compliant specimen behaviour is found experimentally due both to poor
425  evaluation of the initial decohesion length value but also probably to underestimation of the

426  inner radius of the rubber envelope since the presence of anti-adhesive film is not considered.

427
[Tt e T F~+  r " T T
L —— Experiment WJ\\ | 2.2 —— Experiment “]
80 — FEM CZMe-elt. ] sof — FEM // 1
_6of y 1.8 F ]
g | | o L6 : ]
& 40l . < :
I , ] 1.4 F ]
L Propagation L ]
201 —e . 1.2} .
0 A J T BRI . P PP B A 1O A T e | ) S R T Y
0 2 4 6 8 10 12 0 10 20 30 40 50
AV (ml) Aa — (po— ap) (mm)
Figure 8 Comparison of experimental and Figure 9 Comparison of experimental and
numerical inflation curves numerical A, process zone
428

429  During the RCAIT, a marker tracking technique is implemented to evaluate the evolution of the
430  longitudinal elongation at the outer radius position along the specimen axis. Experimental and
431  theoretical evolutions are compared in Figure 9 and exhibit similar evolutions again. A small
432  discrepancy is found on the plateau, 4,, value in the inflated region of the specimen which may
433  attributed to biased evaluation of the inner radius again, or experimental artefacts such as
434  confinement tube / rubber residual friction. However, the two evolutions evidence identical
435  shape and extend (ca. 20mm) of the transition region between bonded and fractured part of the
436  specimen. For both Figure 8 and Figure 9 no significant feature allows to evidence the
437  development of a FPZ at the interface scale which justifies the use of simple linear fracture

438  mechanics approach to analyze RCAIT.

439
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Figure 10 Inflation curves prediction of the
cohesive modelling for different G, value
(r=0.85, 6; = 2.9 mm).

Figure 11 Comparison of analytical [10] and
cohesive modelling prediction of critical
pressure to propagation in function of critical

SERR.

Then, using the same procedure, RCAIT are simulated again but considering different critical
SERR values for the cohesive elements in the interval [10:80] kJ/m?. All CZM parameters are
kept the same except ultimate stress which is changed so as to obtain appropriate G value.
Resulting fluid pressure versus injected volume evolutions are reported in Figure 10. All
evolutions are found the same except the plateau pressure value which varies with the G value.
The semi-analytical relation derived in [16] to evaluate G, from the measure critical pressure
value is compared with numerical results in Figure 11. Both analytical and numerical model
predictions agree which demonstrates again that LEFM is valid to evaluate G.. This indicates
that the FPZ extend should be negligible compared to other characteristic dimension (rubber
envelope thickness, initial decohesion, accommodation length ...) but also that the steady state

crack propagation regime is observed after a small crack propagation distance.

It should be noted that the value of G as high as 80kJ/m? enforce a correct phenomenological
description of the experiment. The dissipation during propagation comes both from the bulk
material and the interface. Meanwhile, the model places all the dissipation in the cohesive
element. And, as the crack surface is cylindrical, the G, value is actually dependent of the

radial position of the cohesive element.
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4.2. Local analysis — Development of FPZ

50

z (mm)

Figure 12 Comparison of the transition zone length on the exterior radius of the specimen for
different displacement at complete failure for the cohesive zone model (G = 80 kJ/m?,r = 0.85)

The previous results seem to indicate that the macroscopic response of the RCAIT is little
affected by the exact shape of the interface separation law since non-features related to the
FPZ development was observed compared to a purely elastic analysis. However, to assess
this hypothesis a parametric analysis is performed by varying parameter, 8¢, and modifying
0, accordingly so as to keep constant G = 80KJ/m? value. The resulting 1,(z) evolution
for all test cases are reported in Figure 12. For the two smaller values considered in this
study including the one used in section 4.1, the resulting evolutions are identical to the one
obtained for perfectly bonded interface. For a significant difference to be observed very
large o values should be used leading to unrealistic FPZ extension. The total displacement
to failure can reach a size similar to the confinement radius 7., s while still reaching in a
steady-state propagation. Indeed, the confinement radius limits the opening displacement.
Nonetheless, if the element does not fail under opening mode for a small process zone, it
will undergo a shear loading. Therefore, while the opening displacement is limited by the
confinement radius, the shear displacement is limited only be the maximum axial elongation

of the fully cracked part of the specimen. Then the parameters given in Table 1 offers the
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best compromises with the present mesh topology to reproduce the results obtained at a

macroscopic scale.
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Figure 13 Cartography of the strain tensors value around the crack tip during propagation.

In Figure 13 are reported the cartography of the radial elongation in the specimen cross section,
and contour also presented in section 3.1 to evidence the presence of strong stress concentration
at the blunted crack tip position. The contour of the reference configuration (rigid interface) for

the same injected fluid pressure value is superimposed with the result of the cohesive zone
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modelling. Both contour match except in the vicinity of the crack tip position where the
presence of a cohesive element strongly modifies the contact angle between rubber and cord
and more generally the near cord region. These pictures illustrate the phenomenological nature
of the proposed modelling strategy which requires careful calibration of the CZM parameters
as a function of the mesh topology and consequently its limitations. Indeed, the CZM modelling
aims to describe the rubber / cord interface decohesion. From Figure 3, it is clear that the crack
will initiate and propagate from the stress concentration region located at a finite distance from
the interface. The CZM parameters are then representative of the decohesion of the near cord
region over a finite distance rather than the one of the interface unless very small element size
are used. Indeed, with the present mesh topology no crack propagation is observed with the

CZM when to small & values are used (and consequently large gy) since due the element

distortion at the crack tip position, the normal stress in the cohesive element becomes

compressive and block the development of any damage. 65 values are finally representative of

the radial position of the blunted crack tip when crack propagation starts.

At last, the damage value in the cohesive elements are reported which are also representative
of the pressure of the local fluid cavity element and applied the inner contour of the rubber
interface. As seen in Figure 13, by filling the fluid cavity when damage value in the cohesive
element is larger than 0.2, the fluid pressure is applied to most of the inner contour of the rubber
envelope so that the resulting deformation is similar to the one obtained by considering rigid
interface. As a conclusion, the present finite element procedure is capable to describe both crack
nucleation and propagation sequence during RCAIT and the overall macroscopic response
including the regular stress and elongation fields in the rubber envelope. However, CZM
remains phenomenological so that calibration is requires. Such macroscopic description then
fails in describing the exact nature of the process zone, however the identified CZM parameters

are representative of specimen configuration.
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4.3. Loading paths during crack propagation
In previous contributions, the analysis RCAIT uses the only one-dimensional TTRIM which
doesn’t consider the three-dimensional nature of the stress and elongation fields in the
accommodation region. Also, the TTRIM only describes the initial inflation regime of the
precrack region but not the crack propagation regime. Capturing the exact loading path in the
specimen could be important to better evaluate the dissipative mechanisms in the rubber during

crack propagation.
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Figure 14 Evolution of the elongation of an element of matter in the middle and the exterior of the
rubber envelop as the cord delamination advances (o, = 30 MPa,r = 0.85, G, = 80k]/m?)

To illustrate this, the evolution of the local elongations of a given element during crack
propagation is reported. The evolutions are plotted as a function of the instant distance to crack
tip position so that in an Eulerian representation of a steady state crack propagation regime,
these evolutions are similar to their spatial evolutions along the specimen for a given crack tip
position. Two radii are considered, on the outer skin and the mid through thickness position. As
the finite element can only capture globally the strain field around crack tip, a loading path on
the inner radius is omitted. Also, the value determined with the TTRIM are reported. These
evolutions are found the same whatever the element is chosen at the same radial position along

the crack propagation direction which confirms the self-similar nature of the crack propagation
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regime. Also, these simulations clearly reveal the multiaxial nature of the rubber loading
condition during crack propagation also predicted with the TTRIM.

----- TTRIM Inflation ----- TTRIM Inflation
—— FE Propagation

—— FE Propagation
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Figure 15 Comparison of loading path in principal stretches space between inflation (TTRIM
analytical) and propagation (FE CZM) at two radii. Rotation angle between the FE and the analytical
eigenspaces is reported on FE loading path.

However, a significant shear deformation is found along the accommodation length which is
not predicted with the TTRIM. In Figure 15, the two loading paths are compared in the principal
stretches space, at the middle and the exterior of the rubber envelop. The two paths are similar
at the exterior radius, while a difference appear at the mid radius. Moreover, the shear

component is predominant on a large amount of the path. The analytical solution has an

eigenspace corresponding to the global coordinates (#6Z) , while the FE CZM eigenspace has
an angle with respect to the global coordinates. An angle value of 0° indicates only
traction/compression deformation and 45°, only shear deformation. The angle is higher on the
mid radius than on the exterior radius, meaning higher shear state closer to the interface. Thus,
the local rubber and interface loading condition is different from the early analysis with the
TTRIM and indicates that shear behaviour characterization of the rubber would be needed for

proper hyperelastic model calibration.
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5. Conclusion

In the present contribution, a simulation of the complete RCAIT considering fluid driven crack
propagation test under constant injection rate condition is achieved. Original implementation is
proposed here consisting in coupling fluid cavity elements with cohesive zone elements. The
load application conditions over the whole crack nucleation and propagation process are
reproduced from which the self-similar nature of the crack propagation can observed associated
to a fluid injection pressure value. The model calibration uses mainly data directly obtained
from macroscopic tests (rubber behaviour, rubber strength, specimen fracture energy). Indeed,
with the actual specimen geometry, the experimental data recorded during the test can be
reproduced with simple LEFM consideration and hyperelastic modelling of the rubber inflation.
Then little / no influence of the CZM parameter is found except G.. Other two parameters K,

r, 8f are chosen essentially to ensure numerical convergence and realistic FPZ extension. to

propagation dictated by the critical strain energy release rate. With this model a more complete
picture of the RCAIT condition is obtained and the self-similar nature of the crack propagation
condition is validated. While the detailed description of the FPZ is not achieve, a more realistic
description of the accommodation region is obtained which exhibit large shear deformation
values which are not predicted with the TTRIM where maximum deformation state could be
reached.

Multiple perspectives regarding the application of the present RCAIT finite element model can
be drawn. First the model can be used for better estimate of the influence of test boundary
conditions. In particular, the effectiveness of rubber to confinement tube lubrification could be
assessed by introducing friction contact. Additional bulk dissipative mechanisms apart from the
one developing in the FPZ can now introduced in the rubber behaviour such as softening [29]
and viscosity with the objective to deconvolute these contributions from the one driving locally

the crack propagation. Finally, these results could be assessed with supplementary experimental
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observations which may require the use of tomographic equipment to image the specimen

section during crack propagation.
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