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Abstract

The paper investigates feasibility of application of mesh superposition method (MSP) to damage
modeling of textile composites on an example of a woven laminate. The geometrical model of yarns is
created using WiseTex software. The yarns and matrix meshes are superimposed using embedded
element technique. Damage initiation and development under tensile loading and the resulting stress-
strain curves are simulated using continuous damage mechanics approach based on Puck damage
criterion and Zinoviev-type damage variables. There was a good agreemenet between the FE
simulations and experimental results.

1. INTRODUCTION

Meso-scale finite element (FE) modeling is key to numerical simulation of textile composites in linear
and non-linear material behavior. These include stiffness, strength and damage properties, for
example. The prevailing method in meso-FE modeling of composite is the “full” or continuum mesh
method [1-3]. In this approach, the volume continuity of the reinforcement and matrix are preserved.
To do so, the Boolean operation is applied to the matrix volume while unit cell modeling. However,
difficulties with quality meshing of the matrix volume near the matrix/ reinforcement interface and
surface penetrations are the main drawback of the continuum mesh method in meso-FE modeling of
textile composites [1-3]. A further modeling technique, the mesh superposition method (MSP) or non-
continuum mesh method presents a radical solution of the meshing problems in FE models of
heterogeneous materials. In the MSP method, the reinforcement mesh is placed inside the matrix
mesh and a ““coupling equation’” is created to define a relation between the degrees of freedom of the
two meshes [4]. The embedded elements called also “superimposed meshes”; were developed by
Ortiz et al. [5] to enhance the performance of isoparametric elements in numerical modelling of
localized deformations. The strain localization refers to a condition when the deformation
concentrates in a band, namely the “shear band” due to the constitutive behaviour of the material.
There is strain discontinuity in the boundary elements of shear band crossing the isoparametric
elements [5]. To simulate the localized shear band problem numerically, Oritz et al. [5] extended the
element interpolation by adding proper shape functions. Therefore, the added shape functions created
a “non-conforming” element that did not satisfy the C° continuity across the element boundary [6]. To
eliminate the extra DOF’s the static condensation [7] method was implemented. However, the
proposed method for shear band localization modelling was limited to “small displacement” gradient
theory and “rate-independent” material behaviour. Belytschko and Fish [8-9] developed Oritz’s shear
band concept incorporating the strain fields both in the localized region and rest of elements. The
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difference with Oritz’s method was that the strain fields were considered as a localization band rather
than a strain discontinuity.

Fish and Belytschko [9] extended the shear band approach for large deformation problems. They
developed consistent relations for nodal force and stiffness matrix of localized elements. In the
following, Fish introduced the “s-version” of finite element method [10] to resolve the structure of
functions with high gradients such as crack propagation in solids and shocks in fluid mechanics since
the uniform meshes in such regions need enormous amounts of elements and the computational cost is
high [10]. Zako et.al [11-12] proposed a “M** (M-cube) method based on the superposition technique
for multi-scale modelling of a plain weave [11] and a stitched fabric composites[12]. They
discretized the domain of analysis into three different scales: micro, meso, and macro. Each scale is
meshed separately; the full finite element stiffness matrix is created as superposition of the stiffness
matrices for the different scales. Kurashiki et.al [13], Honda et.al [14], Ohyama, and et.al [15]
advanced the M-cube method to damage modelling of woven, non-crimp and braided composites.
Jiang [16] proposed the “domain superposition technique (DST)” for woven composites modelling.
In the DST the reinforcement parts and matrix are meshed separately and then superimposed by
applying coupling equations to produce a combined model. The results of DST were compared with
the full model for a plain weave composite with satisfactory results for stiffness and stress pattern
even with rough meshes for DST. However, the full homogenised stiffness matrix of the composite
was not investigated, the comparison of the local stress fields was carried on only superficially and
other textile structures were not studied. larve et al. [17-18] proposed the independent mesh method
(IMM) to model the complex geometries in the composites using the combination of direct and voxel-
based meshes. In this method the tows and matrix were meshed independently and then superimposed
to each other without requiring the conventional 3D meshing. To eliminate the volume redundancy
the shape functions in the redundant regions were disregarded.

In the present work, to investigate the application of the MSP method in damage modelling of textile
composites, 2D plain weave E-glass composite detailed studied experimentally [19-20] was used as a
benchmark. The aim is to implement the well-known and accurate damage algorithms for simulation
of intra-yarn crack initiation and propagation as well as matrix material degradation in the meso-
scale. The composite was modeled in WiseTex [21-22] based on geometrical description and
transformed into a finite element model for stiffness and damage calculations. The numerical
simulations under different loading directions such as warp/weft and bias direction were compared
with the experimental results [19-20].

2. MODEL DESCRIPTION

A single ply of a 2D plain weave glass/epoxy composite is initially created in WiseTex [21-22] based
on the geometrical information provided in [19-20]. The modelled yarn volumes are imported to
ABAQUS using a Python script. The single ply is stacked up with [0/90/90/0] sequences to build up a
multi-layer configuration (see Figure 1). A unit cell volume with flat faces is created by cutting off the
“excess” parts of the yarns; the overall fibre volume fraction in the composite is preserved. The unit
cell dimension is 12.5x10.26%2.45 (mm) with the strength properties for the matrix and yarns given in
Table 1 [23]. The intra-yarn and overall fibre volume fractions were 75% and 52% respectively. The
homogenised elastic properties of the yarn material are E; = 54.4 GPa, E; = E3 = 14.7 GPa, vip- vi3 =
0.255, vp3 = 0.422, G12 = Gi3= 5.91 GPa, Gy = 5.18 GPa (axis 1 corresponds to the local yarn axis
direction) and for the matrix material E = 2.9 GPa and v = 0.35.

The matrix box is modelled and superimposed with the yarns using the “embedded element (EE)”
constraint to relate the spatial DOF’s of the yarns and matrix. Both of the host and guest parts are
meshed separately with 8-node hexahedral, reduced integration elements (see Figure 1 ). The average
aspect ratio of elements in yarns and matrix was 1.83 and 1.01, respectively. In addition, to investigate
the mesh sensitivity in damage simulations, three different configurations: rough, fine and the finest
meshes are considered. For each structure, the number of elements across the middle yarn - shown
with an arrow in Figure 2 - is 4, 11 and 18 respectively.
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Figure 1. Unit cell model of plain weave composite in (a): WiseTex and (b)-(e) ABAQUS with the
concept of embedded element method; (b) Yarns, (c) Matrix, (d) Superimposed yarns and matrix, (e)
Side view of the unit cell.

(b)
Figure 2. Mesh configurations in the multi-layer 2D plain weave glass/epoxy fabric used in damage
analysis with MSP concept: (a) meshed matrix, (b), (c) , (d) rough , fine and the fines meshes in the

(d)

yarns.

Table 1. Strength properties of yarns and matrix used in damage modelling [26].

Strength properties Impregnated

(MPa) yarns

Longitudinal tensile 1725

strength

Longitudinal compressive 620

strength

Transverse tensile 40

strength

Transverse compressive 130

strength

Shear strength 70

Strength properties Matrix

(MPa)

Tensile strength 76

Compressive strength 118

Shear strength 88

The idea of “contact algorithm” is implemented to cope with the yarn interpenetration in unit cell
modelling of textile composite [2]. To eliminate the interpenetration, “penalty” formulation with
friction coefficient of 1-10” in tangential direction and “hard contact” method with “penalty”
constraint in normal direction was applied between the surfaces of the impregnated yarns. The volume
redundancy in the unit cell created by the mesh superposition was resolved using the “stiffness
correction” approach in the redundant region proposed in [2]. The periodic boundary conditions [1]
are applied to the faces of the unit cell during warp/weft and 45° loadings considering the Poisson’s
effect in transverse to the loading directions. The unit cells are loaded to the failure strain of the
individual glass fibre that is coincident with the fabric failure in the experiments.
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3. DAMAGE ALGORITHM

The numerical simulation of progressive damage in the yarns that is based on experimental
information in the meso- scale is incorporated into the mesh superposition method. A pressure
dependent, elasto-plastic thermodynamically consistent damage model is implemented for matrix
damage simulations [24]. The intra-yarn crack initiation and propagation is modelled using
continuous damage mechanics (CDM) [25]. The CDM describes progressive stiffness degradation of
rate-independent materials during tensile loading. Based on lIvanov damage model [26] the yarn is
divided into small UD segments along the middle-line. In this way, the damage mechanics of a flat
ply lamina can be implemented in each UD segment of the yarn [26]. The stress exposure factor
(SEF) is evaluated in each UD fragment of the yarn using Puck’s action plane damage criterion to
predict the crack initiation and orientation [27]. The SEF known as the “risk of fracture” on the action
plane is calculated for different angles using the material strength properties. In addition, the SEF can
be differentiated for tensile and compressive normal stresses on the action plane as follows:

T i T i pt) ’ pt)
SEF(0)= (R_nAtJ + R—”: + R—t\‘"an +R—i‘"0n for o, <0
Ly

int 1) Ly )
2 2 2
) )
SEF(0) || —= -2 anz{f—n;J +[LJ w2 o or 6,20
RL RLW RLH Rl” RLW

where, gnis the normal stress, T, stands for the transverse/longitudinal shear stress, and T, is the
transverse/transverse shear stress on the action plane. The longitudinal and transverse directions of the

UD segments are specified by || and L subscripts. R” , Rf” and waare fracture resistances of the

action plane. The basic strengths of the material are tagged withR(”and R, .The inclination

parameters from experimentally obtained (o, 7,,)fracture curves are indicated by pi:/) and pi;/) [27].

Based on Puck’s criterion, the damage onset appears when the SEF=1 and afterward the action plane
becomes the fracture plane withg =g, .

The damage is considered as degradation of mechanical properties in the UD segment. Ladeveze
continuous damage model [28] based on energy release rate is applied as damage evolution law. The
energy release rate Y,, is defined as the fictitious damage force defined as derivative of the elastic

energy of damaged material ¥ regarding to the shear damage parameter [26]:

VN oY
le = Sup(le), le = _ad_ (2)
<t 12

where, sup(z,,) means the supremum energy release rate over time span of t. The square root in the
above relation states that the energy release rate is positive-definite and preserves the non-healing
damage condition. TheY,, value is defined using intact material stiffness constants Ci? and averaged

principal ¢ and shear ¥ strains over the UD segment as [26]:
od 1
z :“ngzz(gzngz(l—dz)+g c? +g33C§3)+E(GOZy122+G§ 7/223) (3)

12 11712 1 3
12

Murakami’s second rank stiffness tensor is used for progressive stiffness degradation [29]:
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The relation (4) shows that there are two damage parameters in the stiffness tensor for transverse and
shear degradation. These damage parameters are linked together due to symmetry of the stress tensor
proposed by Zako in[30]:

OIZ:2(1—,/1—d12) 5)

2—1-d,

Here, it is supposed that d ,is the main damage parameter and afterward the transverse damage
parameterd, can be easily obtained from relation (5) [26]. Finally, Zinoviev’s type [31] damage
evolution law proposed by Ivanov et al. [26, 32] is implemented to incorporate the damage energy

onset Y2 and evolutionY,, with the main damage parameter as:
Y i
d,= 1-J%,
Vi (6)

i 1
Y :\/822(8 C,+e,Cy +533C§3)+§(GO 72+ Gt )

22722 11712 12

The relation (6) states that the crack inside the UD segment propagates when the energy for damage

evolution is greater than the damage onset energy i.e. v, >Y?. To obtain the damage parameters,

using relation (3), (5) and (6) an iterative numerical procedure based on Newton-Raphson’s method is
used [26]. The intra-yarn damage model described in this section as well as the matrix damage model
in [24] are implemented in a FORTRAN subroutine for damage simulation of textile composites. The
user defined material subroutine (UMAT) updates the material properties of the yarns and matrix
according to the amount of damage accumulated during the FE analysis in ABAQUS.

4. RESULTS AND DISCUSSION
4.1. Warp/weft loading

The stress-strain curve in damage simulation of the multi-layer 2D plain weave composite is shown in
Figure 3 for different mesh configurations. The pattern of shear and transverse damage parameters in
the yarns is shown as well. As it’s shown, there is a good agreement between the mesh superposition
and experimental results in damage analysis of the multi-layer 2D plain weave composite in
warp/weft loading. The FE results for all mesh configurations are overlapping that shows the mesh
insensitivity of the numerical approach. The linear and non-linear material behaviour is well predicted
using the applied damage algorithm in the UMAT script. There is a linear behaviour in stress-strain
curve before crack initiation (around 0.20% of loading strain) after which the non-linearity in material
starts due to progressive degradation of the mechanical properties. The damage initiation strain (%),
first and second damage thresholds (%) are reported as 0.15+0.04, 0.26+0.04 and 0.43+0.06 in [19-
20] based on acoustic emission measurements that coincide with the numerical simulations. The
Young’s modulus is predicted almost exact in the FE simulations with 26.5 GPa while it’s 26+1.5
GPa in the experiments. The ultimate strength of the fabric is over predicted in the FE results for all
mesh configurations with around 9.5% deviation from the experiment. From 0.2% to 1.2% the density
of the transverse intra-yarn cracks increases. Then the transverse cracks span the yarn width and lead
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to the second phase of damage in textile composites known as local delamination between the fibre
bundles and matrix. The delamination growth is not captured in the mesh superposition method during
damage simulation. This is due to the fact that in the MSP method the yarns are constrained with
displacement equations and the interaction between the yarns and matrix to model the delamination is
not considered.
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mesh superposition (MSP) with different mesh configurations: (a) stress-strain curve, calculations and
experiment [19-20]; (b) shear (d12) and (c) transverse (d2) damage parameters in the yarns.

4.2. Shear loading

In this part, the damage simulation of the multi-layer 2D plain weave composite during shear loading
is validated with the experimental results. The £45° specimens were loaded during standard tensile
tests to emulate the shear behaviour of the fabric [19-20]. In FE analysis complex displacements are
applied to the faces of the multi-layered meso- unit cell. As it’s shown in Figure 4a, there is a
remarkable compatibility between the experimental and numerical results. Here, the numerical results
are reported up to 2.5% of shear strain but the experimental results reach to around 10% at the failure
point. The stress-strain curve overlaps with the experimental results in the linear region up to 0.20%
of shear strain. The shear modulus is calculated precisely in the MSP method with the amount of 12.6
GPa while G modulus is 12.20+0.40 in the experiment. From 0.25% to 0.75% of shear strain the
numerical simulations over-predict the shear stresses that can be attributed to fibre bundle alignment
along the 45° and contribution of contact stresses to avoid the interpenetrations in the MSP method. It
should be noted that the meso-FE unit cell has an ideal geometrical configuration in which the nesting
of the layers has not been considered in the simulations. As a result, a portion of the transferred load
during the FE modelling disappears in yarn adjustment. After fibre bundle alignment in 45° that
coincides with 1% of shear strain, there is a good agreement between the MSP and experimental
results. Figure 4b shows the incrementally damage evolution in the yarns based on Puck’s damage
criterion.
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Figure 4. Damage modelling of a multi-layer 2D plain weave composite in bias loading from mesh
superposition (MSP) with different mesh configurations: (a) stress-strain curve, calculations and
experiment [19-20]; (b) damage evolution parameter (Puck’s criterion) in the yarns, different loading
stages.

a

5. CONCLUSIONS
The feasibility of usage of MSP method in meso-FE damage modelling of textile composites is
confirmed after comparison with the experimental data for a glass/epoxy woven laminate. To
summarize, the MSP method opens ways to meso-FE modelling of textile composites which involves
a fast and accurate geometric representation without limitations for the numerical analysis of textile
structures in linear/non-linear region. However, the delamination modeling is not included in the MSP
method in this research that can be a subject for future work.
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