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Abstract
The translaminar fracture of fibre-reinforced composite materials normally develop a large Fracture Pro-
cess Zone in which fibre bridging and fibre pull-outs take place. This type of fracture is well represented
with the use of a Cohesive model, where a fictitious crack grows, capable of transferring closure stresses
between the crack surfaces. In the present work, three composite materials have been combined: Carbon
fabric, Glass fabric and Unidirectional Carbon tape. In total, 9 hybrid laminates have been combined.
Each laminate is made of two materials, while varying the ply stacking sequence and maintaining the
in-plane elastic modulus and the laminate thickness constant. With the aid of an algorithm capable of
solving the inverse problem, the translaminar cohesive law has been acquired, by fitting experimen-
tal load-displacement curves obtained from a fracture test of a Compact Tension specimen. The study
concludes with an analysis of the measured cohesive laws, by comparing the effect of the ply stacking
sequence of each laminate. The results suggest that placing the Glass fabric plies in the outer faces of
the laminate may lead to an increase of the onset and propagation fracture energies.

1. Introduction

Complicated fracture mechanisms take place when a through-the-thickness crack grows in a fibre re-
inforced composite material. Such inelastic energy dissipation mechanisms may account for matrix
cracking, fibre bridging and fibre pull-out. When the energy dissipation mechanisms take place in a
relatively large region with respect to the specimen or structure size, Linear Elastic Fracture Mechanics
(LEFM) are not applicable, and more sophisticated fracture models such as the Cohesive Zone model
[1] are needed. Within the Cohesive Model framework, all the non-linear dissipation mechanisms take
place inside a fracture process zone (FPZ), with closure stresses σi and crack openings ωi related by a
Cohesive Law (CL), which is generally considered to be a material (or laminate) property.

The use of hybrid materials is of high interest for the science of materials research field as well for
industrial applications. These kind of composites may benefit from advantages of each separate material,
e.g, improving the damage tolerance, delaying some failure mechanism or even decreasing the total
economic cost by using inexpensive materials. The present work focuses on the study of the translaminar
cohesive law of hybrid laminates, and how the material of each ply can affect the laminate traction-
separation shape. The laminates are made of a combination of two materials: Unidirectional Carbon
(UC) tape, woven Carbon fabric (C) and woven Glass fabric (G). For each combination, several stacking
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Table 1: Ply properties of each composite material

Material E1 (GPa) E2 (GPa) G12 (GPa) ν12 σu (MPa)
C 59.54 54.95 5.21 0.03 804.1
G 19.65 19.24 3.93 0.09 557.8
UC 116.73 8.31 4.67 0.26 1477.1

sequences have been studied, and more concretely, how the location of certain plies can affect the overall
translaminar cohesive law.

2. Experimental setup and test specimens

2.1. Materials

Three composite materials have been tested in the experimental campaign: two woven fabrics and an
Unidirectional Carbon (UC) tape, the same materials defined in the work of González et al. [2]. The
three materials have been supplied by Hexcelr. The fabric materials use HexFlowr RTM 6 mono-
component epoxy system. All composites have been supplied with epoxy binders on both sides (with the
binder representing about 5% of the total fabric weight). The woven fabrics plies are Carbon (C) fabric
type G0926 (5HS, 6K, 370 gsm), and Glass (G) fabric type S2 (style 6781, Z-6040, 303 gsm), while the
UC is type G1157 (UD, 6 K, 270 gsm).
The elastic properties of each lamina are found in Table 1. The ply thickness of each material C, G and
UC are 0.353 mm, 0.229 mm and 0.247 mm, respectively. The thickness has been obtained from an
average of 6 measurements of cured non-hybrid laminates.

2.2. Laminates

The hybrid laminates have been divided in three sets by joining two different materials per laminate:
C-G, C-UC and G-UC. The stacking sequences are summarized in Table 2, with the fibre direction of
0o aligned with the loading direction. In order to achieve a comparative analysis for each set, the ply
sequences have been chosen as symmetric, balanced and in-plane quasi-isotropic. The number of plies
of each material has also been kept constant. As a result, the in-plane stiffness is constant for each set,
although the bending stiffness may vary from laminate to laminate. The C-G laminates are made of
n = 14 plies, with a cured laminate thickness h of 4.31 mm. In the case of the C-UC laminates n = 14
and h = 4.22 mm, whereas for the G-UC, n = 18 and h = 4.22 mm.

2.3. Test configurations

The tests are performed on a CT Specimen Geometry, seen in Fig. 1, with a nominal size of W = 51 mm
and a pin hole diameter of d = 8 mm. The initial crack length is a0 = 26 mm. The tests were carried out
following the recommendations by Pinho et al. [3], as no standard procedure has been developed for the
determination of the translaminar fracture toughness of fibre-reinforced composite materials using a CT
specimen. The test was performed with a screw-driven universal testing machine, loading the specimens
at rates of 0.5 mm/min. The crack tip notch was manufactured with a diamond coated disc, ensuring
a radius lower than 250 µm, following the recommendations by Laffan et al. [4]. The load cell signal
and the extensometer signal were acquired and recorded with a dedicated PC. The displacement was
measured with a displacement transducer placed at the crack surface below the load line.
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Figure 1: Compact Tension (CT) Specimen Geometry, subjected to a controlled displacement u and
measured load P.

Table 2: Hybrid laminates stacking sequences. The 0o direction is aligned with the loading direction.

Materials Laminates

C-G L01: [0G/60G/ − 60G/(0C/45C)2]S
L02: [(0C/45C)2/0G/60G/ − 60G]S
L03: [0G/(45C/0C)2/60G/ − 60G]S

C-UC L04: [0UC/60UC/ − 60UC/(0C/45C)2]S
L05: [(0C/45C)2/0UC/60UC/ − 60UC]S

G-UC L06: [0UC/45UC/90UC/ − 45UC/(0G/45G)2/0G]S
L07: [(0G/45G)2/0G/45UC/0UC/ − 45UC/90UC]S
L08: [0UC/45UC/0G/45G/90UC/ − 45UC/0G/45G/0G]S
L09: [0G/45G/0G/90UC/ − 45UC/0G/45G/0UC/45UC]S

3. Methodology: Cohesive Zone modelling and inverse problem

The translaminar cohesive law is obtained by means of solving the inverse problem, i.e., determining the
cohesive law shape that ensures the predicted u-P curve matches the experimental one. Although the
general procedure is hereby briefly presented, the authors highly suggest reading the in-detail procedure
published in [5].

3.1. Direct method: Dugdale’s condition

A standard CT specimen of size W, shown in Fig. 1, is subjected to the action of a controlled dis-
placement (u) and corresponding load (P) applied at the pin holes. The analytic solution is capable of
predicting the FPZ development as a crack grows in pure mode-I along the symmetry plane. The starting
point of the problem solution comes from the Dugdale’s condition, i.e., the global Stress Intensity Factor
(SIF) of the problem, K, must be null [6, 7]:

K = KP + Kσc = 0 (1)

where KP is the SIF caused by the point load P and Kσc is the SIF caused by the whole cohesive
stress profile σc. Although the σc is unknown and may change during the FPZ development, it can be
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discretized as a series of small constant stresses of value equal to σi applied at the crack surface. The
non-linear problem expressed as a superposition of linear problems is shown in Fig. 2.

Figure 2: Compact Tension (CT) specimen with a FPZ expressed as a superposition of linear problems.

In order to solve the cohesive stress profile inside the FPZ, the crack opening profile must also be found.
It is possible to express the set of openings ωi as a superposition of the openings caused by each acting
load

ωi = ωP
i + ωσc

i (2)

where ωi, ωP
i and ωσc

i are the total crack opening, the crack opening caused by the point load P and the
crack openings caused by the cohesive stress profile σc, respectively.

The solution to the Eq. 2 is obtained from an iterative process, for a given CL. As a result, the stress
profile and the crack openings at the FPZ are obtained. Lastly, the load P is obtained by means of Eq. 1,
and the displacement u is determined as the crack opening at ai = 0, using again Eq. 2.

3.2. Inverse problem

The inverse problem is solved by means of an algorithm capable of obtaining the CL shape that, when
used in conjunction with the direct method, produces a predicted u-P curve that matches the experimental
data [5].

The algorithm approaches the problem with the following strategy: first, some points from the u-P curve
are selected around the peak load, while the FPZ is still being developed. These points are used to fit
the curve. The length of the Failure Process Zone and the crack tip opening displacements increase as
the external displacement is applied. Hence, it is possible to adjust consecutive parts or branches of
the Cohesive Law. The algorithm fits first a linear segment of the cohesive law in order to fit the smaller
selected displacement of the u-P experimental curve. At this moment, the first portion of the CL is found,
and its width is determined by the cohesive crack opening at the initial crack tip a0. The algorithm is
continued by adding as many branches as points to be fitted until the whole shape is found.

4. Results and discussion

Fig. 3a shows the u-P curve obtained from the Compact Tension fracture test made of the laminate L04.
Before fitting the data, a fine Gaussian smoothing has been applied in order to minimize the experimental
scatter. The Cohesive Law has been acquired by fitting the points marked with a ◦. Fig. 3b shows
the measured CL shape by means of the methodology proposed in Section 3. Observing the shape of
traction-separation law, for small crack openings the FPZ is still capable of transferring high stresses. It
also features a long tail that transfers low stress levels at larger crack openings. All the studied laminates
present a similar behaviour.
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Figure 3: Laminate L04 (a) experimental load (P) displacement (u) curve, along its respective smoothed
and fitted curves. (b) Measured cohesive law and proposed simplified shape.

In order to be able to compare the CL features of each laminate, a simplified cohesive law has been
proposed. This simplified shape tries to capture the behaviour described above: the transfer of high
stresses at low crack openings and low stress levels for large crack openings. In this manner, the chosen
parameters to fully define the CL are : σu, σ1, ω1, ωc, G1 and Gc, shown in Fig 3b. For each measured
CL, these parameters have been found by means of a least square fitting.

The found parameters for each laminate can be found in Table 3. With the CL shapes summarized in
this manner, it is possible to objectively compare each laminate, and also analyse how the material of the
lamina affects the overall laminate tolerance.

Observing the laminates made of Carbon fabric and Glass fabric (C-G), the position of each material has
no effect on the onset fracture energy G1, although the propagation fracture energy Gc values are slightly
increased when the Carbon fabric plies are located in the outer faces of the laminate. Moving to the
Carbon fabric and Unidirectional Carbon tape laminates (C-UC), placing the UC plies in the outer faces
increases the Gc about a 15 %, while placing them in the middle increases G1 a 15 %. The third group
of laminates are the ones made with the most contrasting materials: G and UC. In this case, the effects
of the material position on the fracture energy are more evident than in the previous studied laminates.
Placing the Glass fabric on the outer faces have a significant effect on both Gc and G1, with a particular
attention to the laminate L07.

5. Conclusion

The translaminar cohesive law has been measured for 9 hybrid laminates. The laminates are divided in
three sets, each combining two materials: Unidirectional Carbon tape, woven Carbon fabric and woven
Glass fabric. For each set, several ply stacking sequences have been studied, swapping the ply position
of each material, while trying to maintain the in-plane elastic modulus and the total laminate thickness
as invariant as possible.

A Compact Tension specimen has been tested for each laminate. The translaminar Cohesive Law has
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Table 3: Simplified Cohesive Law parameters for each laminate.

Material Laminate Gc [N/mm] G1 [N/mm] ω1 [mm] ωc [mm]

C-G L01 96.5 70.4 0.174 0.540
L02 107.9 70.0 0.167 0.385
L03 92.7 72.7 0.151 0.365

C-UC L04 125.1 85.5 0.151 0.465
L05 109.6 98.3 0.169 0.439

G-UC L06 100.2 86.5 0.174 0.395
L07 168.8 98.9 0.159 0.533
L08 90.4 68.0 0.097 0.362
L09 114.7 82.7 0.159 0.568

been obtained by solving the inverse problem, that is, determining its shape so that the predicted load-
displacement curve from the fracture test matches the experimental one. This has been accomplished
by an algorithm that fits several experimental points of the load-displacement curve while the Fracture
Process Zone is still being developed.

In order to objectively compare all the measured Cohesive Laws, a simplified shape has been proposed.
The parameters chosen to compare all the curves are the propagation fracture energy Gc, the onset frac-
ture energy G1, the crack opening achieved at the first part of the cohesive law ω1 and the critical crack
opening ωc achieved when the Fracture Process Zone has been totally developed.

From the fracture test and the obtained Cohesive Law shapes, it has been shown that the position of cer-
tain materials in the laminate can heavily influence the energy being dissipated during the crack growth.
From all the studied combinations, the laminate with a most significant impact on the results are the
laminates made of Glass fabric and Unidirectional Carbon tape. The results conclude that allocating the
former plies in the outer faces can significantly increase the dissipated energy at lower crack openings
G1, i.e, the onset fracture energy, as well as for the propagation values Gc.
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