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Finite element simulation of a steel cable - rubber
composite under bending loading: influence of rubber
penetration on the stress distribution in wires
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Abstract

Fatigue design of cables requires to assess the stresses of individual wires
during in-service loadings. Specific applications need steel cables to be em-
bedded in a rubber matrix. In such cases, the adhesive bonding between
wires and matrix might impact the stress distribution in wires. This pa-
per presents a finite element model of cable coated with a rubber matrix
subjected to a bending loading. Wires are represented with a strain beam
model taking into account for non linear phenomena, such as contact friction
between wires and elastoplastic behavior. A 3D model for the matrix sur-
rounding the cable is coupled with the beam model. The impact of matrix
penetration inside the cable is also studied. This work proposes a multi-
scale approach to account for local interactions between infiltrated matrix
and wires under bending loading in the coated cable model. The behavior
of infiltrated matrix subjected to a shearing loading induced by longitudi-
nal inter-wire displacements is investigated using both analytical calculations

and local FE simulations with ABAQUS software. Based on the results at
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the microscopic scale, “junction” elements are introduced in the coated ca-
ble model to account for matrix penetration, by coupling neighbor wires’
displacements. The model is compared with experimental measurements of
cables slightly and fully penetrated by matrix. The influence of matrix pen-
etration on the stress distribution is eventually discussed. It is found that
the limitation of inter-wire motions due infiltrated matrix induces tensions
in wires, which are responsible for increases of the bending stiffness and of

the maximum stresses in wires.

Keywords:
cable simulation, bending loading, steel cord - rubber composite, rubber

penetration, multiscale approach

1. Introduction

Steel cables are commonly used in various fields, as parts of complex
structures (pneumatic tire reinforcements, bridge suspensions, etc...). In or-
der to guarantee a safe design of these structures, one needs to predict the
mechanical behavior of cable under in-service loadings. Failure being due
to damage localization within the individual wires, the local state of stress
of wires has to be known. As well, cable design may be improved by the
understanding of wire kinematics. To address these issues, finite element
simulation of cable is a useful tool providing rich information.

Several authors worked on the accurate prediction of cable behavior and
built models accounting for non-linear phenomena such as elastoplastic be-
havior or contact friction. Jiang et al proposed a concise finite element model

taking advantage of the helical symmetry of a 7-wire cable for an axial ten-



sion loading, in order to study contact stresses between wires [1]. Judge et
al studied the development of high local contact stresses and local yielding
for both 7-wire and 120-wire spiral cables subjected to an axial loading [2].
Wang et al modelled a 7x19 wire cable loaded with cyclic tension-tension in
order to assess fretting wear evolution of steel wires [3]. Kmet et al investi-
gated the behavior of a 61-wire cable bent over a saddle subjected to axial
tension [4]. They studied the influence of axial loading and saddle radius on
the resultant stress in different cable sections of the bent area. The results
were validated against strain gauge measurements assuming linear elastic
behavior of wires.

Some works specially deal with the cable behavior under a bending load-
ing. Nawrocki and Labrosse studied the wire motions in a 7-wire cable [5].
They found inter-wire sliding to be predominant in bending. Jiang studied
a T-wire cable under a pure bending loading [6]. They noted that every wire
bends independently, and is consequently subjected to a pure bending. Be-
sides, contact friction is found to have very little influence on global behavior
of cable and on inter-wire sliding, since contact pressures are negligibly small.
Zhang et al found similar results a few years later [7]. They were interested
in the mechanisms governing the bending stiffness of a 7-wire cable, and spe-
cially studied the influence of the lay angle, inter-wire motions, pre-tension
and contact friction.

Several studies [2, 8, 9] compared their results with both analytical mod-
els such as Costello’s one [10], and experimental axial loads measurements
from Utting’s work [11]. This comparison highlighted the importance of

considering elastoplastic behavior of wires and contact friction to get an ac-



curate description of the mechanical state of cable. It is worth noting that
macroscopic responses of cable are sensitive to such local phenomena, and
are suitable for the validation of numerical models.

For some applications, cables may be embedded in a rubber coat. In such
cases, wires stick to the rubber matrix they are in contact with. One may
ask what is the impact of the adhesive bonding between wires and matrix
on the stress distribution of wires, and how the infiltration of the matrix
inside the cable might affect this distribution. To the best knowledge of the
authors, there is no previous study using cable simulation to answer this
question. Indeed, in such cases composite plies models are usually used in-
stead of cable models [12-14], and local stresses of wires are not assessed
since cables are described as simple cylinders with elastic anisotropic prop-
erties. As a consequence, these models cannot capture the full complexity of
the interactions between cable and matrix, which involve several scales from
the local mechanical loading applied to the matrix between wires up to the
cable level. In order to tackle this issue, this work proposes a multi-scale
approach allowing to account for wire-matrix interactions in a coated cable
model, while preserving a reasonable computational cost by coupling beam

models for wires with a 3D model for matrix.

In this framework, the objective of the present study is to investigate the
influence of the rubber matrix on the behavior of a coated cable, for the case
of a bending loading. Section 2 describes a model of a cable coupled with
rubber matrix, for which no matrix is infiltrated inside the cable. A cable

- rubber composite subjected to a bending loading is simulated then, and



experimental measurements are used to validate the model. In section 3,
an approach is proposed to account for matrix penetration, inspired by the
analysis of wire kinematics from previous simulation. Two methods are pro-
posed in order to identify parameters for this model, based on analytical
calculations and local simulations of the interactions between wires and rub-
ber matrix respectively. In section 4, a coated cable fully infiltrated and
subjected to a bending loading is simulated. The role of rubber matrix is

discussed in section 5.

2. FE model of steel cable - rubber composite

2.1. Modelling of steel cable

In this work cable simulations are performed with Multifil code, which is
dedicated to the simulation of entangled materials and uses a kinematically
enriched strain beam model with 9 degrees of freedom to model wires. The
use of proximity zones to define contact areas enables to account for contact
friction between wires while preserving an efficient computation cost. Com-
plete descriptions of both beam kinematic and contact friction definition are
given elsewhere [15], as well as some applications of Multifil code [16, 17].
Wires are meshed with quadratic elements, and boundary conditions are im-

posed either by defining the movement of cable ends or by using rigid bodies.

The elastoplastic behavior of wires is also considered. As the main con-
cern of this study is the bending loading for which axial stress is predominant,

it was only developed an uniaxial model in a first approach. The plasticity



criterion expressed in Eq. 1 is applied to the axial stress o
o= X| =09 <0 (1)

where oy is the initial yield stress, and X a non-linear kinematic hardening

from Armstrong and Frederic model [18], obeying the following equation:

X =08, —Xp (2)

In this expression, C' and « are material parameters, €, is the plastic

strain, and p is the cumulative plastic strain defined by p(t) = fot lep(s)| ds.

2.2. Introduction of a rubber matrix

To account for the rubber matrix surrounding the cable, a 3D mesh of
linear elements is used. It is obtained by extruding a radial mesh along cable
direction, as shown in figure la. As it can be observed in figure 1b, the mesh
is coarse compared to the wire diameter, and matrix elements overlap the
wires of the outer layer of the cable.

Junction elements are generated in the overlapping regions to account
for the adhesive bonding between matrix and wires. Each of these elements
couples the displacements of a pair of material particles &, and &, from a same
cable section belonging to wire and rubber respectively, whose positions are
described with vectors x,, and x,.. This coupling is achieved by means of an
elastic spring of stiffness k: two opposite forces are applied on both particles,

whose magnitude F is given by:

F=k|xw =% (3)
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(a) Global view (b) Zoom on the overlapping regions

Figure 1: View of the mesh of the matrix

Junction elements are created for every finite element node of wire inside
the matrix. Thus, a matrix element may be tied to several wire nodes, de-
pending on the mesh sizes of wires and matrix. Besides, let’s remind that
wire kinematic is richer than matrix’s one. With this in mind, the use of
junction elements can simply be seen as a penalty method chosen to enforce
the coupling between wires and matrix while avoiding motion incompatibil-

1ties.

Matrix constitutive behavior is described with an isotropic elastic law.
The use of such constitutive equations instead of an hyperelastic law, com-

monly used for rubbers, is justified in section 2.4.

2.3. Experimental measures and boundary conditions

An experimental device was developed to compare simulation results with
experimental measurements. It is made of two plates between which a steel

cable - rubber composite specimen is bent (figure 2). The loading is defined
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by the distance d between the plates, which is gradually reduced by mov-
ing one plate in translation while the other remains still. This distance is
controlled with a position sensor. The radius R of the quasi-circle formed
by the median fiber of the bent specimen can then be calculated using the

expression:

R=5(d—1 (4)

where ¢ is the specimen thickness. In the following developments this param-
eter will be used to describe the bending loading. Besides, the reaction force
applied to the plates is also measured to quantify the response of the bent
specimen.

Similar boundary conditions will be applied in the simulations, using
two rigid planes (figure 3). It should be noted that for a significant bending

(R < 10 mm), which will be mainly examined in what follows, the ends of the

Figure 2: Experimental device to bend composite rubber - steel cable specimens : 1.
Specimen - 2. Position sensor - 3. Load Cell



Figure 3: Bending of a composite specimen with Multifil

specimen are far from the bent area. Indeed, the specimen length is then ten
times longer than the bent portion, which is in the middle of the specimen.
In such case, it is assumed that the force applied on the experimental device
to clamp the specimens has no influence on the measured force. Therefore,

the clamping force is not accounted for in the modelling of the bent specimen.

2.4. Simulation of a rubber specimen

It is intended to validate the modelling of the composite specimen by
using the prediction of the reaction force. In a first place, the contribution
of rubber to this quantity was validated, and the associated error was quan-
tified. To do so, simulations have been carried out on full rubber specimens
using different constitutive equations, and compared with experimental mea-

surements.

A full rubber specimen of width w = 20 mm and thickness t = 3.2mm
has been tested on the experimental device. These dimensions are associated

to a measure uncertainty of 0.1 mm. ABAQUS/Standard was used instead



of Multifil for the simulations, in order to evaluate both isotropic elastic and
hyperelastic behaviors. The elastic law is parameterized by a Young modulus
E = 5.5 MPa, whose value is estimated from tensile test and coincides with
the secant modulus measured at 20 % strain. The Poisson’s ratio is set to
v = 0.495 to account for rubber incompressibility. The hyperelastic behav-
ior is represented using the ABAQUS Marlow model [19], which is a first
invariant constitutive model as described in [20]. It is directly identified by
ABAQUS software from tensile test data. Due to a lack of data, material’s
viscous behavior was not considered. Linear C3D8H elements were used for

the simulation, whose dimensions are between 0.3 and 1 mm.

Figure 4 plots the magnitude of the reaction force versus the radius R.
Calculations have been performed for several thickness’s in order to evaluate

the impact of measure uncertainty on the reaction force. It is to be noted

7
. — Experimental measure
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Figure 4: Reaction force of full rubber specimens under bending loading
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that due to the measurement range of the position sensor, experimental data

only provide information about the last millimeters of the loading.

It can be observed that the use of an elastic law leads to the same reaction
force than the use of the hyperelastic one’s. This result is consistent with
rubber response, whose true strain values do not exceed 30 %. It is observed
that numerical forces are 10.5% on average lower than experimental mea-
surements though. These differences can be explained by the errors due to
both the measure uncertainty of the thickness, and the non consideration of
the material’s viscous behavior.

For cable - rubber composite simulations, one will seek to limit this error
by reducing the contribution of rubber to the reaction force. To do so, thin
specimens of thickness t = 2.4 + 0.1 mm will be used for both experiments

and calculations.

It is preferred to have specimens of significant width to carry out the
experiments. In this study, specimens of width 10 mm are used, allowing the
enforcement of accurate boundary conditions by preventing any undesired ro-
tation of the specimen. At least 5 cables are then required to counterbalance
the contribution of rubber to the reaction force.

However, the composite simulation considers only one cable, and doesn’t
allow the enforcement of periodic boundary conditions on the lateral sides
of the specimen. To be consistent with numerical results, measured loads
are thus divided by the number N of cables contained in the real specimens.

Also, the width of numerical specimens is defined by wy = w/N with w the

11



width of the real specimen, meaning wy = 2mm. By doing so, it is implicitly
assumed that the ratio F'/w doesn’t depend on the specimen width. How-
ever, the non consideration of periodic boundary conditions on the lateral
sides of rubber questions the validity of this hypothesis. Two simulations of
a full rubber specimen of thickness 2.4 mm have been performed in order to
quantify the associated error, considering the two widths from real specimen
and numerical specimen respectively. It is then observed a 9.2 % decrease of

the ratio F'//w at R = 7mm by reducing the width from 10 mm to 2 mm.

In the next sections, cable - rubber composite simulations will be per-
formed on specimens having thickness and width of 2.4mm and 2mm re-
spectively. The elastic law and its parameterization presented in this section
will be used to account for the rubber surrounding the cable, since the use
of elastic and hyperelastic laws lead to the same global response. Besides,
full rubber simulations can be used to evaluate the rubber contribution to
the reaction force of such composite specimens, assuming that the global re-
sponse of rubber remains the same with or without cable. This contribution
is found to be 0.2N. Based on the previous analysis, the error associated
to the contribution of rubber to the reaction force in the composite model
is 0.04 N (constitutive equations and reduction of rubber width), which is a

negligibly small value.

2.5. Simulation of a composite specimen

The 19-wire cable shown in figure 5 has been considered in order to test
the composite model. It is made of two layers #2 and #3 of helical wires

of 175 ym diameter (Wire 1) winded with a pitch length of 10 mm around
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Wire 1

Numbering Wire 2

of layers

Figure 5: 19-wire cable of length 10 mm

a straight wire of 200 pm diameter (Wire 2) in layer 1. All the wires are
meshed with a beam assumption using elements of length 0.33 mm.

The material parameters used to describe wires behavior were identified
from monotonic tensile tests and are given in table 1.

The coefficient of the Coulomb’s law used to describe friction between
wires was set to 0, after testing values 0 and 0.3. It has been verified that this
parameter has no influence on both the stress distribution and the reaction
force for the present loading. This result can be explained by the absence
of tension in the cable which drastically reduces the magnitude of frictional

contact interactions between wires, in accordance with previous research [1,

Table 1: Material properties of wires

Wire 1  Wire 2

Elastic E [GPa] 193 201
properties v [-] 0.3 0.3

Plastic  °0 [MPa]  2161.6 2010
ropertiosC [MPa] - 853394 433196
properties™ 17 Togr 7
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7]. Following to the previous section, one considers a specimen having width
and thickness of 2mm and 2.4 mm respectively, and of length 100 mm. The
dimensions of the rubber mesh are between 0.2 and 0.6 mm. Such a specimen
leads to a total of 160,500 degrees of freedom (including both wires and
rubber). The simulation of its bending is then carried out in 66 increments
using an implicit scheme.

Experimental measures on the bending test were carried out on two com-
posites A and B. Both of them are made of the same 19-wire cable and of the
same rubber. The only difference between them is the penetration rate of
the matrix inside the cable: composite A isn’t infiltrated whereas composite
B is fully penetrated, as shown in figure 6.

Figure 7 plots the reaction force F' as a function of radius R, for both
experiments and simulation. It is to be noted that simulation is in very
good agreement with the experimental measurements made on the non in-
filtrated composite, which demonstrates the ability of the model to predict
cable response for the case where no rubber penetrates the cable.

It can also be observed that composite B is stiffer than composite A for

Composite A Composite B

Figure 6: Schematic representation of composites A and B
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Figure 7: Comparison of the reaction force from composite simulation to experimental
measurements

high curvatures: when R = 6.75 mm, the reaction force of composite B is
18% more important than the one of composite A. One may assume that
this stiffening comes from local interactions between neighbor wires, due to
the bond exerted by the infiltrated matrix.

In order to understand the nature of these interactions, the relative mo-
tions of neighbor wires were investigated in the simulation without infiltrated
matrix. The displacement vector u of any material particle of wire can be
decomposed into ure + ur to discriminate longitudinal and transverse mo-
tions, e being the unit tangent vector to the wire. Relative displacements Au
between the centers of neighbor wires were then computed. The comparison
of the two components Au;, and Aur reveals that longitudinal component is
predominant. This is illustrated on figure 8, which plots both Auj; and Auy
for a couple of neighbor wires, as a function of the curvilinear abscissa s of

the bent cable. Auy, can reach a value of 50 pm. Besides, it should be noted
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Figure 8: Relative displacement between 2 neighbor wires from layers 1 and 2 as a function
of curvilinear abscissa - R = 7mm

that the presence of rubber outside of the cable limits radial relative displace-
ments and that the bent cable remains compact. The transverse component
Aur derives from the rotation of wires around their neighbors, whose angle
doesn’t exceed 3°. These results are consistent with previous works [5], and
confirm that the mechanical response of the cable is governed by longitudinal
inter-wire motions when subjected to a bending loading.

Thus, it seems reasonable to think that the local interactions between
neighbor wires and infiltrated matrix are mainly induced by inter-wire lon-

gitudinal displacements.

The introduction of a 3D mesh of rubber inside the cable is not convenient
considering the different scales involved. Indeed, rubber thickness can reach
values of about 1pm between wires, whereas specimens’s section is millime-

ter’s sized. Building a 3D mesh would introduce strong size gradient as well
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as a lot of degrees of freedom, meaning high computation cost. The following
section proposes a different approach to account for infiltrated matrix, based

on the study of local interactions between matrix and neighbor wires.

3. Local interactions between wires and matrix

3.1. Infiltrated matrix modelling

Considering the previous analysis of inter-wire motions, it can be assumed
that the main impact of the infiltrated matrix is the limitation of longitudi-
nal motions between neighbor wires. The latter can also be considered as a
coupling of wire displacements. It is then proposed to use junction elements,

described in 2.2, to account for local interactions between wires and matrix.

M planes {P;, Py, ..., Py}, normal to cable axis and equally spaced, are
used to generate a set of M junction elements for each pair of neighbor wires.
The junction element J ](\{ ) couples a pair of material particles £§ and &7,
belonging to two wires I and J respectively. In the initial configuration, the
positions x4 (0) and x%;(0) of these particles are defined by the intersection
of the considered wires with the normal plane Py.

For a given moment ¢, the junction element J J(\f ) i responsible for two
opposite forces applied on particles £ and £, whose magnitude F is pro-

portional to the longitudinal component of the relative displacement of the

two particles :

Ft)= K de%"])(t) — {87 (0) H (5)
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with
drd) — <XJ _ e(I,J)> (6)
N - N Ns»©N

(Z,J)

In the latter expression, e is the mean of the tangent vectors of wires I

and J at the respective positions x4, and x%.

With the present approach, the local interactions between wires and ma-
trix are described with the stiffness K. Two methods were then developed
to evaluate this stiffness. The first one is based on an analytical evaluation
of the resultant load applied to wires by the deformed matrix. This method
provides a better understanding of the influential parameters, but requires
the assumption of a linear elastic behavior within small strain framework.
The second method consists in direct FE simulations of the matrix shearing

in order to get accurate evaluations of the stiffness.

The analytical evaluation of the reaction force is first described. Let’s
suppose that the rubber between two wires is only subjected to the shearing
loading induced by the longitudinal relative displacement Auy, between two
neighbor wires. Furthermore, linear elastic behavior of the matrix as well as
small strains framework are assumed. The shear stress 7 of an elementary
volume of rubber of thickness d can therefore be expressed as 7 = pAurd,
where = E/(1 4 v) is the shear modulus.

Using the parameterization given in figure 9, the magnitude of the resul-
tant load applied by the sheared matrix to a portion of wire of length [ is

calculated with the following formula :
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/2 AuL
F = ——RdO | 7
/Qﬂaw @)

leading to :

w/2 AUL
F = deo
/_7,/2 Mdm + 2R(1 — cos(0)) R (®)

The comparison of Eq. 5 and Eq. 8 leads to the following expression for

the stiffness K:

w/2
1
K= L
e e L )

where L is the distance between two junction elements.

This analytical formulation exhibits that matrix response not only de-
pends on rubber constitutive behavior, but also on the minimum distance
between neighbor wires d,,.

However, the significant inter-wire motions resulting from the bending of

Figure 9: Parameterization of the geometry between two wires
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the composite specimen are responsible for large strain in the matrix. One
may question the validity of the strong assumptions made to evaluate K,
which are linear elastic behavior and the use of small strains framework.
This is why local FE simulations of the infiltrated matrix sheared by wire
longitudinal motions have also been performed, in order to get a more precise

method of evaluation of K and to compare the results from both approaches.

3.2. Local FE simulations of matriz shearing

In order to evaluate the response of the infiltrated matrix subjected to
the longitudinal displacements between two neighbor wires, let’s consider a
volume of rubber between two wires, of length Ly = 500 um and such as
0] < 55° (figure 10). The impact of the minimum thickness d,,, was also
investigated, and several geometries were generated with d,,, € [2 — 10] um,
coinciding with the inter-wire minimum distances measured on real speci-

mens.

Y U, us
+5.015e-03

Figure 10: Shearing of the matrix between 2 wires
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Simulations were then performed with ABAQUS/Standard. The Marlow
model from ABAQUS software was used to account for the hyperelastic be-
havior of rubber. The wires were modelled with rigid bodies, since steel wires
are much more stiffer than rubber. These rigid bodies were used to apply
boundary conditions accounting for a longitudinal displacement of the upper
wire. All the degrees of freedom of the lower rigid body were locked, whereas
a translation Awuy was applied to the upper one in the wire direction. The
displacement value was set to 2.5 d,, in order to get a large strain. Rubber
was meshed with 15 elements within its thickness using linear C3D8H ele-

ments.

Figure 11 plots the resultant load F' applied by the rubber to the upper
wire as a function of the imposed displacement. The response appears to

be bilinear, with an increase of the slope of 80 % shortly after the begining

08 T T

F [N.mm™]

0 5 10 15 20 25
AuL [um]

Figure 11: Resultant load applied by the matrix to moving wires - Influence of the mini-
mum thickness
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of loading. Non-linear effects due to large strains may explain this change
of slope, which is not depicted by the analytical model. In particular, the
experimental tensile curve used by ABAQUS to describe the hyperelastic
behavior with Marlow model is not linear, and the nominal stress-strain
curve exhibits an increase of slope of 30 % beyond 25 % strain.

Nevertheless, as the change of slope occurs at the very beginning of wire
displacement, the assumption of a linear response is made, and stiffness’s K
such as F' = K Auy, are evaluated for each minimum thickness d,, by mean
of a linear regression.

These results confirm the sensitivity of the stiffness K to rubber thickness

.

The two methods of evaluation of the stiffness’s K were eventually com-
pared. To do so, stiffness’s were evaluated using the analytical method, after
adapting the integration limits in Eq. 9 in order to consider the same geome-
try with both methods. The elastic law employed for analytical evaluation
was parameterized with £ = 5.5 MPa, whose value was estimated from ten-
sile test and coincides with the secant modulus measured at 20 % strain, in
accordance with small strain hypothesis. Poisson’s ratio was set to v = 0.5
in order to account for rubber incompressibility.

The elastic law employed for analytical evaluation was parameterized with
E = 5.5 MPa, whose value was estimated from tensile test and coincides with
the secant modulus measured at 20 % strain, in accordance with small strain
hypothesis. Poisson’s ratio was set to v = 0.5 in order to account for rubber

incompressibility.
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The comparison of the stiffness’s obtained with analytical evaluations and
FE simulations is given in figure 12. The two methods provide comparable
values in spite of the different assumptions made for both cases, which gives
some credit to the obtained stiffness’s. In the following section, these stiff-
ness’s are then introduced in the composite model, in order to study the

influence of infiltrated matrix on cable behavior.

80 : :
—=—Analytical - Small strains & Hooke

" —=—ABAQUS - Large strains & Marlow

[e2]
o

KIL, IN.mm?]
N
o

N
o
T

2 4 6 8 10
d_[um]

Figure 12: Evolution of the stiffness’s K with matrix thickness d,,

4. FE simulations considering matrix infiltration

Simulations of an infiltrated specimen (composite B) were performed.
The boundary conditions and parameterization described in 2.5 were im-
posed on the composite, and junctions elements between neighbor wires were
introduced to account for infiltrated matrix. Elements stiffness’s from both

analytical calculation and simulation (figure 12) were tested.
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Figure 13 plots the force applied to the bent specimen infiltrated by the
matrix as a function of radius R, and compares the simulated results to
experimental measurements. It is observed that simulated specimens are
much more stiffer than the real one, the simulated reaction forces being
overestimated by between 45 % and 60 %. This point is discussed in section 5.

Besides, the relative difference between the two methods of evaluation of
stiffness’s K is very little compared to the difference with experiments. Thus,
analyzing both simulations would be redundant. In what follows, only the
simulation obtained with the stiffness’s K evaluated with ABAQUS simula-
tions will be used, in order to understand the impact of infiltrated matrix.
Nevertheless, one will keep in mind that this simulation is not fully repre-
sentative of the real behavior, meaning that local interactions between wires

are exacerbated and more significant than in a real composite.

5
4t
— 3
£,
L
2 L
—Exp B
7 ¢ FEM B - stiffness's K from analytical evaluations |
* FEM B - stiffness's K from ABAQUS simulations

0
6.5 7 7.5 8 8.5 9 9.5
R [mm]

Figure 13: Comparison of the forces applied to the simulated infiltrated specimens with
experimental measurements
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Relative displacements between neighbor wires were considered, since
junction elements’ main function is to limit their longitudinal components.
Figure 14 plots the relative displacements for a couple of neighbor wires as a
function of the curvilinear abscissa of the cable, and compares the results for
infiltrated and non infiltrated composites A and B. These displacements are
computed at the centers of the wires. It is possible to note the effect of the
junction elements, which induce a decrease of longitudinal inter-wire motions.
Indeed, it is observed that the highest value of the longitudinal component
is reduced by 20%. In the meantime, one can notice an increase of the
transverse motions which allow to accommodate the loading. It should be
reminded that these transverse motions are mainly due to rotations of wires
around their neighbors, which are not limited by the junction elements. In

reality, one would expect this transverse shearing of the matrix to be respon-

Au [um]

_BO Il 1 Il Il 1 1 Il
30 35 40 45 50 55 60 65 70

Figure 14: Evolution of the relative displacement between between 2 neighbor wires from
layers 1 and 2 as a function of the curvilinear abscissa - Influence of infiltrated matrix -
R =T7mm
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sible for an additional stiffening of cable, though far less significant that the

one obtained by limiting longitudinal relative displacements.

These limitations are responsible for tensions in wires. This can be seen
in figure 15, which exhibits a view of a cable section in the middle of the
bent area for both composites A and B. In order to dispose of an appropriate
scale to compare stresses from different wires and to facilitate interpretation,
the value of the longitudinal stress in the wire centerline is attributed to the
whole wire section. This results in a single color for each wire section on the
viewing, which doesn’t account for stress gradients in wire sections. For the
case of non infiltrated composite A, the bending of each wire is independent

from the bending of its neighbors. Consequently, wires are subjected to pure

Centerline Stress (MPa)

92'
100

-0

Composite A

I-]OO
-194

Composite B

Figure 15: Comparison of the distribution of wire centerlines stresses within a section of
bent cable - R = 10 mm
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bending and the stress of wire centerlines is near-zero. To the opposite, the
limitation of relative displacements between the neighbor wires of composite
B leads to a different stress distribution. It can be observed a gradient of
stress at the level of wire centerlines within the cable section, meaning that

cable behavior approaches the behavior of an homogeneous beam.

The interactions between infiltrated matrix and wires are responsible for
tensions in wires. In the following section, the impact of these tensions on the
maximum stress distribution is discussed, in order to evaluate the potential
harm from infiltrated matrix. Besides, the overestimation of the reaction

force using the infiltrated composite model is discussed.

5. Discussion

5.1. Impact of matrix penetration on the mazximum stress distribution

For the case of a bending loading, the study of cable durability requires
to pay a particular attention to the stress distribution at the surface of wires.
Indeed, these values coincide with the maximum stresses which are the most
likely to provoke damage (fatigue crack initiation for instance). When con-
sidering the infiltrated specimen, the maximum stresses do not only depend
on the evolution of stresses accross wires’ cross sections, resulting from the
bending of individual wires, but are also affected by the tensile stresses among
wires induced by the infiltrated matrix. The impact of these tensile stresses

on the maximum stress distribution at the surface of wires was investigated.

The infiltrated composite models previously described do not provide a
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stress state representative of the real bent specimen, as indicated by the
overestimation of the reaction force observed in 4. In order to get a more
precise stress distribution for composite B, additional simulations have been
performed, looking for a match between the simulated reaction force and
the experimental measurements by varying the stiffness’s values of the junc-
tion elements within a lower range. In a first approach, a unique value of
the parameter K /Ly was set for all the junction elements. A satisfying fit
with experimental data has eventually been obtained by setting K /Ly to
10 N.mim™!, as it can be observed in figure 16. One can therefore assume
that this simulation provides a more realistic stress distribution than the
ones based on the junction elements’ models presented in 3. Nevertheless, it
should be kept in mind that since the stiffness of the junction elements does
not depend on the distance between neighbor wires, the stress distribution

does not strictly correspond to the real situation.
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Figure 16: Fitting of the force derived by simulation of composite B with experimental
measurements
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In what follows, this last simulation is analyzed since it is the most rep-
resentative of the real bent specimen. However, infiltrated composite simu-
lation obtained in 4 with stiffness’s identified from FE simulations of matrix
shearing is still considered. By doing so, it is intended to have a better un-
derstanding, since the influence of infiltrated matrix on the maximum stress
distribution is exacerbated. Thus, one will discriminate composite B1 from
composite B2, referring respectively to the simulation presented in 4 and to

the simulation fitting experimental data.

Figure 17 plots the maximum stress distribution associated to composite
B1 for R = 10 mm, obtained by considering the maximum stress value in
the section of each finite-element node of wire within a cable portion of
length 10 mm in the middle of the bent area. The core wire, whose material
properties are different from helical wires, is treated separately.

One observes that infiltrated matrix is responsible for a widening of the
stress distribution of layers 2 and 3, whereas layer 1 (core wire) is not affected.
It should be noted that this result is consistent with the absence of tension
in layer 1, as observed in figure 15.

The impact of matrix penetration on this distribution has been quantified
then. Since the distribution from layer 1 is not affected, only the distributions
associated to layers 2 and 3 were analyzed. For a given distribution one may
consider the top decile T}, which is the stress value which is only reached
or exceeded by 10% of the elements of the distribution. This quantity is
interesting since it provides information about the higher stresses, which are

likely to initiate damage. The ratio T} /T7 of the deciles from distributions
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Figure 17: Distribution of the maximum stress in wire sections - R = 10 mm - Comparison
of infiltrated composite B1 (high stiffness’s K evaluated in section 3) to non infiltrated
composite.

of composites A and B is eventually computed to quantify the increase of the

higher stresses of the distribution.

Figure 18 plots the evolution of this ratio as a function of the radius
R of bent specimens. Computations have been made using composite Bl
from the one hand, and composite B2 on the other one. When considering
composite B1, it is observed that the increase of the higher stresses can reach
until 7%, even though the plotted ratio decreases for high curvatures. When

considering composite B2, the extreme values of the distribution are far less
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Figure 18: Quantification of the increase of stress due to the presence of infiltrated ma-
trix in composites B1 (high stiffness’s K evaluated in section 3) and B2 (stiffness’s K
representative of the real composite)

impacted by matrix penetration: the increase of the higher stresses doesn’t
exceed 2% and barely depends on the radius R.

Thus, when considering the infiltrated composite from this study, matrix
penetration doesn’t have much influence on the higher stresses in wires. It is
responsible for a non negligible increase of bending stiffness though, reflected
by an increase of 18 % of the measured force on the bending device.

Besides, comparisons between composites B1 and B2 points out that in-
creasing rubber stiffness is responsible for an increase of the higher stresses
in wires. Depending on rubber properties, matrix penetration could have a
detrimental effect on fatigue properties of composite specimens subjected to

a bending loading.
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5.2. Limatations of infiltrated matriz modelling

As already mentioned, both methods proposed in 3 to evaluate the stiff-
ness’s of junction elements lead to overestimated values. The following dis-

cusses the possible reasons for these differences.

It has been observed in 3 that the bending of a composite leads to sig-
nificant inter-wire motions that can reach until 50 pm. For such cases, the
thinner areas in infiltrated matrix are subjected to very high shear strains,
which might induce damage at a microscopic scale. Such phenomena are
likely to modify the mechanical properties of rubber, which is not accounted
in the models proposed to evaluate the stiffness’s K. Thus, the present over-
estimation of stiffness’s might be explained by the non consideration of a
change of the local mechanical properties of rubber in the thinner parts of
infiltrated areas.

The difference could also be attributed to the manufacturing process,
which could imply a different mechanical behavior of the infiltrated matrix
compared to bulk matrix (presence of non penetrated areas, uncontrolled

pressure conditions during rubber vulcanization, etc...).

Nevertheless, it should be highlighted that the values of K /L predicted
by the methods presented in 3 are of the same order of magnitude as the
one used to fit experimental data. This gives credence to the interpretation

proposed in this work about the influence of infiltrated matrix.
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6. Conclusions

The results of this work can be summarized as follows:

1. A finite-element model coupling a cable beam model with a 3D mesh
of rubber matrix around the cable has been presented, tested and val-
idated against experimental measurements.

2. An experimental device has been specifically developed to bend com-
posite specimens. An accurate measure of the reaction force applied
to specimens for severe bending was carried out. Experimental mea-
surements revealed that composites fully infiltrated by matrix have a
higher bending stiffness than non infiltrated ones.

3. A validation procedure was developed, based on the measure of the
reaction force on the experimental device. In particular, the error as-
sociated to the contribution of rubber to the force in the composite
model was found to be negligible, which made it possible to validate
directly the cable response of non infiltrated composite.

4. Tt was proposed to account for infiltrated matrix in composite model
by coupling the relative displacements of neighbor wires, assuming that
wire-matrix interactions limit inter-wire motions. The coupling was
parameterized with stiffness’s depending on the thickness of matrix
between wires. Two methods based on the analysis of the shearing of
the matrix between wires were proposed to evaluate these stiffness’s,
and lead to similar values.

5. Simulations of fully infiltrated specimen exhibited global responses
higher than experimental measurements. This overestimation could

be attributed to a possible change of the mechanical properties of the
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rubber subjected to large strains in the thinner areas, which is not ac-
counted in the model. A good agreement with the experimental curve
was eventually obtained by adjusting stiffness’s values.

6. The impact of infiltrated matrix was analyzed. Local interactions bet-
ween neighbor wires induce tensions in wires, resulting in a shift of the
neutral axis of wires. As a result, the higher stresses at the surface of

wires increase.

As a final remark, it is worth noting that even if the approach presented
in this work has been developed using only one cable architecture, it could
also be applied to other cable geometries to study the impact of matrix

penetration.
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