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Abstract In the current work, finite element modelling has been used to predict progressive failure of open-hole woven
glass fiber-reinforced polyester composite laminates, under tensile loading. This has been done with the aid of
multicontinuum theory, in order to extract constituents’ stress and strain components. The model was first validated using
previously published experimental results for open-hole composite laminates. After that, the effects of fiber orientation on
the laminate mechanical behavior have been examined by modelling two cases; cross-ply and angle-ply laminates. In
addition, a model without a central hole has been built for both fiber orientations, in order to evaluate the effects of the
central hole on overall stiffness and load carrying capacity. The results were explained in terms of local stress state, and
agreed with previously published experimental results.

Keywords Woven, GFRP, Orientation, FEM, Open-hole, Progressive failure

1 Introduction

Fiber-reinforced polymer (FRP) woven composites are being currently used for numerous applications, especially in
the aerospace and automobile sectors. This is mainly attributed to their high strength-to-weight ratio. The mechanical
properties of woven composites mainly depend on the fiber volume fraction, mechanical properties of fibers, matrix and
interface, and the weaving parameters (size, spacing, and undulation of strands) [1]. Different approaches have been tried
in order to determine the mechanical properties of woven composites based on those of their constituents; however, no
general theory has been identified yet. In general, woven composites are analyzed, according to the laminate theory, as an
equivalent stack of unidirectional angle-plied lamina, where the undulation effect is neglected [2,3]. Alternatively, different
analytical methods have been established that take into consideration the undulation geometry, as a sinusoidal or circular
strand, in order to predict the overall composite mechanical properties [4—8]. Finite element modelling (FEM) has been
also used in order to simulate the undulation effects, where a detailed geometry with two undulated plies is modelled, in
an effort to predict the elastic properties of woven composites [9—11]. Chun et al. [12] experimentally studied the impact
of undulations on the elastic properties of carbon/epoxy composites, under tensile loading. They fabricated unidirectional
plates with different undulation-to-fiber period ratios; i.e., cases with higher undulation-to-fiber period ratios represent
more serious undulation effects. It was found that, samples with higher undulation ratios showed significantly lower elastic
moduli. At the same time, the sample stiffness experienced progressive increase with increasing load; this was basically
attributed to the stretching effect of undulations.

As part of the mechanical characterization of composite laminate joints, the open-hole (O-Hole) tensile test (OHTT) is
used to determine their mechanical strength. The O-Hole tensile (OHT) strength is an important parameter that limits the
load carrying capability and controls the damage mechanics of those laminates, especially for riveted and bolted joints
[13]. The damage and fracture mechanisms of composite laminates containing holes are highly confounded due to the
stress concentration effects, as well as the interaction between various stress components. Since glass fiber-reinforced
polymer composite laminates are widely used in several applications, several analytical, numerical and experimental works
were carried out in order to determine their OHT strength. As an example, Belmonte et al. [14] studied the fracture and
damage growth at circular holes in woven E-glass/epoxy composite laminates, with different fiber orientation, under tensile
loading, both experimentally and analytically. They found that the notch-edge damage initiation and propagation comprised
matrix cracking, fracture of the 0° tows, delamination and longitudinal splitting. However, the tows in the fabric layers
oriented at 45° within the damage zone remained intact up to the maximum load in a tensile test. O’Higgins et al. [15]
experimentally compared the OHT strength of carbon versus glass fiber-reinforced polymers. It was found out that, the
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glass fiber samples experienced lower levels of matrix cracking in the 90° plies compared to the carbon fiber ones.

In the present work, FEM has been used to model the effects of fiber orientation on the mechanical behavior of O-Hole
plain woven glass fiber-reinforced polyester (GFRP) laminates under tensile loading. Two woven fiber orientations were
used; 0° and 45°. In addition, the effects of including a central hole were evaluated by comparing the mechanical behavior
of O-Hole samples to samples without central hole (W/O-Hole). The commercial finite element software
ABAQUS/Standard V6.12 was used, and a commercial plug-in by Autodesk “Autodesk Simulation Composite Analysis”
was employed to efficiently model progressive failure. The Multi-Continuum Theory (MCT), based on the approach
developed by Key et al. [16], was used in order to extract average individual constituent (fibers and matrix) stresses and
strains from composite stresses and strains. The model was validated using previously published experimental results by
Shindo et al. [17], for O-Hole 0° samples under tensile loading.

2 Finite Element Model
2.1 Model Description

The commercial finite element software ABAQUS/Standard V6.12 was used in the current study, along with the
Autodesk Simulation Composite Analysis (ASCA) material manager to define and handle material properties, as explained
below. The MCT approach was used to extract average individual constituent (fibers and matrix) stresses and strains from
the composite stresses and strains. Stress-based failure criterion with instantaneous material property degradation, and
displacement-controlled loading were used in all cases. Since no experimental results were available for O-Hole woven
GFRP laminates, current interest, the current model was validated using the experimental results by Shindo et al. [17] for
woven-glass fiber reinforced epoxy. Accordingly, two sets of O-Hole models were built; Model-1 for experimental
validation and Model-2 for examining the effects of fiber orientation and central hole on mechanical behavior.

In all models, a static, general step was used. Output state variables (SDVs), available in Abaqus, were requested in
order to track constituents progressive failure. Only SDV1, which is a discrete damage state variable that assigns a finite
number of discrete values between 1 and 3 to represent different modes of failure, is presented in the current paper.

2.1.1 Model-1 (Experimental Validation)

To the authors’ best of knowledge, the only available experimental results for woven O-Hole composite laminates are
those presented by Shindo et al. [17], for 0° glass/epoxy laminates. Accordingly, Model-1 was built similar to the
experimental setup presented in [17] for validation purposes. Sample geometry is similar to that of Fig. 1 with the following
dimensions: 120 x 25 x 2 mm and 4.2 mm diameter central hole. The laminate consists of 12-plain woven plies of equal
thicknesses, with fiber volume fraction (Vy) of 47%, and the material properties as shown in Table 1 and Table 2. Boundary
conditions and loading are similar to those in Fig. 1. The constituent materials properties were optimized using the ASCA
material manager.
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Dimensions are according to ASTM D5766 standard and are in mm.
Fig. 1 Open-hole model (ASTM D-5766)
Table 1. Model-1 composite material elastic properties
E\ (GPa)  E»(GPa) Ex(GPa)  Gi2(GPa)  Gi3(GPa) Gy (GPa) Vi2 Vi3 Va3
Experimental 27.9 24.1 - 6.2 - - 0.170
Modelling 27.9 27.9 11.6 5.9 3.6 3.6 0.133 0.307 0.307




Table 2. Model-1 composite material failure stresses

+0'11 (MPa) o1 (MPa) o2 (MPa)
Experimental 325 -332 108
Modelling 325 -332 108

2.1.2Model-2

This model was built as per ASTM D-5766 in order to examine the effects of fiber orientation, as well as the existence
of a central hole, on the mechanical behavior of plain woven GFRP. Figure 1 shows the sample dimensions, boundary
conditions and loading. The sample thickness is 2.5 mm, and the width-to-hole diameter ratio and the diameter-to-thickness
ratio are 6 and 2.4, respectively. Two fiber orientations were used, 0° and 45°, in order to examine the effect of fiber
orientation. In order to evaluate the effect of having a central hole, a model W/O-Hole was also built. The sample W/O-
Hole model has exactly the same dimensions as Model-2, except for the hole. The fiber volume fraction (V) is 50% for all
cases; this was based on experimental trials and previously published data [18]. It is important to note that, ASTM D-5766
does not specify the number of plies. In the current work, 4-plies laminates were modelled based on experimental trials
and data available in the literature.

The Autodesk Composite Material Manager was used to determine the mechanical properties of woven GFRP laminates
from those of unidirectional laminates. The constituents material properties were obtained from [19] and [20] for E-glass
fibers and polyester resin, respectively. Model-2 material properties are presented in Table 3 and Table 4.

Table 3. Model-2 material elastic properties

E (GPa) (cf;’;) ((]}5;; ) G1»(GPa)  Gi3(GPa) Gy (GPa) Vi2 vis Va3
Unidirectional 37.6 9.2 9.2 32 32 3.1 0.282 0.282 0.474
Woven 23.1 23.1 23.1 33 2.6 2.6 0.109 0.368 0.368
Table 4. Model-2 material failure stresses
(MPa) “oul on o1 fon on o3 o33 033 023
Unidirectional 1075 -725 118 58 -283 118 57 -285 94
Woven 134 -455 47 - - - - - -

2.1.3Mesh Description

Three dimensional eight-node brick continuum elements, with reduced integration (C3D8R) were used in all cases. The
model was partitioned, and a refined mesh was used around the central hole in order to capture steep stress gradients. Figure
2 shows a zoomed-in view of the used mesh around the hole.




Fig. 2 Open-hole model mesh

2.1.4 Multicontinuum Theory (MCT)

Conventional modelling methods treat composite lamina as homogeneous solids with uniform properties [21]. The
MCT approach incorporates the classical micromechanics-based strain decomposition technique of Hill [22] in a numerical
algorithm, which allows volume average constituent (fiber and matrix) stresses to be extracted from homogenized
composite stresses. It treats the constituents as independent, yet connected, continua and determines their responses at each
point in the structure so that failure of every constituent can be assessed [23]. Key et al. [16] used the MCT approach to
analyze woven fabric composites into three separate but linked continua; the warp bundles, fill bundles, and pure matrix
pockets. Also, they developed two progressive failure models for the analysis of plain woven composite materials [24].
They used constituent phase averaged stress fields in conjunction with a stress based and damage based failure criterion,
in order to construct a nonlinear progressive failure algorithm for the woven fabric composite material. When failure is
detected, the elastic properties of the failed constituent are degraded and, correspondingly, the composite elastic properties
are appropriately degraded [25]. It is important to note that, the fiber stiffness is instantly reduced to a small amount of
sample W/O-Hole stiffness. More details about the MCT could be found in [16,21-25].

3 Results and Discussion
3.1 Model Validation

Two critical parameters in controlling failure of composite materials when using MCT are the matrix post failure
degradation (MPFD) and fiber post failure degradation (FPFD) parameters. The post failure degradation parameter
represents the magnitude of elastic moduli — of the corresponding constituent — after failure as a fraction of their initial
values; i.e., it represents the residual stiffness after failure. As an example, a value of 0.1 means that the damaged
component retains only 10% of its original undamaged stiffness. The degradation values depend on the composite type
(woven or unidirectional), fiber/matrix combination, as well as loading conditions [26]. Since when a fiber fails it
completely losses its ability to support loads, a typical value for FPFD is 0.01. On the other hand, polymer matrices typically
fail by micro-cracking; accordingly, the matrix does not totally lose its stiffness after failure. Therefore, different MPFD
values have been used in the literature [26]. In order to choose a representative MPFD value for the current case, different
values were tried. Figure 3 presents the tensile stress-strain curves for two cases; MPFD of 0.1 and 0.7; FPFD was 0.01 in
all cases.

As can be seen, the magnitude of MPFD has no effect on the mechanical behavior before the first evidence of failure.
In addition, cases with higher MPFD values retain higher fraction of their initial stiffness after failure. These simple, and
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expected, results show that the basics of the current model work fine. Comparing the current stress-strain curves to the
experimental one shows that the case with MPFD of 0.7 closely predicts the mechanical behavior of the case under
investigation. The FE stress-strain curve predicts almost the same experimental failure stress (200 MPa); however, it over
predicts strain. In other words, it under predicts stress by about 20 MPa (less than 10% of failure stress) for the same applied
strain. Therefore, the current model is capable of capturing the mechanical behavior of plain-woven FRP O-Hole laminates
under tensile loading. After proving the validity of the current model, the same procedure was used to; 1) examine the
effects of fiber orientation on the mechanical behavior of woven O-Hole FRP laminates; and, 2) evaluate the effects of
having a central hole in these laminates (by comparing them to sample W/O-Hole).
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Fig. 3 Model-1 stress-strain curves vs. experimental results (model validation)

3.2 Model-2 Global Failure Analysis

As mentioned earlier, after proving the validity of the current model using Model-1, Model-2 was built in order to
examine the effects of fiber orientation on the mechanical behavior of plain-woven O-Hole GFRP laminates under tensile
loading. Since this portion of the work is basically a relative evaluation rather than a quantitative failure analysis, the ASCA
MPFD default value (0.1) was used here. Figure 4 presents the load/displacement response of the 0° and 45° O-Hole as
well as sample W/O-Hole GFRP laminates. From the figure, a detailed comparison could be made between different cases
with regards to load carrying capacity (Fmax) and initial stiffness (before failure onset). Figures 5 and 6 present these
comparisons, respectively, in detail.
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Fig. 4 Load-displacement curve of open-hole and sample without hole models

Figure 5 compares the load carrying capacity (Fmax) of different laminates. As can be seen, the 0° laminates — both O-
Hole and sample W/O-Hole — have higher failure loads compared to the 45° laminates.

0° W/O-Hole |45° W/O-Hole| 0° O-Hole 45° O-Hole |0° W/O-Hole | 0° O-Hole [45° W/O-Hole| 45° O-Hole
B Fmax [N] 11600 4987 7494 4212 11600 7494 4987 4212
Ratios 2.3 1 1.8 1 1.6 1 1.2 1

Fig. 5 Load carrying capacity (Fiax) of different laminates

Using simple stress transformation relations (Equation 1), the local stress components for both cases are as follows: for
0° laminates; 011 = o0, 022 = 0 and 12 = 0; for 45° laminates; o11 = 022 = 0.5 ¢ and 012 = 0.5 o. Since the fibers of the 45°
laminates are subjected to a stress level that is half of that acting on the 0° fibers, and the matrix of the former laminates is
subjected to shear stress (o12) while that of the latter is not; therefore, the 45° laminates failure would be matrix dominated
compared to the 0° laminates (since the matrix is much weaker than the fibers). In addition, 50% of the fibers in the 0°
laminates are aligned with load. This explains why the 0° laminates have higher load carrying capacity compared to the 45°

laminate.
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where m =cos 0 and n =sin 0, 0 is the angle between global (X-Y) and local (1-2) coordinate systems, as shown in Fig. 6.
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Fig. 6 Stress transformation (local and global coordinates)

In an effort to evaluate the stress concentration effects of the central hole, the ratio of load carrying capacities (Fmax)
were calculated and presented in Fig. 5. In FRP composites, stress concentration effects are function of laminate anisotropy,
hole size, stacking sequence and microstructural materials properties (matrix toughness, matrix stiffness and fiber to matrix
adhesion) [27]. As shown in Fig. 5, the ratio between Fax of sample W/O-Hole and O-Hole 0° and 45° laminates are 1.6
and 1.2, respectively. At the same time, the ratio between the load-carrying area of sample W/O-Hole and O-Hole laminates
is 1.2. Therefore, the equivalent stress concentration factor (Kt) for 0° and 45° laminates are 1.3 and 1.0, respectively. In
other words, the stress concentration effects in the 45° laminates is negligible.

The current results are supported by the well-known relation for a plate with central circular hole. Equation (2) presents

such a relation for an infinitely wide homogeneous plate [28]:
2 4

o a a
O’e_§|:1+r—2-(1+3 ?> COS(29) (2)

where, gy is the stress at an angle () from the loading (o) direction, « is the radius of the circular hole, and r is the radius
of the point of interest from the center of the hole

For the 0° laminates, oo = 011 = - o and o9 = 022 = 30; and for the 45° laminates, o4s = 011 = 0 and .45 = 022 = 0. Since the
local stress state, as mentioned above, for the 0° and 45° laminates are (011 = 0, 022 = 0 and 12 = 0) and (611 =022 =0.5 ¢
and 12 = 0.5 0), respectively. Therefore, the 0° laminates are subjected to local uniaxial loading; however, the 45° laminates
are subjected to local biaxial loading. Using the principle of superposition for biaxial loading, the maximum stress (omax)
for the 45° laminates would be equal to the nominal stress (o). In addition, it has been previously shown that 0° laminates
experience the highest stress concentration effects [29].

Figure 7 compares the initial stiffness (before failure onset) of different laminates. It is obvious that the 0° laminates
have significantly higher stiffness compared to the 45° laminates; this applies to both the O-Hole and sample W/O-Hole
laminates. The O-Hole and sample W/O-Hole samples had almost the same stiffness; i.e., the central hole had insignificant
effect on sample initial stiffness. The reason the 0° laminates had higher stiffness compared to the 45° laminates could be
explained in terms of local versus global stiffness components, similar to the local stress analysis comparison presented
earlier. The insignificant effect for the hole on sample stiffness, for both fiber orientations, could be attributed to the fact
that the hole has a more of a localized effect rather than a global effect.




0° W/O-Hole |45° W/O-Hole] 0° O-Hole 45° O-Hole |0° W/O-Hole | 0° O-Hole [45° W/O-Hole| 45° O-Hole
Ok [N/m]] 1.13E+07 5.30E+06 1.13E+07 5.20E+06 1.13E+07 1.13E+07 5.30E+06 5.20E+06
Ratios 2.1 1 2.2 1 1 1 1 1

Fig. 7 Initial stiffness (before failure onset) of different laminates

Comparing the current predicted results to previously published experimental results, for other FRP materials, show
the same trend. Banakar et al. [30] tested 0° and 45° woven glass fiber/epoxy laminates (sample W/O-Hole) under tensile
loading. They found that the 0° laminates had almost double the load carrying capacity of the 45° laminates. In addition,
the stiffness of the 0° laminates was almost three times that of the 45° laminates. Similar results were also found by Bakir
et al. [31] for the same material (glass fiber/epoxy).

3.3 Progressive Failure Analysis of [0]« Laminates

Figure 8 elaborates the stiffness degradation occurring as the 0° laminates progress towards failure. At the same time,
Fig. 9 shows the different stages of progressive failure, in terms of the state variable SDV1. The load-displacement curve
(Fig. 8) was divided into three regions, with three different stiffness values. The first region has a stiffness of 11.3 kN/mm,
and covers the load-displacement till the first localized fiber failure occurs. The first localized fiber failure occurred at load
of about 57% Fmax, and corresponds to state (2) in Fig. 9. It is important to note that, the first localized matrix failure
occurred at about 30% Fmax (i.¢., before the first fiber failure); however, it was not severe enough to cause significant drop
in overall stiffness especially that it was very localized, as can been seen from state (1) in Fig. 9. Also, since the first matrix
failure was within the fill-tows, and since the warp tows are the principle load carrying constituent, this even made such
failure even less significant. However, at 57% Fnax the composite laminate experienced a matrix constituent failure within
the fill-tows in addition to the failure of matrix and fiber within warp-tows, as shown by state (2) in Fig. 9.
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Fig. 8 Load-displacement curve of open-hole [0]s woven composite laminates

The second region has a stiffness of 8.3 kN/mm, and covers the load-displacement from 57% Fax (first localized fiber

failure) to about 82% Fnax. At this level, there is a significant damage increase in the fill matrix pockets, warp matrix
pockets and fiber tows at the edge of the hole across the composite laminates. This is when the first significant failure
occurred across the whole sample width, and corresponds to state (4) in Fig. 9. It is important to note that, such failure did
not represent full failure yet. The third region has a stiffness of 2.8 kN/mm, and covers the rest of the load-displacement
till complete failure, where the composite laminate is no longer able to carry any load. This corresponds to state (6) in Fig.

9.
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Fig. 9 Progressive failure of open-hole [0], woven composite laminates (SDV1 shown)

3.4 Progressive Failure Analysis of [45]4 Laminates

Unlike the 0° laminates, the load-displacement curve of the 45° laminates was divided into only two regions (instead of
three), as shown in Fig. 10. Figure 11 presents the corresponding progressive failure states in terms of SDV1.
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Fig. 10 Load-displacement curve of open-hole [45]s woven composite laminates

The overall response of the structure appears to be linear up to about 81% Fmax, where the first significant drop in
stiffness is noticed and corresponds to state (3) in Fig. 11. This first region has a stiffness of 5.2 kN/mm. Even though the
first localized matrix failure occurred at about 57% Fnax and the first localized fiber failure occurred at about 74% Fiax,
these failures were not sufficient to produce a significant change in the composite overall stiffness. This is supported by
the fact that these failures were much localized, as shown by states (1) & (2) in Fig. 11. It is important to note that, failure
is guided by fiber directions (+45°) as was also the case of 0° laminates (0° and 90°). As loading continues, failure
progresses, guided by fiber directions and as shown by states (4 - 6) in Fig. 11, till complete failure occurs. At this level,
there is sharp drop in stiffness and the composite laminate is no longer capable of carrying any further load.
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Fig. 11 Progressive failure of open-hole [+45] woven composite laminates (SDV1 shown)

2.3 Conclusion

Based on the current results and discussion, it is concluded that a three dimensional finite element model has been
successfully developed, with the aid of multicontinuum theory (MCT), to model progressive failure of plain woven FRP.
Woven [0]4 open-hole laminates have higher tensile load carrying capacity, as well as global stiffness, compared to [45]4
laminates. This has been explained in terms of local stress components, and agrees with previously published experimental
data. Same conclusion applies to sample without hole laminates. The presence of a central hole has no significant effect on
the stiffness of woven composite laminates, for both 0° and 45° orientations. This has been attributed to the much localized
effects of the hole, which do not extend to affect the overall sample stiffness. A central hole in a [0]4 woven composite
laminate under tensile loading acts as a significant stress raiser; i.e., similar to homogenous materials. However, it has
almost an insignificant effect on the maximum stress of [45]s woven laminates. This has been attributed to the biaxial
loading status of the [45]4 laminates compared to the uniaxial status of the [0]s laminates.
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