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ABSTRACT
This paper presents the local strain analysis in-a thermoplastic 5-harness satin weave
composite under uni-axial static tensile load using meso-FE simulations. In order to
predict the local strain profiles as observed in the experiments (Part I) at various locations
of the composite, different unit cell stacking models with appropriate boundary
conditions are used for the FE analysis. Apart from the calculation of local strain values
at different locations (inside / traction free surface) of the composite laminate, the aim of
the numerical simulations is to understand the ‘shadowing’ effects of the internal ply
shifting .on the surface strain behaviour of a 5-harness satin weave composite.
Comparison of the experimental local strain values (Part I) at various locations of the

satin weave composite reveals that the effects of local yarn constraints are negligible on

the local longitudinal strain behavior of the composite.
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However, local stress-strain profiles obtained from unit cell meso-FE simulations indicate
that the longitudinal strain and the transverse stress distribution in the weft yarn at the
yarn crimp location is sensitive to the unit cell stacking as well as to the applied boundary

conditions to the unit cell.

Keywords: A. Textile composites; D. Local strain analysis; D. Meso-FE modeling; D.

embedded sensors; D. Digital image correlation

1. Introduction

From the analysis of the heterogeneous strain fields in textile composites, recent
publications [1-3] underscore the importance of the accurate prediction of local strain
profiles and the corresponding spatial strain distribution. Based on the evaluation of local
strain profiles and gradients, reliable predictions of the damage initiation and strength can
be accomplished. In this regard, developing a unit cell computational model which can
predict the local strain profiles as observed in the experiments can be a challenging task.
Previous research work [4-6] in this area dealt with the FE analysis of a single unit cell
using infinite laminate boundary conditions. However, comparison of the experimental
strain profiles with the meso-FE strain profiles [1, 2, 7-9] leads to the conclusion that it is
difficult to achieve an exact correspondence between the ideal unit cell computational
stress-strain profiles compared to the shifted (nested) and more complicated composite

laminates used in the experimental analysis.



In the process of improving the traditional unit cell FE simulations, Owens et al. [10]
accomplished the unit cell FE analysis using finite and infinite laminate conditions. The
above mentioned work concludes that there is a substantial difference in the stress
distribution between the laminate outer and inner layers. Moreover, finite and infinite
laminate unit cell FE analysis by Ivanov et al. [11] leads to the conclusion that local
stress-strain patterns in a textile composite unit cell depend on: 1) yarn placement in the
unit cell [4]; 2) number of plies in the laminate; 3) stacking sequence (internal yarn
nesting). In addition, conventional meso-FE analysis employs boundary conditions to the
unit cell of a textile composite on the assumption of periodicity in the thickness direction.
In this case, the stress (strain) concentration can be drastically underestimated, especially
in the outer plies. From the experimental local strain analysis of a controlled stacked (in-
phase) plain weave laminate, Lee et al. [12] concluded that the yarn undulation (yarn
crimp) effects are smoothened for the laminate inner layers compared to the surface
layers, indicating the possible difference in strain profiles inside the laminate compared

to the traction free surface.

Based on the above observations from the literature, detailed local strain analysis in the
plies of a S-harness satin weave composite is accomplished using the unit cell FE
simulations as outlined in the current section: 1) computation of the local strain profiles
inside the laminate is accomplished with the well established meso-FE procedure i.e.

single unit cell with 3D PBCs (Periodic Boundary Conditions).



Later, the computed numerical strain profiles are compared to the fibre optic local strains
obtained from the laminate inner layers (Part I); 2) in order to compute the surface strain
profiles, initially, single unit cell with in-plane PBCs is used for the FE analysis.
However, comparison of the single unit cell FE strain profiles and contours to the surface
strain measurements obtained from the digital image correlation (DIC) reveals that
neither 3D PBCs nor in-plane PBCs applied to the single unit cell are capable of
capturing the local surface strain behaviour both qualitatively (spatial strain distribution)

and quantitatively (local strain values) comparable to the DIC strain results.

In order to capture the ‘shadowing’ effects caused by internal ply shift of the beneath
layers on the surface strain pattern, different unit cell stacks were created as explained in
[13]. The aforementioned study shows that the increase in tension / bending coupling
effects at the yarn crimp location for different ply stacking configurations will reduce the
effective elastic modulus. And the order of the calculated numerical effective elastic
constants for different unit cell stacking configurations in the ascending order is as
follows: “cross-ply > random phase stacking > out-of-phase stacking > iso-phase stacking
> single lamina”. Based on the above conclusions, instead of computing the surface strain
profile using infinite laminate conditions, different unit cell stacks were created with

various local ply configurations.



The underlying principle in the FE analysis of the unit cell stacks with various ply
configurations relies on the fact that, by allowing or constraining the yarn undulation in
different degrees at the yarn crimp location, FE analysis of the different unit cell stacks
combined with appropriate boundary conditions provides an insight into the variation of
the local strain values in a carbon-PPS 5-harness satin weave composite. In addition,
variations in maximum and minimum strain locations can be determined at different

locations of the unit cell.

2. FE local strain analysis and comparison with the experimental

results

2.1. Local strain analysis inside the laminate

In order to start the meso-FE simulations, construction of the unit cell geometrical model
and translation into FE mesh is accomplished as explained in [14] and briefly described
as follows : 1) variation of the internal yarn dimensions in the 5-satin weave composite is
quantified using the micro-CT analysis; 2) along with the carbon fibre data, the obtained
textile parameters from the micro-CT measurements (Table 1) are used as an input to the
unit cell geometrical modeler software ‘WiseTex’ [6, 15]; 3) finally, the ‘WiseTex’
generated unit cell geometrical model is translated into FE mesh and filled with the

matrix mesh in the ‘MeshTex’ software [6].



The ‘MeshTex’ generated unit cell FE model in the form of nodal and element
information is transferred to the commercial FE software ABAQUS, and assigned with
the linear brick element (C3D8) for the numerical simulations. The entire unit cell model

used for the FE simulations consists of 53200 solid elements (Figure 1a).

In order to accomplish the FE simulations, the micro-mechanical (UD) material
properties of the carbon-PPS representing the homogenized material properties of the
impregnated yarn (Table 2) are derived from the individual elastic properties of the
carbon fibre and PPS matrix using the Chamis [16] analytical homogenization formulas.
The obtained homogenized micro-mechanical material properties are assigned to the yarn
cross-sections in their local coordinate ‘system to account for the yarn crimp in the FE
model. In order to simulate the local strain behavior in the laminate inner layers, 3D
PBCs [6, 17] are applied to the unit cell FE mesh. As explained in Part I, in order to
calculate the local strains in the elastic regime and to compare with experimental fibre
optic sensor results, an average tensile strain of 0.2% is applied to the unit cell in the

warp yarn direction (Figure 1a) and the results are discussed in the current section.

The local strain pattern on the scale of a single unit cell with the matrix as well as on the
reinforcement is shown in Figure 1(a, b). Figure 1c depicts the local longitudinal strain
profile plotted over the length of the unit cell in the load carrying direction from one yarn

crimp to the other as marked with the dotted line in Figure 1a.



From Figure 1(a, ¢), it is evident that the maximum tensile strain (0.27%) in the unit cell
occurs at the edges of the weft yarn at the yarn crimp location. The minimum local strain
(0.17%) in the entire unit cell is detected in the resin pockets at the geometrical transition
location between the yarn crimp (weft) to the straight yarn location (warp). Finally, along
the straight portion of the load carrying warp yarn, the mean strain around 0.18-0.19% is
observed. Comparison of the FE local strains with the FOS (Fibre Optic Sensor) results
measured in the laminate inner layers (Table 3) shows good correlation starting from the

maximum to the minimum values.

Based on the heuristic approach, it is assumed that the local strain values measured from
the optical fibre sensor inside the laminate (maximum, minimum) belong to the same
locations as observed in the unit cell FE analysis. Moreover, comparison of the
experimental (surface) and numerical (3D PBCs-inside the laminate) local strain profiles
(Figure 1c¢) shows that, quantitatively, the predicted FE local strain values are within the
close limits of the experimental surface strain values. However, comparison of the
experimental (Figure 3) and numerical strain spatial distribution (Figure 1a) indicates that
there is a difference in the maximum and minimum strain locations. The obtained
difference in the spatial strain distribution between the experiment and numerical
simulations is manifested by a change in the local strain profiles (Figure 1c). The above
obtained qualitative difference underscores the necessity for improvement in the unit cell

FE procedure used for the surface local strain analysis.



In order to understand the difference between computed (inner) local strain profile and
the experimental local surface strain profiles (DIC), a unit cell stack should be developed
with the internal yarn shifting (nesting) that is present in a textile laminate. Consequently,
BC’s used for the FEA should be changed according to the BC’s that are prevailing on
the composite laminate under the experimental tensile test. However, producing a unit
cell stack with all shifting (nesting) details that are present in a textile laminate is
practically not feasible. The above mentioned problem can be circumvented by creating
different unit cell stacking configurations for the FE analysis as explained in [13, 18].
Apart from the computation of the local strain profiles at various locations of the
composite, different unit cell stack FE analyses provide an insight into the effect of

internal yarn shifting (nesting) on the local surface strain pattern.

2.2, Local strain analysis on the laminate traction free surface

As explained in the previous section, for the calculation of local strain profiles in the
elastic strain regime on the unit cell traction free surface, an average tensile strain of
0.5% 1s applied to the unit cell in the warp yarn direction. The results are discussed in the

current section.

Initially, for the simulation of the surface strain profile, FE analysis is started with a
single unit cell using in-plane periodic boundary conditions. Comparison of the FE local

strain values with the DIC local strains at the average tensile strain of 0.5% (Figure 2b)



shows that the single unit cell FE analysis predicts 50% higher local strain at the yarn
crimp location compared to the DIC results. The difference in the local strain values
between the numerical and experimental results can be attributed to the large
tension/bending coupling effects caused by the unrestricted yarn undulation in a single
ply lamina [12]. However, FE (Figure 2a) and DIC (Figure 3) strain contours show that
the maximum local strain occurs at the centre of the weft yarn at the yarn crimp location.
Therefore, in order to keep the surface layer under traction free condition, and at the same
time to provide the support in the form of adjacent layers in the unit cell thickness
direction, investigation of the local surface strain analysis is accomplished by using the

following unit cell stacks [13, 19].

e Unit cell stack with in-phase stacking
e Unit cell stack with step stacking

e Unit cell stack with out-of-phase stacking

In the in-phase stacking, unit cells are placed in such a way that the anticipated
displacement at the yarn crimp location is compatible and in-phase [9] as shown by the
arrows in Figure 4a. In contrast, for the out-of-phase stacking (Figure 4b) the anticipated
displacement at the yarn crimp is not compatible and will act to reduce displacement of
the weft yarn at the yarn crimp location. In case of step stacking, the yarn crimps of the

unit cells are placed to form steps as shown in Figure 4c.
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In the above mentioned three unit cell stacks, in-phase and step stacking unit cell models
are created using the ‘WiseTex’ software [15, 20]. Where as the third model (out-of-
phase stacking) is developed using python script (‘Pyformex’ [21]) by performing series
of translational and rotational operations on the single unit cell FE mesh obtained from
‘MeshTex’. Moreover, nodes at the joining faces of the unit cells are tied to each other so

that the perfect bonding is assured between the unit cells.

Choosing four unit cells in the stack (Figure 4a-c) from the laminate of eight layers, FE
analysis of the unit cell stack is accomplished using in-plane periodic boundary
conditions [22]. In addition, symmetry boundary conditions are applied at the bottom xz-
surface and the top xz surface is allowed to deform in the out-of-plane direction (Figure
4a). Using different unit cell stacks along with the above specified boundary conditions,
FE simulation of the unit cell stacks is accomplished at 0.5% of the average tensile strain

and results are presented here.

Comparison of the experimental (Figure 3) and numerical surface strain contours (Figure
4a-c) show that, in correlation with the DIC and the single unit cell (2D PBC) FE strain
contours, in-phase unit cell stack (Figure 4a) predicts the maximum strain at the centre of
the weft yarn at the yarn crimp location. Moreover, it is also evident that the change in
the unit cell stack and the applied BC’s causes the shift in the maximum strain location

from centre to the edge of the weft yarn for the other two unit cell stacks (Figure 4 b, c).
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Figure 5 (a, b) compares the experimental strain profiles with the numerical longitudinal

surface strain profiles obtained from the different unit cell stacks. As shown in Figure 5a,

the variation in the numerical local strains on the unit cell traction free surface is

summarized as follows:

Depending on the unit cell stacking and boundary conditions used for the FE
simulation, the maximum strain location on the weft yarn at the yarn crimp
location changes from the centre to the edge. Comparison of local longitudinal
strain profiles computed from different unit cell stacks (Table 3) gives the
following order of local strain at the yarn crimp location (first part): single unit
cell (2D PBC) > in-phase stacking > step stacking > single unit cell with 3D PBC

> out-of-phase stacking.

The second part of the strain profile is associated with the minimum strain value
adjacent to the yarn crimp location. The obtained minimum strain values from the
different unit cell stacks as well the experimental techniques show very good

correlation.

The final part of the strain profile belongs to the straight portion of the load
carrying warp yarn, whose value from all the measurements varies in between

0.48-0.53%.
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Figure 5c presents the comparison between the experimental and numerical local
transverse strain, which shows good correlation for all unit cell stacks. As observed in the
experiments, meso-FE simulations predict the positive transverse strain on the weft yarn
at the yarn crimp location. And the resin pockets as well as the straight position of the
warp yarns sustain the compressive transverse strain due to the Poisson’s effect.
Moreover, it should be noted that each yarn in the above mentioned unit cell stacks
contains four or more elements over its cross section. In-phase and step stacking unit cell
models contain 78500 elements, where as the out-of-phase model contains 319200
elements. Regarding the effect of mesh density on the local strain behavior, Lomov et al.
[2] concludes that the mesh density shows minor influence on the local strain behavior.
Also, from the investigation of the effect of mesh density on the unit cell local stress
behavior [14] it appears that when the yarn contains four or more elements over its cross-

section, the local stress behaviour converges to the same value.

In the process of investigating the local stress components that are responsible for the
sequential weft yarn damage in the carbon-PPS 5-harness satin weave composite, local
stress analysis is conducted. From the cumulative AE energy curve and the microscopic
damage analysis of the carbon-PPS satin weave composite, it was concluded that the weft
yarn damage in the plies of a satin weave composite is a sequential process [23].
However, experimental local strain analysis (Part I) concludes that there is hardly any

influence of the internal yarn shifting (nesting) on the local longitudinal strain behavior.
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In order to investigate the stress component that causes the sequential damage in the satin
weave composite, local stress analysis is conducted anond the results are discussed in the
current sect. In correlation with the experimental observations of the local longitudinal
strain, the local longitudinal stress analysis in the laminate inner layers as well‘as on the
unit cell traction free surface shows very good correlation (Figure 6a). However, at the
applied average tensile strain of 0.5%, there is a difference of 23% in the local transverse
stress for weft yarns at the yarn crimp location between the infinite laminate and the

finite laminate with out-of-phase stacking(Figure 6b).

3. CONCLUSION

In the previous paper (Part I), an experimental procedure has been introduced for the
analysis of local strain behavior in the plies of a thermo-plastic carbon-PPS satin weave
composite under uni-axial static tensile load. In order to understand the influence of ply
stacking (nesting) on the local strain behavior of the satin weave composite, meso-FE
simulations are- performed using different unit cell stacks. Comparison of the

experimental and numerical results leads to the following conclusions:

e Local strain profiles are sensitive to the unit cell geometrical model as well as the

applied boundary conditions to the unit cell.



14

e Comparison of the experimental and numerical surface strain results implies that,
by restricting the yarn undulation effects using 3D PBCs or shifting of the beneath
layers in the unit cell stack, quantitatively, the numerical surface strain results
approach to the experimental results. However, the maximum strainlocations
obtained from FE simulations differ from those of the experimental strain

contours.

e From the local stress analysis on different unit cell models, it is evident that the
weft yarn transverse stress is sensitive to the ply position in the laminate along
with the out-of-plane shear stress [14]. The variation in the local transverse stress
at the yarn crimp location causes the sequential weft yarn damage according to

the ply position in the laminate.

As a summary, the present communication emphasizes the effect of internal yarn shifting
(nesting) on the local strain behavior of a satin weave composite. To predict the FE local
surface strains both qualitatively and quantitatively comparable to experimental results,
unit cell geometry with maximum ply shift should be developed. However, it is a tedious
process to develop a full scale unit cell stack with the detailed internal yarn nesting for
the computational purpose. As a consequence, it is imperative to develop the above
explained unit cell stacks to obtain an insight into the maximum and minimum limits for

the surface local strain profiles as well as the variation in local strain contours.
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Table 1. Input data for the unit cell geometrical modeler software 'WiseTex'.
WiseTex input data at fabric level
Property 5 harness satin weave warp | 5 harness satin weave weft
Yarn 198 tex
Number of measurements 20 20
Yarn width (mm) 1.31+0.01 1.32+0.08
Yarn thickness (mm) 0.162+0.01 0.161 +0.06
Yarn spacing (mm) 1.50+0.04 1.49+0.07
WiseTex input data at fibre level
TEX (g/km) 198
Yarn filament count 3000
Filament diameter (mm) 0.007
Carbon fibre density (g/cm’) 1.75
Table 2. T300 JB carbon fibre, PPS elastic and strength properties.
1300 JB carbon fibre | PPS (PolyPhenelyene Sulphide)
Elastic properties
Longitudinal modulus E,,, GPa 231 Modulus of elasticity E , 3.8
GPa
Transverse modulus E,,, GPa 28 Shear modulus G, GPa 1.38
In-plane shear modulus G,,, GPa 24 Poisson’s ratio v 0.37
Transverse shear modulus G,,, GPa 10.7
In-plane Poisson’s ratio v, 0.26
Transverse Poisson’s ratio v, 0.39
Homogenized elastic properties of the carbon-PPS impregnated yarn
E22 ’
— E] 1 GIZ ’ G23 ’
#r =07 (Graj | ! G]P | [GPa] [GPa] e =
Chamis micro
mechanical 162.60 13.70 6.50 5.07 0.29 0.35
homogenization
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Table 3 Comparison of the local strain values - experiment vs. numerical
simulations.
Inside the laminate Laminate surface
Max, % Min, % Max, % Min, %
FBG’s —strain inside the
laminate - 0.2% 0.25 0.16 -NA- -NA-
Single unit cell -3D PBC 0.27 0.17 _NA- _NA-
0.2%
Single unit cell -3D PBC 0.65 0.47 _NA- _NA-
0.5%
LIMESS (DIC) - Surface |y, NA- 0.58:0.62 | 043046
strain 0.5%
Single unit cell -2D PBC _NA- _NA- 1.4% 0.1%
0.5%
4 Unit cells — out-of-
phase stacking 0.5% -NA- -NA- 0.65 0.44
4 Unit cells = step -NA- -NA- 0.65-0.0.69 | 0.32-0.44
stacking 0.5%
4 Unit cells — in-phase _NA- NA. 0.73 0.35

stacking 0.5%




a)

b)

E, E11 (CSY5-1)
+1,0278-02
+3.2008-03
+2.8918-03
+2,5826-03
+2.2738-03
+1.964¢-03
+1.6558-03
+1.3478-03
+1.0382-03

E, E11 (C5YS-1)
+3.273e-03
+3.000e-03
+2.8452-03
+2.690e-03
+2.5352-03
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Experiment (DIC)

Figure 1.

Single unit cell FE analysis with infinite 1
conditions: a) longitudinal strain contours on the matrix surface; b)

longitudinal strain contours on the reinforcemen
the experimental (surface) and numerical (inner)
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aminate boundary

t; ¢) comparison of
local strain profiles
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Figure 2. Single unit cell FE analysis with in-plane PBC: a) strain contour on
the unit cell surface; b) comparison of the experimental and numerical strain
profiles at <0.5%>

26.6°
exx [1]- 16 fiter
0.0092265 0.01529
Figure 3 Surface strain profile obtained from DIC at the average tensile strain

of 1.19%.
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step stacking (2D PBC and Z-symmetry at bottom surface, top surface

stacking; b) 4 unit cells with out-of-phase stacking; c¢) 4 unit cells with
is traction free).

Unit cell stack FE analysis at <0.5%>: a) 4 unit cells with in-phase

Figure 4.
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Distance between one yarn crimp, mm (Load direction)
b)
Strain at the yarn crimp (1) Strain at the flat yarn (3) Strain in the matrix

Single unit cell - 2D PBC 1.4% Single unit cell - 2D PBC 0.5% Single unit cell - 2DPBC  0.1%
In-phase stacking 0.73% In-phase stacking 0.48% In-phase stacking 0.35%
Out-of-phase stacking ~ 0.65% Out-of-phase stacking ~ 0.48% Out-of-phase stacking 0.44%
Step — stacking 0.65 - 0.69 % Step — stacking 0.5% Step — stacking 0.32-0.42%
Experiment [LIMESS]  0.59-0.62% Experiment [LIMESS] 0.48-0.53% Experiment [LIMESS] 0.45-0.46%
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Distance between one yarn crimp, mm (Load direction)

Comparison of experimental and numerical local strain profiles at
0.5% average tensile strain: a, b) Comparison of longitudinal local
strain profiles & strain locations; ¢) Comparison of transverse local
strain profiles experiment vs. simulation.
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Figure 6. Comparison of the local stress profiles at an average strain of 0.5%
strain: a) local longitudinal stress profiles; b) local transverse stress
profiles.



