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Abstract: Numerical simulations of damage evolution in composites reinforced with single and
multifibers are presented. Several types of unit cell models are considered: single fiber unit cell,
multiple fiber unit cells with one and several damageable sections per fibers, unit cells with
homogeneous and inhomogeneous interfaces, etc. Two numerical damage models, cohesive
elements, and damageable layers are employed for the simulation of the damage evolution in single
fiber and multi fiber unit cells. The two modelling approaches were compared and lead to the very
close results. Competition among the different damageable parts in composites (matrix cracks,
fiber/matrix interface damage and fiber fracture) was observed in the simulations. The strength of
interface begins to influence the deformation behaviour of the cell only after the fiber is broken. In
this case, the higher interface layer strength leads to the higher stiffness of the damaged material.
The damage in the composites begins by fiber breakage, which causes the interface damage,
followed by matrix cracking.
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1. Introduction

Fiber reinforced composites find wide applications in aerospace and marine industry, wind
power, automobile, civil engineering, national defence, etc., due to their high strength, low weight
and high toughness. Research on fiber reinforced composites has attracted much attention in
mechanics and materials science fields, and led to many publications with new information of fiber
reinforced composites in wide fields.

In practice, components made from fiber reinforced composites may eventually fail because of
pre-existing defects such as micro-cracks, voids and interface debonding. The reliability of the
components from fiber reinforced composites may be predicted and eventually increased on the
basis of the analysis of the effect of the composite microstructure on the strength and damage
evolution. Such an analysis can be carried out in the framework of computational experiments [1-3].

In order to model the damage and failure of fiber reinforced composites under mechanical load,
several modelling approaches are employed [1]: the shear lag and other analytical models, used to
analyze the load transfer and multiple cracking in composites [4-7], fiber bundle model [8-9],
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fracture mechanics-based models [10-12], numerical continuum mechanical models [1-3, 13-18].
The numerical continuum mechanical models, usually finite element models, allow the
incorporation of many different features of the nonlinear material behaviors and the analysis of the
interaction of available and evolving microstructural elements [1-3, 13].

In this work, we used numerical continuum mechanical models to simulate the damage
evolution, interaction between different damage mechanisms, and the effect of the phase and
interface properties in unidirectional glass fiber reinforced composites under tension load. Results
with different modelling, cohesive elements modelling and damageable layer + element weakening
technique modelling, were compared. The results of the simulation are expected to provide some
parameters for the optimal design of these glass fiber reinforced composites.

2. Generation of Unit Cell Models of Composite with Damageable Elements
2.1. 3D Unit Cells with Single and Multiple Fibers

A number of unit cell models of composites were generated with the use of the program code
“Meso3DFiber” [1-3]. The program generates a command file for the commercial FE pro- and post-
processing software MSC/PATRAN®, which produces a 3D unit cell model of composite with pre-
defined parameters. The finite element meshes are generated by sweeping the corresponding 2D
meshes on the surface of the microstructure models. The program “Meso3DFiber” is described in
more details elsewhere [1-3].

Several unit cell models with single fiber and many fibers are shown in Fig. 1. The unit cells
were subject to a uniaxial tensile displacement loading along the axis of fiber (Z axis direction). The
boundary conditions of this simulation were as follows: all degree of freedoms of point (0, 0, 0) was
fixed, the 3" degree of freedom of bottom surface with coordinate z=0 was restricted, and the 1
degree of freedom of line with x=0 and z=0 was restricted. Three-dimensional 6-node linear
triangular prism element C3D6 was employed in this simulation for fiber, interface layer and matrix.
The volume content of fiber is 4% in single-fiber model.

The epoxy matrix composite reinforced with glass fibers was studied in this paper. Table 1
shows the properties of the phases used in the simulations. The data were taken from [2, 19-22].

After the model is created in PATRAN®, the input file for FE commercial code ABAQUS®
will be generated. The simulations were carried out with ABAQUS®/STANDARD.

Table 1. Properties of the phases used in the simulations [2, 19-22]

Young modulus, GPa | Poisson ratio | Failure criterion, MPa

Single-fiber modelling: Constant fiber
strength with different value in different
Fiber 72 0.26 model.

Multi-fiber modelling: Weibull distribution
with parameters 6;=929.8MPa and m=2.55.

Matrix 3.79 0.37 67 MPa

Interface 379 0.37 Different value in different model.
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Figure 1. FE microstructural models used in this study: (a) single-fiber model with one damageable layer
in fiber, (b) single-fiber model with one damageable layer in fiber and fiber/matrix interface layer, (c) single-fiber
model with one damageable layer in fiber, fiber/matrix interface and a damageable layer in the matrix, (d) single-
fiber model with one damageable layer in fiber, one fiber/matrix interface and three damageable layers in the
matrix, (e) multi-fiber model with one damageable layer per fiber, (f) multi-fiber model with two damageable
layers per fiber

2.2 Techniques of modelling damage: damageable layer + element weakening techniques versus
cohesive elements

In order to model breaking of fibers, two modelling techniques were employed: an approach
based on the introducing damageable layer and the element weakening techniques, and the cohesive
element model.

The damageable layers were introduced into sections of fibers, following the idea by Gonzalez
and LLorca [23]. The damageable layers have the same mechanical properties as the rest of the
fiber. The damage evolution in the damageable layers was modelled by using the finite element
weakening method [1-3]. In the framework of this method, the stiffness of a finite element is
reduced if a stress or a damage parameter in the element or a nodal point exceeds some critical
level. This conditions was realised in the ABAQUS® subroutines User Defined Field [1-3, 24-25].
The subroutine checks whether the element failed or not according to the properties of the
damageable layer. A detailed description of this process can be referred in [1-3].

A similar concept was used to simulate the matrix cracking and interface damage of
composites. Following the idea from [1-3], we modelled the interface damage as a weakening of
finite elements in a special “interface layer”. The interface was presented therefore as a special thin
layer between the fiber and matrix. The damage evolution in this layer was modelled using the
subroutine USDFLD as well.

The modelling technique described above was compared with the cohesive elements
modelling. Cohesive elements were placed in the damageable layers of fibers, matrix or interfaces.
Three-dimensional 6-node linear triangular prism cohesive elements COH3D6 or three-dimensional
8-node linear brick cohesive elements COH3D8 were used in the cohesive layers. The cohesive
elements connected to other elements by sharing modes.

The stiffness of the cohesive elements was calculated as Young modulus divided by the
thickness of cohesive element, and was 172 GPa. The maximum nominal stress traction-interaction
failure criterion was selected for the damage initiation in the cohesive elements, and the energy-
based damage evolution law is selected for damage propagation.

2.3 Determination of the damage criteria of the cohesive elements

Further, the simulations of the damage evolution in the microstructures with different cohesive
elements damage initiation stress have been carried out, using the single fiber unit cell, shown in
Fig. 1(a). Several levels of the damage initiation stress of cohesive elements have been taken: 100,
200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, 1250 and 1324MPa (the last values



corresponds to the critical stress for fiber given in Table 1). The damage dissipation energy
ALLDMD for whole model plotted versus damage initiation stress is shown in Fig. 2.
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Fig. 2. Damage dissipation energy-damage initiation stress curve

Fig. 2 shows that the relation between the damage dissipation energy and the strength of the
cohesive layer is obviously not linear. We fit the simulated results with quadratic polynomial
function by the least square method. The relation between damage dissipation energy and damage
initiation stress can be expressed by:

E =0.0001680c" —0.00115 +0.8353 (1)

4. Computational experiments: Single-fiber unit cell models

In this chapter, the damage evolution in 3D single-fiber unit cell models is investigated. In so doing,
the damageable layer + element weakening approach and cohesive elements modelling are used and
compared.

4.1 Single fiber unit cell: damageable layer versus cohesive element model

A single-fiber FE unit cell model with one damageable layer in fiber was considered here (see Fig.
1(a)). The damage evolution was modelled using two approaches: the weakening element layer
model and the cohesive elements. Stress-strain and strain energy-strain curves as well as stress and
strain distributions in the models were determined. Figures 3 and 4 show nominal stress-strain
curves and strain energy-strain curve of the unit cell model, respectively. The maximal principals
stress distributions before and after the fiber failure are shown in Fig. 5 and Fig. 6.
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Fig. 3 Nominal stress-strain curve of the cell models with different model
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Fig. 4 Strain energy-strain curve of the cell models with different modelling
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Fig. 5 Maximal principal stress distribution in damage evolution process (Damageable layer model)
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Fig. 6 Maximal principal stress distribution in damage evolution process (Cohesive elements
model)

From Fig. 3, one can see that the stiffness of the composite decrease at &=1.86% for both
models. However, in the case of damageable layer model, the maximum principal stress in the glass



fiber decreases suddenly from 1.32x10°MPa to 7.27x10°MPa, as shown in Fig. 5. In the case of the
cohesive elements model, the maximum principal stress in glass fiber decreased gradually from
1.30x10°MPa to 7.77x10°MPa (see Fig. 6). Simultaneously, the strain energy of the models
decreases, as shown in Fig. 4.

From Figures 3-6, one can see that both the considered models give very similar results, both
as related to the overall response, failure point and the stress distribution. However, the stress
evolution due to the fiber failure is different for the two considered damage models: the stress
decrease suddenly in the case of the damageable layer model, and gradually in the case of the
cohesive elements model.

4.1.2 Single fiber cell: Effect of local inhomogeneity of the damageable fiber material

In order to take into account the local, nanoscale heterogeneity of fiber material, we introduce
the variability of element properties in the cohesive layer. An element at the edge of the cohesive
elements layer was assigned a lower damage initiation strength (here, 600MPa was employed while
other elements with 1200MPa).

The evolution processes of the damage variable SDEG (scalar stiffness degradation at
integration points) for homogeneous cohesive layer model and inhomogeneous cohesive elements
layer model are shown in Fig. 7 and Fig. 8. The nominal stress vs. strain curves and strain energy
vs. strain curves are shown in Fig. 9 and Fig 10.
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Fig. 7 Evolution of damage variable SDEG for homogeneous cohesive elements model
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Fig. 8 Evolution of damage variable SDEG for inhomogeneous cohesive elements model

As expected, the damage initiation occurs at the weakest element and earlier for the case of the
inhomogeneous cohesive elements model, than for the case of the homogeneous cohesive elements
model (Fig. 7-8). The fiber breaks at the same time (with strain equal 1.92%). From Fig. 9 and
Fig.10, one can see that the stress-strain curves and strain energy-strain curves are very similar.
However, it is notable that the damage begins in the center, near the axis of the fiber in the case of
the ideally homogeneous fiber strength properties. In the case of inhomogeneous fiber strength
properties, the cracking in the fiber starts near the interface. Thus, while neglecting the local
heterogeneity of fiber properties does not lead to large errors in estimating the global behaviour of
composites, it does lead to a wrong picture of the damage evolution in the multiphase material.
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Fig. 9 Nominal stress-strain curve of the cell models with different modelling
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Fig. 10 Strain energy-strain curve of the cell models with different modelling

4.2 Single fiber unit cell with damageable interface: comparison of damage modeling methods

A single-fiber FE microstructural model with interface (interphase) layer is shown in Fig. 1(b).
In the framework of the damageable layer model, the interface was taken as a layer with finite
thickness, made from a third material, with averaged properties of the fiber and matrix. The Young
modulus of interface material was assumed to 37.9GPa (the average value of the Young modulus of
fiber and that of the matrix) and Poisson’s ratio 0.37 (the Poisson’s ratio of the matrix). According
to [22], the interfacial shear strength between the fiber and the matrix is around 27 MPa. In this
section, the values of fiber strength 1000 MPa and interfacial shear strength 30MPa are used.

Further, a single fiber unit cell model with damageable interface was generated using the
cohesive elements. The three-dimensional 8-node linear brick cohesive elements COH3D8 were
introduced in the interface layer. Similarly to the cohesive elements in fibers, the stiffness of the
cohesive elements in interface was calculated as Young modulus divided by the thickness of
cohesive element, and was 180 GPa. The maximum nominal stress traction-interaction failure
criterion was selected for the damage initiation in the cohesive elements, and the energy-based
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damage evolution law is selected for damage propagation. The damage initiation stress was 30MPa.
Fracture energy in the interface was calculated with the use of Eqn. (1).

The stress-strain curves of the two cell models are shown in Fig. 11. One can see that the fiber
breakage is observed in the cohesive model at slightly higher load, than in the damageable layer
model. The reason is that while the elements in the damageable layer lose their stiffness stepwise,
the stiffness lost by the cohesive elements is a monotonous function of strain.
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Fig.11 Stress-strain curve of the cell model
In order to see the process of damage evolution, the evolution of damage variable SDEG in the
two damageable parts is shown in Fig. 12. It can be seen that the fiber cracking begins earlier than
the interface damage, though the strength of fiber (1000MPa) is much higher than that of interface
(30MPa). After the fiber is broken, the interface is getting damaged rapidly.
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Fig. 12 Evolution of damage variable SDEG for all cohesive elements

4.2.2 Effect of interface and fiber strengths on the effective response of the composite cell

In order to study the competition between the two damage parts in composites (interface
damage and fiber fracture), two series of simulations were carried out.

In the first series of simulations, the strength of interface layer was varied, while the strength of
fiber was assumed to be constant. Several levels of the critical stress of interface layer have been
taken: 100, 200, 300 and 400MPa. The strength of the fiber was 900MPa. The nominal stress-strain
curves of the cells model in this case are shown in Fig. 13.

In the second series of simulations, the strength of fibers was varied, while the strength of
interface layer was kept constant. Several levels of the critical stress of fiber have been taken: 600,
700, 800, 900 and 1000 MPa. The interface strength was 300MPa. The nominal stress-strain curves
of the cell models in this case are shown in Fig. 14.
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Fig. 13 Nominal stress-strain curve of the cell models (with different interface layer strength)
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Fig. 14 Nominal stress-strain curve of the cell models (with different fiber critical stress)

From Figure 13 can be seen that the interface layer strength has no effect on the effective
response of the composite with intact fibers. However, after the fiber is broken, the stiffness of the
composite is the higher, the higher interface layer strength.

4.2.3 Inhomogeneous cohesive elements in the interface layer

Let us consider the effect of the inhomogeneity and variability of the local interface properties
on the strength of composite. In order to study the effect of the variability of local interface
properties, we introduced various cohesive elements in the interface layer of the single fiber unit
cell. 288 cohesive elements (with correspondingly 288 various material properties, with random
strengths) were placed in the interface layer. The strengths of interface elements were varied
randomly from 100MPa to 200MPa, according to the uniform probability distribution law.

Figure 15 shows the nominal stress-strain curves of the unit cell models with cohesive elements
with constant and randomly varied properties in interface layer.
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Fig. 15 Stress-strain curves for homogeneous and inhomogeneous interface layers.

One can see from Figure 15 that the effective response of the model with the interface layer
with random varied local properties is just between the corresponding curves for the cases of
constant strengths of interfaces. One can conclude that the variability of local interface properties
does not have any special effect on the composite strength, apart from the effect of the averaged
interface strength. Thus, it is enough to take into account the averaged interface strength, and not its
variability, in the damage simulations of composites. However, this conclusion was tested only for
tensile loading along the fiber axes; most probably, it can be generalized for shear or compressive
loading of composites.

4.3 Competition among different damage modes in composites

In this section, we seek to consider the interaction among all three damage modes in
composites (matrix cracks, fiber/matrix interface damage and fiber fracture), and the sequence of
damageable evolution.

4.3.1 Single fiber model with one matrix crack and homogeneous interface layer

A single-fiber FE cell model with cracked fiber, damaged interface matrix/fiber interface and
one matrix crack is shown in Fig. 1(c). Additionally to the single fiber model with damageable
interface considered above, this model allows the damage and cracking on matrix. Three-
dimensional 6-node linear triangular prism cohesive element COH3D6 was employed in the
damageable layers in the fiber and matrix. Three-dimensional 8-node linear brick cohesive element
COH3D8 was employed in fiber/matrix interface layer. Correspondingly, three cohesive materials
with the following strengths were created: 600, 100 and 67 MPa (fiber fracture, interface and matrix
crack, respectively). The displacement load in Z-direction is 0.135mm. The evolution of damage
variable SDEG in the three damageable parts is shown in Fig. 16. The nominal stress-strain curve of
the cell model is shown in Fig. 17.
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Fig. 16 Evolution of damage variable SDEG of the model
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Fig. 17 Nominal stress-strain curve of the cell model

From Fig. 16, one can see that the sequence of damage evolution in this case is as follows: first,
fiber cracking, then interface debonding, and, finally, the matrix crack damages at last. The stiffness
of composites is drastically reduced after the fiber failure. The composite with the failed fiber
deforms elastically, with the reduced Young moduli. Further reduction of the composite stiffness
takes place when the matrix cracking begins.

4.3.2 Multiple matrix cracking

In this section, we consider the multiple cracking in the matrix and its interaction with interface
debonding and fiber cracking. A single fiber unit cell model with three damageable layers in matrix
(additionally to the damageable layers in the interface and fiber) is shown in Fig. 1(d).

The material properties were the same as in the previous model. The interface strengths were
taken at two levels: 100MPa and 200MPa. Further, for the case of inhomogeneous interface, the
randomly distributed strengths between 100MPa to 200MPa were assigned to the elements on the
interface.

In the simulations, it was observed that the matrix crack, which is closest to the fiber fracture,
begins to grow first, and the other two potentially damageable layers don’t get damaged. The
nominal stress-strain curves for different interface strengths are shown in Fig. 18.
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Fig. 18 Nominal stress-strain curve of the unit cell models with different interface properties

It can be seen from Fig. 18 that the matrix cracking strongly depends on the interfacial strength
of composite: the higher the interfacial strength, the less matrix damage. Depending on the interface
strength, the composite can keep rather high stiffness after the fiber failure (the case of the interface
layer strength 200 MPa), or its stiffness will continue to fall (the interface layer strength 100 MPa).
Thus, the high interfacial strength may compensate for the brittleness of matrix, and delay the
matrix cracking in the composites.

Comparing Figures 15 and 18, one can state that the interface strength has a very weak

influence on the composite behaviour in the case of strong, non-damageable matrix, and a very
strong influence on the composite stiffness in the case of weaker, brittle matrix.

5. Single-fiber versus multi-fiber modelling: Effect of fiber crack interaction

In this section, we consider the effect of multiple fibers, interaction between many fiber cracks
and other defects on the strength and damage evolution in composites.

5.1 Multifiber unit cell model: Cohesive elements versus damageable layer model

Let us consider the effect of multiple fibers on the damage evolution in the composite. 10-fiber
unit cell model, generated by the program code “Meso3DFiber” [1-3] is shown in Fig.1 (e). Every
fiber in the cell has one damageable layer, randomly placed along the fiber axis. The volume
content of fibers was taken 34%. The fiber strength distribution follows Weibull probability law
with parameters 6p=929.8MPa and m=2.55 [22]. The boundary conditions were described in section
3. Two modelling methods, damageable layer model and cohesive elements modelling, were
employed to study the damage evolution.
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The nominal stress-strain curves of the cell model are shown in Fig. 19. In this model, only
fibers are considered to be damageable. The matrix and interface are supposed to be very strong and
non-damageable.
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Fig. 19 Nominal stress-strain curve of the cell models with different modelling

Comparing Figures 3 and 19, one can see that the model is more sensitive to the method used in
the case of multifiber cell, than in the case of single the fiber unit cell. As expected, the stress-strain
curve in the case of multifiber model has a zigzagged shape.

5.2 Effect of multiple fiber cracking

In this subsection, we seek to study the effect of multiple fiber cracking on the strength and
damage evolution in composites. We used 10-fiber unit cell model, similar to that as shown in Fig.
1(f). However, two (not one) damageable layers were placed in every fiber. The locations of both
damageable sections were determined using the random number generator. From totally 20
damageable layers in 10 fibers, each damageable layer was assigned its own strength, following the
Weibull probability law with parameters 6p=929.8MPa and m=2.55.

The nominal stress-strain curves of the multifiber unit cell models with one and two
damageable layers were shown in Fig. 20.
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Fig. 20 Nominal stress-strain curves of the multifiber unit cell

models with one and two damageable layers per fiber

One can see from Fig. 20 that the possibility of multiple cracking of fibers does influence the
stiffness and damage growth in composites (as different from the possibility of multiple cracking in
matrix!). The loss of stiffness due to the multiple fiber cracking is much bigger than that due to the
single fiber cracking.

Figures 21 shows the stress-strain curves together with the damage strain curves. The damage is
calculated as an amount of failed finite elements in fibers. One can see that the zigzags on the
stress-strain curve correspond to the fiber cracking events.

Figure 22 gives the maximum principal (or Mises) stress distributions before and after the
second cracking in a fiber. The stresses are highest in the matrix regions between two neighbouring
fiber cracks. One can see from the Figures 22a and 22b, that the second cracking in an already
cracked fiber takes place rather closely to, and in the area of high stress concentration of a crack in
another, adjacent fiber. Thus, the cracks in the fibers can induce the cracking in neighbouring fibers.
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Fig. 21 Nominal stress and fully damaged element number versus strain curves of the two models
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Fig.22 Max principal stress distribution before and after the second crack in one fiber full damaged

6. Conclusion

In this study, the simulations of damage evolution in fiber reinforced composites, based on
different modelling techniques and seeking to clarify the effects of interface strength, interface
homogeneity, interaction between cracks in different phases on the strength and damage evolution
in the composites.

The computational investigations lead us to the following conclusions.

[1 In the considered material, the sequence of damage evolution can be described as follows:
first, fiber cracking, then interface debonding, and, finally, the matrix crack damages at last.
The fiber cracking begins earlier than the interface damage, though the strength of fiber is
much higher than that of interface. After the fiber is broken, the interface is getting damaged
rapidly. The stiffness of composites is drastically reduced after the fiber failure. The
composite with the failed fiber deforms elastically, with the reduced Young moduli. Further
reduction of the composite stiffness takes place when the matrix cracking begins.
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'] The strength of the interface layer has no effect on the effective response of the composite
under tensile loading before the fibers begin to crack. However, after the fiber is broken, the
stiffness of the composite is the higher, the higher interface layer strength.

[0 The variability of local interface properties does not have any special effect on the tensile
strength of composites, apart from the effect of the averaged interface strength. It is
therefore enough to take into account the averaged interface strength, and not its variability,
in the damage simulations of composites.

[0 The matrix cracking strongly depends on the interfacial strength of composite: the higher the
interfacial strength, the less matrix damage. Depending on the interface strength, the
composite can keep rather high stiffness after the fiber failure, or its stiffness will continue
to fall. Thus, the high interfacial strength may compensate for the brittleness of matrix, and
delay the matrix cracking in the composites. The interface strength has a very weak
influence on the composite behaviour in the case of strong, non-damageable matrix, and a
very strong influence on the composite stiffness in the case of weaker, brittle matrix.

[0 It was observed in the simulations that the second cracking in an already cracked fiber takes
place rather closely to, and in the area of high stress concentration of a crack in another,
adjacent fiber. Thus, the cracks in the fibers can induce the cracking in neighbouring fibers.

As differed from single fiber unit cells, the multifiber cells allows to take into account the
interaction between competing damage mechanisms, multiple fiber breaks, etc. The study of
damage evolution in multi-fiber models is to be continued in the forthcoming works.
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