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Abstract

Multi-scale simulation strategies have demonstrated their ability to perform virtual tests of composite
materials. These simulations strategies have an extraordinary interest due to the complexity of the failure
mechanisms and the hierarchical microstructure in the case of fiber reinforced composites. In this work,
an embedded cell simulation approach was used to study the toughening due to bridging in a unidirec-
tionally reinforced carbon/epoxy composite in mode I intralaminar fracture. The numerical model was
based on experimental information of the bridging mechanisms obtained from double cantilever beam
experiments and microscopic observations of the bridging region. The actual microstructure of the bridg-
ing fiber bundles was represented along the mid-plane of the sample, while the rest of the specimen was
simulated as an homogeneous solid. Numerical simulations were able to predict the initiation and propa-
gation of failure as well as the development of bridging. The numerical model reproduced the thickness
dependency experimentally observed.

1. Introduction

Fiber bridging is one of the most studied toughening mechanisms in composite materials [1, 2]. The
mode I fracture of fiber reinforced composites (FRP) is usually acoompained by the development of
numerous bridging ligaments that provide resistance to the crack propagation. In these materials, the
extension of the bridging region is often comparable to the total crack length, resulting in a very no-
ticeable increase of the fracture energy. This phenomenon is called Large Scale Bridging (LSB) and
is experimentally observed in mode I fracture tests in Double Cantilever Beam (DCB) specimens. The
results of these tests provide the resistance curves (R-curves), which show the increase of the fracture
energy during crack propagation, as a direct consequence of the bridging development. However, recent
experimental and numerical studies have shown that the R-curves obtained with mode I DCB tests in
FRP is dependent on the specimen’s geometry and should not be considered a material property [3, 4].
Manshadi et al. [5] and Framand-Ashtiani et al. [6] incorporated fiber Bragg grating sensors in the DCB
specimens to measure the strains during mode I delamination and later identify an adequate cohesive
law. These studies showed that the bridging zone length was linearly dependent with the thickness of the
specimen. Similar behavior was observed by Pappas and Botsis [7] on mode I intralaminar fracture.

In this work, a multiscale simulation strategy based on an embedded cell model of the DCB test is

employed to study the bridging mechanisms and the thickness dependency experimentally observed.
The “virtual tests” provides important information about the influence of the constituents’ properties in
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the overall behavior of the composite material.
2. Materials and experiments

Unidirectional composite laminates were prepared by stacking 50 layers of carbon/epoxy pre-impregnate
SE-70 (Gurit). The composite panel was consolidated in the autoclave at 78 °C and 3 bar pressure during
12 hours. DCB specimens were prepared by machining beams of 340mm long and 10 x H mm? cross
sections. Three different thicknesses were considered H= 6, 10 and 14 mm. An initial precrack of 60mm

was introduced in each specimen using a diamond wire and cubic loading blocks were bonded.

Mode I DCB tests were carried out according to the ASTM standard D5528 [8]. A constant cross-head
opening of 3mm/min was applied using an Instron 5848 electromechanical testing machine and the force
was simultaneously measured with a 2kN load cell. Furthermore, the evolution of the crack tip was
recorded with a high resolution CCD camera during the test. The force-displacement curves obtained for
the different thicknesses are shown in Figure 1 together with the R-curves (calculated with the modified
compliance calibration method [8]). It is important to notice that the R-curves reached a plateau, which
corresponds to the steady state of the crack propagation , and the level of this plateau was dependent on
the specimen thickness.
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Figure 1. Experimental (a) Load-displacement and (b) resistance averaged curves obtained from mode I
intralaminar DCB specimens with three different thickness.

3. Computational model

The model to simulate the mode I intralaminar fracture experiments consisted of an embedded cell model
of the DCB specimen, following a strategy similar to the ones employed in [9-11]. The DCB specimen
was represented by a three-dimensional model where the composite material was assumed homoge-
neous and anisotropic. This part was automatically meshed using 8-node linear brick elements (C3D8
in Abaqus [12]). The bridging bundles were explicity taken into account in the mid-plane of the speci-
men with 2-nodes linear beam elements (B31) with circular cross-section. The composite material in the
homogeneous parts and in the bridging bundles was assumed an homogeneous and anisotrospic solid.
The elastic properties were taken from [7] and are: E,=118.7GPa, E,=E,=7.7GPa, G,;,=G,,=3.8GPa,
G,;=3.1GPa, v,,=v,,=0.314 and v,,=0.427.

The bridging bundles were linked to the homogeneous parts with connector elements. The debonding
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of the bridging bundles was taken into account with a linear force-opening softening law included in the
connectors’ behavior. The initial response was linear and elastic until it reached the maximum force and
the subsequent onset of damage. This force-displacement law was reformulated into a stress-opening law
considering the area affected by the connectors (Fig.2). The initial stiffness of the connectors was K=108
GPa/m. Two sets of properties were considered for the failure; weak connectors had a streght in tension
of N,,..x=40MPa and a failure energy of G,,eqr=300J /m?. The two parameters for the strong connectors
were Gyrrong=1.5XGypeqr and Nr0ng=1.5XNy eqr. A random distribution of strong and weak connectors
along the specimen was considered to trigger the bridging between the two sides of the DCB. Finally,
a linear stress-strain degradation of the elastic properties was included in the material behavior of the
bridging bundles through a User Defined Subroutine (USDFLD). The maximum stress controlling the
onset of failure of the bundles was 0,4, = 2000 MPa. Additional details about the model implementation
can be found in [13].

(a) Bridging bundle

Figure 2. Schematic of (a) bridging bundle connected to the DCB specimen and (b) traction-separation
law governing the behavior of the connectors.

4. Results and discussion

The simulation of the mode I DCB test was able to reproduce the micromechanisms experimentally
observed. The intralaminar fracture appeared when some connectors ahead the pre-crack reached their
maximum strength and failed. The propagation of the crack along the mid-plane of the specimen devel-
oped bridging bundles linking upper and bottom parts of the DCB specimen. The opening of the crack
made the bridging bundles rotate and elongate resulting in a toughening mechanism similar to the one
observed in the experiments (Fig.3).
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Figure 3. Detail of the bridging region obtained from the simulation of the DBC tests.

In addition to the bridging micromechanisms, the numerical model was able to reproduce the mechani-
cal response of the DCB experiments. The force-displacement curves (Fig.4) provided by the numerical
model showed an initial lineal and elastic loading before the crack initiated, higher loads produced a pro-
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gressive degradation in the stiffness, until reaching a peak of maximum load. Further openings resulted
in a decay of the load, reproducing the behavior experimentally observed. The three thicknesses studied
showed different initial stiffness and maximum loads of ~ 110, 220 and 360 N were achieved for the
specimens of 6, 10 and 14 mm thick, respectively.
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Figure 4. Force-displacement curves obtained from mode I intralaminar DCB simulation with three
different thicknesses.

The force-displacement information, together with the crack tip position, allowed the determination of
the R-curve by means of the modified compliance calibration method [8]. The Energy Release Rate
(ERR) increased during the initial stages of the crack propagation as a direct consequence of the devel-
opment of bridging Fig. 5. A plateau in the ERR was attained was attained when the bridging region was
fully developed. The different thicknesses lead to different values of the plateau level, in good agreement
with the experimental results. The thicker the specimen, the higher the ERR plateau in the simulation of
the DCB test.
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Figure 5. R-curves obtained from mode I intralaminar DCB simulation with three different thicknesses.
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5. Conclusion

DCB mode I intralaminar fracture tests were simulated by means of an embedded cell model which
takes into account the bridging developed during crack propagation. The numerical model was able to
reproduce the toughening mechanisms experimentally observed. The force-displacement curves and the
information about the crack tip position were employed to obtain the R-curves. The numerical model
showed a thickness dependency on the energy released during crack propagation in good agreement with
the experimental observations.
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