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Tunneling cracks in arbitrary oriented off-axis lamina
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Abstract The steady-state energy release rate for tunneling cracks under mixed
mode loading is determined using finite element predictions. The analysed case is
a balanced and symmetric laminate layup [0/6/0/ — ]s where the tunneling crack
is located parallel to the fiber direction of the central off-axis oriented layer. It is
found that for the steady-state situation, a simple energy balance calculation of
the released energy based on normal and tangential crack opening displacements
of the crack surfaces of a fully developed crack gives the same value as the average
value of a detailed J-integral analysis of the crack-tip, averaged across the thickness
of the tunnelling crack. Furthermore, the crack tip mode mixity, averaged across
the layer thickness, was found to agree with the phase angle obtained using the
energy balance method. Based on this simplified approach, the energy released rate
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is determined, covering 6 €]0;90]° for orthotropic elastic properties ranging from
typical low modulus glass fiber reinforced polymers to high modulus carbon fiber
reinforced polymers. The predicted results can be used to investigate the influence
of the layup angles on static and fatigue tunnel crack evolution in composite
materials used in e.g. wind turbine blades.

Keywords Finite element model - fracture toughness - J-integral - Composite
materials - Orthotropic materials - Laminate - Mode mixity

1 Introduction

Conventionally used fiber reinforced polymer matrix composites are orthotropic
materials with order of magnitude higher stiffness and strength in the fiber di-
rection than in the transverse direction. Therefore, in order to give acceptable
mechanical properties transverse to the main load direction, secondary oriented
plies are traditional included between main load carrying laminas. In addition,
the manufacturing procedure may as well require the present of secondary ori-
ented fiber bundles both in order to ease the handling of the non-crimp fabrics
and in order to improve the wetting of the fibers. The load carrying laminates in
the spare caps of wind turbine blades will typically be based on non-crimp fabrics
with 5-10% secondary oriented fibers [19,9] in addition to a few off-axis layers in
between those quasi-unidirectional plies. Loaded quasi-statically or during cyclic
loading, tunneling cracks can initiate and growth in those secondary oriented plies
or bundles [13,18,7]. In some cases, tunneling cracks can penetrate into the load
carrying laminas and induce fibre failure which eventually can lead to final fail-
ure [6,21,8,10]. In other cases, crack deflection can occur at the interface to the
neighbour uni-directional (UD) ply causing the formation of delamination cracks
[16]. In any case, understanding, characterize and controlling the tunneling crack
formation and growth is a central element for improving the fatigue resistance for
many load-carrying laminates.

A tunnelling crack is assumed to initiate from a flaw in the off-axis ply or
from free edges [17]. Once a crack has formed, it will propagate both in the width
direction and the thickness direction, towards the interfaces of neighbouring plies.
Having reached the interfaces, the subsequent crack propagation occurs only in
the transverse direction parallel with the fibre direction. When the tunneling crack
tip front is away from the edges, a steady-state situation is attained. It is then
possible to calculate the average energy release rate by energy accounting [2,4].
The approach uses the crack opening displacement profile far behind the crack tip
and the stress state far ahead of the crack tip [4]. More precisely, for a tunneling
crack of the height 2h the steady state energy release rate was obtained as [4]

. 1 rh
G = 5 /O 022(2)8n (2)dz (1)

where 022(z) is the transverse normal stress far ahead of the crack, d,(z) is the

crack opening profile far behind the crack tip and where () denotes terms found
from the energy accounting approach. The transverse normal stress can be evalu-
ated for a laminate without any cracks, and may suitably be found based a finite
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element model of the un-cracked laminate, or by classical laminate theory repre-
senting a infinite large plate.

For a symmetric laminate subjected to tensile loading, the stresses are constant
through the thickness in the un-crack lamina. The stress can be taken outside the
integration in equation (1) and the expression for the steady state energy release
rate can be written as

. 1 - - 1 [
Gss == *0'22671 with 5n - */ 5n(z)d’2 (2)
2 h Jo

where &, denotes the average value of the normal opening §(z).

For a tunneling crack in a 90° ply, the crack tip is subjected to pure Mode
I. The crack tip shape will therefore adjust itself so that the local energy release
rate is constant along the crack front and equal to the Mode I fracture energy,
G(z) = Gss.

An analyses of channeling cracks with different crack tip shapes, [11] has shown
that the stress state only differ a few lamina thickness, 2h, away from the crack
front. Therefore, the stress state ahead of the crack tip will be independent on
the actual shape of the crack tip. Consequently, the calculation of energy release
rate by the energy accounting approach does not require accurate modelling of the
crack front.

In this paper, we generalize the approach for calculation the steady-state energy
release rate of a mode I, 90 degree tunneling crack [2,4] to a general off-axis tunnel-
ing crack. The static and fatigue crack growth-rate of such an off-axis crack growth
will depend on both the crack-tip energy release rate Gss(z) and the mode-mixity
parameter ¥(z) [5,12]. In the present work, this will be addressed introducing a
through the thickness averaged steady state energy release rate G'ss and a through
the thickness averaged mode mixity parameter 1. In the paper, all terms denoted
by (7) will indicate an averaged term found using the expression

B h
O=3 [ O 3)

which in the present work will be calculated numerically using the trapezoid rule.

The averaged energy release rate and mode mixity parameters can be calculated
from either a crack-tip finite element simulations or by a generalization of the
energy approach, Egs. (1)-(2). It will be shown that the benefit of using the energy
approach is that it is not necessary to include the actual crack-tip in the simulation.
Following the approach [2,4], the validation of using the energy change ( ) required
to form the steady stated crack opening behind the crack tip, Gss ~ Ges and
¥ ~ 1, will be addressed.

Using the energy accounting approach, the steady state energy release mode,
Gss, and the mode-mixity, ¢ for the full off-axis range, 0 €]0;90]°, will be de-
termined for parameters covering conventional glass, and carbon fiber reinforced
polymer composites. Based on those results, experimental works, see e.g. [12,3]
studying the tunneling crack growth rate in different directions can be addressed.
Thereby, it will be possible e.g. to determine the optimal angle delaying the tensile
fatigue damage initiation coming from backing bundle tunnel cracking as explored
in [7,20].
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2 Problem description

2.1 Laminate with an off-axis tunnelling crack

(a) Whole Specimen

Symmetry plane

(b) Half specimen

Fig. 1: The plate with the tunneling crack. The global z,y, z coordinate and local coordinate
systems x1,z2,x3 are indicated.

The energy release rate for an isolated off-axis tunneling crack is investigated
under steady-state growth conditions. The layup investigated is a symmetric and
balanced layup [0/0/0/ — 0] loaded in uniaxial tension as shown in figure la. The
plate has the overall length L, width W and thickness 2H. The off-axis crack is
located in the central layer of the composite layup in a direction parallel to the
fiber direction 6. Since each ply has the thickness h, the off-axis crack has the
thickness 2h. Due to symmetry, only half of the 2H thick plate is modelled with
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a symmetry boundary condition along the symmetry plane (z = 0) as shown in
figure 1b. The plate is elongated with a prescribed uniform displacement along the
plate end resulting in the axial force N.

In the present paper, we operate with two coordinate systems, a global z,y, z
coordinate system and a local, ply coordinate system, x1,x2,x3. In the global
coordinate system, x is the loading direction, y is the in-plane width direction,
and z is the out-of-plane direction. For the local coordinate system, x1 is parallel
to the fibre direction and x2 is the in-plane coordinate perpendicular to the fibre
direction. The global z and the local x3 axises coinsides and will in the following
only be denoted by z.

Table 1: Materials system used

Material Ey Es = FE3 wvio =13 23 Gi2 =G13  Goag A p
unit [GPa] [GPa] [-] [-] [GPa] [GPa] [ [-]
GlassFRP1 30.6 8.62 0.29 0.33 3.25 2.90 0.282 2.34
GlassFRP2 41.2 10.3 0.26 0.41  3.79 3.66 0.250  2.59
CarbonFRP1 126 7.56 0.26 0.40 3.69 2.70 0.060 4.12
CarbonFRP2 266 5.49 0.27 0.40 3.54 2.37 0.021 5.36

The layup is modelled as homogeneous othotropic materials with material
properties covering typical glass and carbon fiber composites. Four material cases
are investigated as specified in Table 1. Here, E; are the Young’s modulus in the
fibre direction (the xi-direction) while E2 and E3 or the Young’s modulus in the
transverse in-plane, x2, and out-of-plane, x3, directions, respectively. The in-plane
shear modulus is denoted G12, while G13 and Ga3 are the out-of-plane shear mod-
uli, respectively. Correspondingly is v12 the major in-plane Poisson’s ratio while
v13 and va3 the out-of-plane Poisson’s ratios. We take the common assumption
of transversal isotropi around the fibre direction so that Feo = F3,v12 = v13 and
G12 = G13. The four material systems are denoted GlassFRP1, GlassFRP2, Car-
bonFRP1 and CarbonFRP2 and correspond to typical composites used in e.g.
the wind turbine industry. The properties of the GlassFRP1 is similar to the ma-
terial investigated in [12]. Together with the material properties, also the two
non-dimensional parameters A and p,

E vVEE
== p=Y12 _ Sunovar (4)
Eq 2G12

A
is calculated. It has been shown [Suo et al., 1991] that for a 2-dimensional or-
thotropic linear elastic material with prescribed tractions, the stress field depends
only on those two parameters and they will be used in the later analysis.

In the following, the results for the stresses, o, 7, for the crack-openings, 4,
for the J-integral and energy release rates, J and G, will be presented in non-
dimensional form as follows:

ok =022 T2 ex b
2= —; Ti2= —— = =55
oz’ oz’ 2heg ' 2hegoy

G
dG" = ——
and & 2hezo

(5)

Those normalizations has been introduced in order to make the solutions load
independent and ply thickness independent where the normalization parameters
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€z and oy is the local axial strain and stress in the off-axis layer obtained from a
classical laminate theory while A is the lamina thickness. This normalization factor
agrees with the normalization factor 022h/E, used by Ho and Suo [4] and by
Hutchinson and Suo [5] for the 6 = 90° case. Note that in [4,5], the normalization
parameter contains h instead of as above 2h as the total thickness of the tunneling
crack in [4,5] is just h.

3 Theory - tunnelling cracks in orthotropic materials
3.1 Mechanics of cracks in orthotropic materials
For an orthotropic linear elastic material, the relationship between the Mode I and

Mode 1II stress intensity factors, K; and K and the Mode I and Mode II energy
release rates, Gr and Gy, is [Bao et al., 1992]

Gr 14+ p\1/2 [ AVAK?2
= ( ) +1/4 72 (6)
GII 2E1 E2 A KII
where G; and G are the Mode I and Mode II energy release rates.

The linear elastic fracture mechanics mode mixity is defined as the phase angle
of the stress intensity factors,

Y= arctan(ff((];) = arctan </\1/4 Cgf) (7)

3.2 Analysis of an off-axis tunneling crack

The analysis of the more general case with 6 €]0;90]° is described in the following.
The stress state at the tunnelling crack front is mixed mode, and the mode mixity
1) may vary as a function of position across the layer thickness, 1) = 1(z). Since
the fracture energy is usually mode mixity dependent, G. = G¢(¢)) [5], the energy
dissipation at the crack front may vary across the thickness of the layer. Still, under
steady-state cracking, the crack front will adjust itself so that for all points across
the layer, the local energy release rate will be identical to the fracture energy for
the associated mode mixity. Consequently, in the steady-state situation, energy
dissipation at the crack front will remain the same (independent of crack length)
since the crack front retains the same shape and local mode mixity distribution.
Both the transverse normal stress o22 and the shear stress T2 will contribute to
the energy change. Figure 2 shows the normal d,(z) and tangential d;(z) crack
opening displacements of points (e.g. finite element nodes) along the crack.
Consider an advancement Aa of the crack front under steady-state conditions.
Although being curved, the crack advance will be the same for all points at the
crack tip. The crack front thus maintains its shape and the crack tip moves across
the width of the specimen in a self-similar fashion. During steady-state crack
growth, the crack tip is remote from edges such that a zone exists far ahead of
the crack tip where the stress field is uniform (i.e., independent of 1 position).
Likewise, a zone exists far behind the crack tip in which the crack openings are
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Fig. 2: Sketch of the concept for crack-tip and crack opening analysis,

independent of x1 position. The stress and displacement fields near the crack tip
are invariant, in sense that they translate along with the crack tip in a self-similar
manner. For this steady-state situation, a tunnelling crack advance by the distance
Aa, corresponds exactly to removing a slice of the laminate of width Aa far ahead
of the crack (uniform stress) and inserting a slice of laminate of width Aa far
behind the crack tip (uniform crack opening displacements). For fixed applied
displacements, the change in the potential energy between the two states (before
and after crack advancement) can be determined as the the work required to close
the crack and re-establish the stress state as far ahead of the crack:

AU = AUy + AU- (8)

where .
AU = %/0 0220n(2)dz 9)

and .
AU = % /O T196,(2)dz. (10)

The work for the stresses to close the crack is precisely identical to the reverse
problem - the energy released of the advancing crack, or more precisely, the total
energy release rate integrated across the layer thickness multiplied by the crack
advance Aa,

AU = Aa /h Gos(2)dz. (11)
0
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From the expressions (8) and (11) using the expression for the average (3), we can
now define an average steady-state energy release rate
~ AU 1 - 1 <
ss = g- = 502200 + 57120t (12)
where the two terms in (12) is coming the normal and the tangential opening
displacements of the tunneling crack surfaces far behind the crack tip.

In the following, we will split the steady-state energy release rate into two parts,
an Mode I part and a Mode II part. Although it cannot be defended rigorously we
will base the partitioning of energy release rates on the two terms of the energy
accounting method. We well define

é[ = %0’22&1 (13)
and
. 1 -
Grr = 57'12515, (14)
respectively, so that
Gss = Gr+Grr. (15)

Inspired by equation (7), we can define a nominal mode mixity parameter

¢ = arctan ()\_1/4\/%). (16)

3.3 Finite element models

The tunneling crack problem will be analyzed using finite element models with the
discretizations shown in figure 3. In figure 3a, a top-view of the mesh used for J-
integral and stress intensity determination is shown. The model represents a plate
with the dimension L x W = 170h x 60h consisting of around 6 millions 4 noded
brick elements with a focused homogeneous mesh at the crack tip with the element
dimensions Le; X Wep X hep = 0.03h x 0.03h x 0.008h. Figure 3b with the dimension
of LxW = 170h x 40h shows a mesh of around 3.5 millions 4-noded brick elements
with a focused homogeneous mesh at the center region of the tunnel-crack with
the element dimensions L¢; X We; X hep = 0.04h x 0.04h x 0.01h and in Figure 3c
the dimensions of L x W = 180h x 220h with 5 millions elements again with a
focused homogeneous mesh in the center part of the tunnel-crack with the element
dimensions L¢; X Wep X hep = 0.04h x 0.04h x 0.01h. The mesh refinement is based
on a convergence study ensuring that halving the linear element size results in
less than 0.2% change in the calculated energy release rate. In figure 4, a zoomed
picture of the focused mesh of the region used for evaluating the J-integral, the
stress intensity or the energy change. The solutions from the linear finite element
model using Abaqus standard [1] is obtained in 1-4 hours using 200 CPU on a
Linux cluster.

Using those meshes, the energy release rate of an off-axis tunneling crack will
be analyzed using the following three approaches:
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Ny
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(a) Half width crack: J(z), K;(z), Ky;(z), AU;, AU,

Ny

—_—

ny

(b) Full width crack: AU;, AUy,

(c) Full width crack (8 < 45°): AU;, AUy,

Fig. 3: Top view of finite element mesh where the red line identify the predefined crack.

1. A local J-integral value, J(z), evaluated at points along the straight crack front
of the tunneling crack.

2. A local value of the stress intensity factors, K1(z); K11(z), evaluated along the
straight crack front of the tunneling crack.

3. The total energy change, AUr; AUjy, calculated from the far-field stress state
and the crack opening in a region behind the crack front
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Fig. 4: Zoomed-in side-view of finite element mesh where the red line identify the predefined
crack.

Approach 1 utilizes a J-integral evaluation method build in the commercial
finite element code Abaqus which are based on a domain integral formulated by
[15]. From the J-value along the crack front, a mean J-integral value is calculated
as the mean of the mean values for the J-integral for the contours 3-7 around the
crack tip, each averaged across the ply thickness, h.

B w1k
J:EZJ with J :E/o J(2)dz (17)

where k indicate the contour number.

Approach 2 calculates the local stress intensity factors along the crack front
using a build in function in Abaqus. A functionality which can be used to deter-
mining the stress intensity factors for an anisotopic material using an interaction
integral method as proposed by Shih and Asaro [14]. For more details on the im-
plementation in Abaqus, see [1]. Abaqus can only calculate the stress intensity
factors in an homogeneous material, therefore it has been necessary to add a very
thin layer of 0.001h below the tunneling crack in order to separate the crack-front
in the off-axis layer from the 0° layer. Something which only have a negligible
effect on the predictions.

Approach 3 is the energy accounting method presented in eq., (12) as a off-axis
generalization of transverse tunnel cracking method proposed by Ho and Suo [4].
The method uses the far field stress state calculated using a classical laminate
theory and the crack opening profile extracted from the deformed mesh.

The first two approaches require that the FE-model includes the crack-tip as
shown for the half-crack in the upper part of figure 5. The third method, the energy
accounting approach, does not require a crack-tip in the model. Therefore, the
energy accounting calculations can be made by use of the more simple case shown
in figure 5. The three approaches are described in more details in the following
section.
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J(2); Ki(2); Kri(2)

AUr; AUrr

Fig. 5: Determination of the energy release rate for at half-width crack problem (top) and the
full-width problem (below)

Results from all three approaches will be compared for the two reference cases
GlassFRP1 and CarbonFRP1 with a tunneling crack and off-axis layup given by
the angle 0 = 45°. A sufficiently large plate geometry is needed in order to obtain
converged results, and this is obtained using a plate length on L/h = 170 together
with a plate width on W/h = 60 for the half-width crack case and W/h = 40 for
the full-width crack case. The problem is judge to be converged when the solutions
differ by less than 0.1% when doubling the length or width.

3.4 The energy accounting approach

Figure 6 shows the shear and transverse normal stresses found in the local material
coordinate system (21 — x2) in the central off-axis layer for laminate [0/6/0/ — 6]
without a tunneling crack. These stresses will be identical to the stresses ahead of
a tunneling crack and are to be used in eq. (12). As expected, a perfect match is
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— — —GlassFRP1
GlassFRP2
0.8 [ |— — — CarbonFRP1
CarbonFRP2

22

0 10 20 30 40 50 60 70 80 90

Fig. 6: The normalized stress components o22/0, and 712/0, in the off-axis layer versus the
off-axis angle 6 found using a classical laminate theory

found between stress components calculated through the classical laminate theory
and a linear finite element model of the laminate. In figure 6, the stresses are
normalized by the local axial stress o, occurring in the off-axis layers. For all
four material systems there are compressive transverse normal stresses (22 < 0)
for small off-axis angles and tensile normal stresses (c22 > 0) for larger off-axis
angles. Hence, for small off-axis angles, a tunneling crack is expected to experience
contact between the crack faces and possess compressive normal stresses. For larger
angles, the crack-opening normal stress (o22) is positive and increasing in value
until reaching 22/0, = 1 for § = 90°. The shear stress o12 is always positive and
possesses a maximum in the range of § € [50;60]° depending on the material. As
expected for symmetry reasons, o12 vanishes both for 6 = 0° and 6 = 90°. Ref
[12] studies the two cases § = 50° and 6 = 60° for the material GlassFRP1.

In the following, the GlassFRP1 and CarbonFRP1 layup [0/6/0/ — 0]s with
0 = 45° will be used as two reference cases.For those two reference cases with
0 = 45° we have from figure 6 that

GlassFRP1: 03y = 0.2847 , 79 = 0.4327

18
CarbonFRP1: 055 = 0.0852 , 715 = 0.3932 (18)

where the () indicate an normalized components following (5). These values will
be used below in the calculation of the normalized energy release rate.

Figure 7 show the crack opening displacements of the crack surface far behind
the crack tip for the two references cases. Consistent with the results for the normal
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-0.1

-0.2

z/(2h)

-0.3

—e— GlassFRP1: §,
—o— GlassFRP1: é; ]
—e— CarbonFRP1: 9,
—o— CarbonFRP1: 9,

1 1

1.5 2

51/(2h€x)

Fig. 7: Normal, d,,, and tangential, d¢, crack opening displacements across the layer for the
GlassFRP1 and CarbonFRP1 case with 6 = 45°

stresses o2z in figure 6, the normal crack opening displacement d, is negative for
small layup angles. Unlike the negative normal stresses far head of the crack tip,
a negative normal opening is physical unrealistic. This model result is an outcome
of not taking contact between the crack surfaces into account in the finite element
simulations. In the following, those unrealistic negative crack openings will be set
equal to zero as shown in the bottom part of the CarbonFRP1 case in figure 7. An
average normal and tangential crack opening displacement are - for the two cases
shown in figure 7 with 6 = 45° - found to be

GlassFRP1: & = 0.4822 , & =1.0164

_ _ 19
CarbonFRP1: §;, = 0.1081 , §; = 1.1696 (19)

Based on equations (12-14), the solid and dotted curves in figure 8 show the av-
erage energy release rates, G I, G 1, and G s calculated using the three approaches
for the reference GlassFRP1 case with 6 = 45°. A sufficiently large plate has been
used with W = 60h for the half crack and W = 40h for the full crack. The length
of the plate is L = 170h (L = 140h for J-integral). The curves in figure 8 show the
variation of those average energy release rates along the tunnel-crack in the center
laminate. The value in the midpoint of the crack (z1/a = —0.5) can - for the
GlassFRP1 case with 6 = 45° as shown in figure 8 - be calculated by substituting
the earlier obtained values for the GlassFRP1 case shown in equations (18) and
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Fig. 8: The variation of the energy change Gy and Gy along the crack analysed for the half-
width and full-width crack for GlassFRP1 with 6 = 45°. The energy changes is compared with
the mean values of the J-integral and energy release rate G calculated from the stress intensity
factors as shown in figure 9 and 10. Even though the crack-tip values has been calculated at

the crack-tip, 1 = 0, the values has been shown at the crack mid-point, z1/a. = —0.5, for
easing the comparison.

(19) into equations (13) and (14)

Ak 1 * ok 1

G} = 50528, = 5 - 0.2847 - 0.4822 = 0.0686 (20)
* 1 « 1

G = 5riad; = 5 - 0.4327- 1.0164 = 0.2199 (21)

From equations (22) and (16), the energy release rate and the mode mixity pa-
rameter is calculated

ClassFRP1: G, = 0.289 and ¢ = 67.9°. (22)

The corresponding value for the CarbonFRP1 case are
CarbonFRP1: G, = 0.235 and 1) = 86.0°. (23)

Figure 8, shows the results obtained along the whole crack path for the two
cases shown in figure 5 obtained using the finite element meshes shown in figure
3a and figure 3b. The average energy release rate is calculated along the full-width
tunneling crack starting at the laminate edge approaching either the crack tip for
case a in figure 3 and 5 or the opposite plate edge for the case b. Except from near
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the edge or the crack tip, a rather constant value is found for the average energy
release rates confirming the anticipated steady-state nature of the cracking. Those
steady-state energy release rate values values will, for all the cases analysed in the
following, be taken at the midpoint of the crack (z1/a = —0.5).

3.5 Crack-tip simulations

In order to investigate how well those average energy release rate calculated from
the energy changes in equations (9-10), represent the actual energy release rates
calculated along the crack-tip using the J-integral or stress intensity factor a com-
parison is made in this sub-section. The average values obtained from those crack-
tip simulations are shown in figure 8 as the cross-marks.

0.0 .
; H I
------- Jintegral for contour 1 i i
- 1 - .
—-— J-integral for contour 2 Ve )
011 —— Jintegral for contours 3-7 1 {."
---- Average |-integral: J= 0.283 ': Y/
E /
— -0.2 : /-
e i
r~ Ty
S i _l
N 3 "
i
1
1
1
-0.4 i
1
1
1
1
1
-05 : ; ; ; ; — ;
D00 005 010 015 020 025 030 035 0.40

Nz2)(exo,2h)

Fig. 9: J-integral along a straight crack front for the GlassFRP1 case with 6 = 45°

Figure 9 shows the J-integral evaluated along the tunneling crack tip with
a straight crack front orthogonal to the tunneling crack growth direction for the
GlassFRP1 case. From Figure 9 it can be seen that except for the first two contours,
the J-integral values for the different contours coincide as shown the figure as
solid curves lying on the top of each other. This is an expected result; in the
steady-state situation, the average value of the J-integral along the any crack
front must be identical to the average of the energy release rate obtained by the
energy accounting approach, irrespective of the crack tip shape, i.e. also for the
case of the straight crack tip. For the GlassFRP1 reference case, the Gss obtained
in equation (22) is found to differ only 2% from the mean J-integral value found
in figure 9.
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Fig. 10: The local energy release rates, G;, Gr;r and Gss = G1 + Gy along a
straight crack front for the GlassFRP1 case with § = 45°

In addition to the local J-integral, also the stress intensity factors, Kr(z) and
Ki1(2), and thereby the local energy release rates, Gy(z) and Gr(z), along the
crack front using equations (6) can be determined. Figure 10 show the calculated
local energy release rates for the same case with the off-axis direction given by
6 = 45° as used in Figure 9 for the J-integral. It turn out that the build-in method
in Abaqus was not able for the specific model to calculate the stress intensity
factors (approach 2) along the whole crack front but only in the bottom and upper
part of the straight crack. The part in between has been approximated assuming
a shape for the energy release rate similar to the J-integral variation across the
layer. The approximated part is shown as a dotted line in the figure. In figure 10,
the result from the first two contours has been omitted so only the 5 coinciding
curves from contours number 3-7 is plotted. The average values (indicated by the
dashed line) has been calculated as the average similar to equation (17) for the
J-integral. The average energy release rate, G, = G5 + G5, = 0.295 differs from
the average J-integral value J* = 0.283 by 4%. A difference which may come from
the missing values in the central part along the crack-front path. The averaged G7,
Gir and G, values was also compared in figure 8 with the values obtained along
the crack using the energy change method. Here, a slightly bigger difference was
forund when comparing G; and G;; with G and G; than for the comparison of
the sums G, Gss and with the J-integral value J.

In addition to the local energy release rates, the two local stress intensity factors
can also be used to calculate the local mode-mixity along the crack front using
the first part of equation (7). For the specific case with a straight crack front the
mode-mixity is found to be rather constant along the whole crack front as shown
in figure 11.
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Fig. 11: The local mode mixity along a straight crack front for three cases resulting in three
different mode-mixity.

The largest deviation from the average value was found near the bottom of
the layer (z/2h = —0.5), where the tunneling crack tip stress field is likely to be
influenced by the crack tip running along the interface to the neighbour UD layer.
For the GlassFRP1 and CarbonFRP1 cases, the average mode mixity parameter
based on the crack tip properties, 1, was found to be 66.6° and 85.0°, respectively,
for & = 45°. The corresponding mode mixity found using the energy accounting
approach was, for the same cases, found to differ only approximately 2% from this.

In summary, by comparing the results obtained from the crack tip and crack
opening analysis in the previous section, it was found that there was less than
2% difference for the two cases investigated. Therefore it will in the following be
assumed that for all the analysed cases, we can write that

~ Gss and P ~ ). (24)
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In addition, it was found that the same energy changes was found for the half-width
crack and the full-width crack. Therefore, as a conclusion, the mean value of the
energy release rate G, Gy and Gss can be found based on the energy accounting
approach found from the full-width crack using the finite element mesh shown in
figure 4. A model which do not include the crack tip for which we are predicting
the energy release rate for.
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Fig. 12: The convergence of the energy release rate with the plade width W/h for the Glass-
FRP1 case with 6 = 45°

4 Results
4.1 Effects of plate geometry

Figure 12 show the effect of plate width, W, on the energy release rate for the
GlassFRP1 material case with the balanced and symmetric layup [0/6/0/ — 0], for
6 = 45°. For the half-width crack problem, the energy release rate given by the
J-integral is highest for small values of W/h decreasing to a converged value for
larger values of W/h. A converged energy release rate is obtained for W = 40h.
It can be seen in figure 12 that all three procedures are converging to the same
energy release rate value for larger values of W/h. For smaller W/h, the crack tip
”feels” the free edges - there will be no uniform stress field ahead of the crack
tip and no uniform crack opening displacements in the crack wake. It is therefore
not surprising that G obtained by the energy accounting approach is in error for
W/h < 40 for the half-width problem.

Regarding the plate length, a corresponding convergence has shown that a
converge energy release rate value are obtained for L = 170h (or L = 140h for the
J-integral), which is the minimum laminate length used in Figure 12.

4.2 Effects of laminate thickness

Figure 13 shows the dependency of the energy release rate on the ratio between the
laminate thickness, 2H, and the lamina thickness, h. In the figure, the laminate
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Fig. 13: The dependency of the energy release rate on the ratio between the laminate thickness
and the lamina thickness for the GlassFRP1 case with 6 = 45° for a sufficiently large plate
with W = 90h and L = 170h

thickness is increased by increasing the number of uni-directional (UD) plies next
to the tunneling crack, i.e., for laminate lay-ups of the form [0,/0/0,/—0]s, where
n is the number of UD plies. It is seen in Figure 13 that the energy release rate
decreases with increasing laminate thickness, approaching an asymptotic value
for large values of H/h. For the reference case with [0/0/0/—0]s (H/h = 4), the
energy release rate can be seen to be around 15% higher than for the case with
an vanishing thickness of the off-axis ply compared with the UD ply. Both the
uniform ply thickness case [0/0/0/—0]s as well as the large thickness difference
is of highly practical relevance. Increasing H/h can also be taken as decreasing
h with H fixed, corresponding to a decreasing ply thickness. The later can e.g.
represent the tunneling cracking occurring in the off-axis backing layers present
in non-crimp fabrics used in the wind turbine industry, where the thickness of the
backing bundles is typically significantly smaller than the UD plies, see e.g. [7].

4.3 Effects of crack spacing on the energy release rate

Tunneling cracks in off-axis oriented lamina will occurs as multiple cracking, see
e.g. [12,7]. Therefore, it is important to determined how closely spaced neighboring
partly or fully developed cracks can be to a given analysed crack without giving a
significant influence on that, i.e., without that the energy release rate and the crack
growth behaviour will be influenced. Figure 14 analysis this ”critical distance”
defined as the closest spacing between an existing full-width crack and a new
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Fig. 14: Sketch of the investigated multiple crack case

propagating tunneling crack for which the energy release rate is identical to that
of an isolated tunneling crack.
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Fig. 15: Influcence of the distance, ¢, to neigboring cracks on Gss for the GlassFRP1 case with
0 = 45°

In the following, this critical distance is determined for the GlassFRP1 case
with 6 = 45°. Figure 15 shows the energy release rate of the crack tip of a half-
width tunneling crack as a function of orthogonal crack spacing, £. The energy
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release rate is calculated using both the J-integral and the energy accounting
approach. For small £, the steady-state energy release rate is lower than the steady-
state energy release rate of an isolated tunneling crack. Compared with J and
Gss for the case without surrounding cracks it has been found that the presence
of neighboring cracks lower the energy release rate with less than 1% when the
distance is £/h > 10 to the neighboring crack and with less than 10% when the
distance is £/h > 5. Furthermore, in figure 15 it is found that in order to get a
good correlation between the mean value of the J-integral and the energy change
Gss, the energy change must be calculated based on the stress state between the to
surrounding cracks and not as the far-field stress state. Doing this—a-good-agree-

Vot S g e

4.4 Effect of the off-axis crack orientation

Figure 16 show the dependency of Gh G‘U and Gss = G‘I + én with the layup
angle 6 found for the GlassFRP1 case. The solutions is found for a laminate with
a length and a width given to be minimum W = 40h and L = 170h. The energy
release rate is found from the crack opening profile in the middle of the full-width
crack configuration and the layup [0/0/0/ — 0] is used. For small angles below
0 < 45°, the model analysed is modified slightly such that the full-width crack
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Fig. 16: The energy release rate éI, G” and Gss = G‘] + G” for the glass fiber composite
GlassFRP1. The red markings are the mean Gy, Grr, Gss ("x’) and J (’+’) found along the
crack-tip similar to what is done in figure 9 and 10.
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ends at the loading ends instead of the sides of the plate. For moderate small
angles 0 &~ 45°, results from the modified model and the model shown in the lower
part of figure 5 was found to coincide.

The shape of the curves in figure 16 for G’I and GU can be seen to be rather
similar with the laminar stress state shown in figure 6. As mentioned earlier,
the Mode I energy release rate G is set equal to zero when no positive normal
opening J, occur. It is seen in figure 16, that Gss increases monotonically with
an increasing layup angle 8 can be observed where the contribution is going from
a purely tangential crack opening displacement, §; for § < 30°, to a pure normal
opening displacement ¢, for 6 approaching 90°. From the red markings on the
curves at § = 45°, it can be seen that there are a good agreement between the
energy release rates found from the energy accounting method and the mean value
of the crack tip values.

4.5 Effect of the material properties

As an alternative to making a large parametric study on the individual stiffness
parameters in the othotropic material, we investigate the influence of elastic prop-
erties on the steady-state energy release rare for the four material cases defined in
Table 1, These materials cover the frequently used glass- and carbon fiber based
material used in structural application such as in the car, aerospace and wind
turbine industry.
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Fig. 17: Energy release rate Gy and Gy for all four material cases
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In figure 17, G and Gy are shown for the four different materials. It can
be seen that despite the stiffness properties going from a low modulus glass fiber
composite (GlassFRP1) to a high modulus carbon fiber composite (CarbonFRP2),
the dependency of the energy release rate to the layup angle 6 is rather similar.
Nevertheless, it is observed that the higher modulus carbon fiber composite has a
lower normalized G 1 contribution and a slightly higher G 71 contribution than the
lower modulus glass fibre composites.
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Fig. 18: The total energy release rate Gss and mode mixity 1[1 for the 4 material cases

The total energy release rate Gss and average mode mixity is shown in figure
18 where the average mode mixity parameter 1), defined from (7), is calculated
using equation (16). The mode mixity ¥ is 90° for small values of (0 < 25° for
the glass fibre composites; 6 < 40° for the carbon fibre composites), and decreases
to 0° for § = 90°. The dependence of 1) on 6 is fairly different for the various
materials types.

For the glass fibre composites, which have the lowest orthotropy (A & 0.3;p ~
2), experience dominating Mode II (¢ = 90°) for smaller off-axis angle range
(0 < 6 < 30°) than the carbon fibre composites (0 < 6 < 45°), which have a
higher orthotropy (A ~ 0.05;p = 5). For larger values of 0, the difference in "
between the two glass fibre composites is very small. In contrast, the results for
the carbon fibre composites indicates that increasing orthotropy (decreasing A,

increasing p) increases ¢ for the same 6.
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5 Discussion

The energy balance approach propose by Ho and Suo [4] for a transverse tunnel
cracks has been generalized to an analysis of off-axis tunnel cracks. During this,
good agreement between the average value of G, Grr and Gss at the crack tip
with the energy change components GI, G‘H and éss calculated behind the crack
tip has been found. For a straight crack front, some variation of the mode mixity
1(z) is found along the crack front. Despite that a good agreement is found with
the averaged mode mixity ¢ ~ w obtained based on the energy balance approach
behind the crack tip.

Material system covering the range from a compliant glass-fiber composite to
a stiff carbon fiber composite has been studied. Thereby, it is with the calculated
curves for G4s and 1) possible to design fatigue test series for extracting the crack
growth rate of tunneling cracks in secondary oriented layers addressing a number
of different mode-mixity values. Even though the analyses is a linear elastic static
analysis, the results can even be used in relation to fatigue studies in a similar
way as done in [12]. Tunneling cracks is for fatigue of many authors [6,7,13,16,21]
considered as the initiation fatigue damage mechanism influencing other fatigue
damages mechanism later during the fatigue loading.

5.1 On crack face closure

As mentioned, the present linear FE-model does not model crack face contact.
Omitting crack face contact - as in the present study - can result in negative
normal crack opening displacements (crack face penetration) which is considered
unphysical. A more rigorous modelling could include modeling with contact sur-
faces and friction. But then the modelling would become non-linear (the contact
area must be found by iteration) and thus would require longer computation time.
Actually modelling the contact may influence the remaining crack opening shape
slightly both for the d,, and d§; but as this is only the case for smaller layup angels,
the effect of this on the crack opening shape will be neglected here.

The precise influence on é’u will depend on the friction between the crack
surfaces given (;; = 0 in case of sticking friction contact at the interface. For
a friction-less contact, the (non-physical) crack face penetration is on the other
hand only expected to have a minor influence on the G 11 value. which-are the-one
shown-in-figure 16[LAPM: Bent: lets talk about this].

5.2 Thin off-axis plies

The present study (Fig. 13) shows that for very thin off-axis plies (h/H approach-
ing 0), such as backing bundles in non-crimp fabrics, the normalized energy release
rate will only by slightly lower similar to what is found in figure 13.

The results of the present paper suggest that the most efficient ways of de-
creasing the energy release rate is to decrease the thickness of the backing plies, h
(see figure 13) and to select low off-axis angles (see figure 18).
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5.3 The simplified mode mixity calculation

It is encouraging that there is a good agreement between results obtained by
the energy account method from the half-width crack case including a straight
crack tip and the full-width crack case without a crack-tip at the front end of the
tunneling crack as shown in figure 8. This suggests that the use of the proposed
energy accounting approach on a full-width model (avoiding a crack tip) can give
both the average energy release rate and the average mode mixity. Then, the finite
element model would not need to include the crack tip of the advancing tunneling
crack, and this enables a more simpler mesh and thus a much faster analysis
of tunneling crack problems. In addition, this will also open up the possibility of
analysing the off-axis tunnel crack as a two dimensional problem. Something which
will be investigated in a future study.

6 Conclusions

The energy release rate and the mode mixity has been determined for off-axis
orientations covering 6 € [0;90]° of a balanced and symmetric [0/6/0/ — 0] lam-
inate. The results has been determined for structural relevant glass and carbon
fiber reinforced composites with a ply stiffness going from 30 GPa for the glass-fiber
reinforced lamina to 270 GPa for the carbon fiber reinforced lamina.The analysis
has been simplified by replacing a crack-tip stress intensity factor analysis with
a off-axis generalization of the Ho and Suo [4] energy accounting approach. The
determined energy release rate and the mode mixity factors can be used designing
laminates for off-axis crack-growth experiments during static and fatigue loading
similar to the experiments performed in [12,7].
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