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ARTICLE INFO ABSTRACT

Keywords: Off-axis oriented tunnel cracking in a laminated structure is modeled using a special 2D off-

Energy release rate axis finite element formulation, thus replacing full 3D finite element simulations with much

Mode-mixity less demanding 2D simulations. The 2D off-axis element is formulated as a user element in the

gser eleTemS commercial finite element code ABAQUS, and the user element code is made available for the
omposites

reader. The finite element formulation is used to predict the steady-state energy release rate
and the mode-mixity for either one isolated crack or multiple interacting tunnel cracks in the
central ply of a [0/0/0/—0], layup. The laminate is loaded uni-axially or bi-axially, and analyses
are presented for glass and carbon fiber composites for arbitrary layup angles 6. The 2D finite
element model is found to give precise predictions when comparing the detailed simulations
made by a full 3D finite element model. It is demonstrated that despite being a 2D method, the
model rigorously provides detailed solutions for the out-of-plane deflection and strain. With a
speed-up of more than four orders of magnitudes, it is thus possible to perform new, detailed,
and very accurate studies of the dependency of laminate thickness as well as neighboring cracks
on off-axis tunnel cracking.

1. Introduction

Tunnel cracks are often seen in layered materials where less ductile layers under tensile loading will develop transverse-oriented
tunnel cracks when surrounded by more ductile materials, [1,2]. During fatigue loading, tunnel cracks can act as damage initiation
points for the subsequently fiber fatigue failure in the load carrying fibers, [3,4]. Hence, understanding and controlling the initiation
and growth of such tunnel cracks can potentially have a large influence on the subsequent fatigue damage evolution in the load
carrying fibers and therefore on the overall stiffness degradation and fatigue life-time of the laminate.

A large number of studies have addressed 90°, transverse cracks where numerical studies typically rely on 2D plane strain finite
element models. In this way, similarly to Beuth [5] for channeling surface cracks, Ho and Suo [6] used an energy balance method
based on the crack opening profile of a fully developed tunnel crack and the stress-state of the non-cracked case to obtain steady-
state energy release rates. Hutchinson and Suo [7] extended this 2D plane strain analysis to crack interaction studies. Lundmark and
Varna [8], used the 2D plane strain model to investigate the stiffness reduction due to the tunnel-crack density while Carraro et al.
[9] investigated tunnel-crack-induced delamination. Various other investigations of tunneling cracking at 90° in laminates exist,
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such as Cox and Marshall [10] discussing several aspects of the steady-state tunneling cracks, or Crossman et al. [11] and Wang and
Crossman [12], treating both tunneling cracks and delamination caused by these cracks. These investigations are typically conducted
with generalized plane strain models and thus limited to cracks at 90°.

For orthotropic materials in the presence of weak interfaces, tunnel cracks can develop in other directions than the transverse
90°, direction. An important case is multi-oriented fiber-reinforced polymer plies in composite laminates where the tunnel cracking
typically will follow the weak interfaces between the fiber and matrix material. For non-90°, tunnel cracks, the crack-tip will be
loaded in a mixed-mode (a combined normal and shear loading). Quaresimin et al. [13] proposed a generalization of the energy
balance method for predicting the energy release rate and mode-mixity, which was applied by Maragoni et al. [14] to determine
the energy release rate using a 3D finite element model. A prediction based on a full 3D model. Mikkelsen et al. [15] found that
the method was giving accurate predictions of both the energy release rate and the mode-mixity even when based on a 3D finite
element analysis of a fully developed crack without explicitly modeling the crack-tip stress-field. The numerical solutions showed
that the far-field self-similar solutions (far behind the crack front) could be used to determine the crack-tip load based on an energy
balance, thus essentially utilizing 2D features of the solution which may be directly modeled using specialized off-axis 2D finite
elements.

In the present study, such an off-axis finite element is developed and implemented in the commercial finite element code
ABAQUS. The element is used for predicting the energy release rate and mode-mixity for a specific symmetric laminate layup
[0/6/0/ — 6], with a central tunnel-crack in the symmetry ply. The material is assumed to be a linear elastic orthotropic material
representing typical glass and carbon fiber composites. Even though only such specific cases are considered, the off-axis finite
element framework is relevant for modeling a wide class of problems, including material non-linearity in the form of plasticity as
well as micro-mechanical effects such as inhomogeneous stress states between the reinforcing fibers, and effects of curing induced
residual stresses — all potentially in combination with crack growth simulations based on 2D energy balances.

The new 2D element formulation has been validated against full 3D simulations by comparison of both the 3D stress-state in a
symmetric laminate, the energy release rate and the mode-mixity for tunnel-cracking under uniaxial loading, [15], as well as under
bi-axial loading, [16]. The user element can be downloaded from Mikkelsen et al. [17].

2. Tunnel crack model

Fig. 1 shows two different 3D models which can be used for calculating the average steady-state energy release rate, G, and the
average mode-mixity, , for a tunnel crack front positioned in the central layer of the composite layup [0/6/0/ — 0],. Thus, except
for the ply thickness studies presented in Fig. 9, the middle layer has the thickness 2i whereas all other layers have the thickness
h with a resulting total laminate thickness 2H = 8h. All laminates considered, are then symmetric and balanced. A Cartesian
coordinate system, x;, is aligned with the sides of the laminate. The laminate shown in Fig. 1 is to be loaded in uni-axial tension in
the x,-direction by the average membrane stress N, but bi-axial loading with N; in the x; will also be investigated. The crack front
is loaded in mixed Mode I and Mode II. A standard material coordinate system aligned with material directions is also introduced
as (xp,xp, xyr). Here, xp» will always be parallel to x, and the angle between x, and x; is 6.

Fig. 1a shows the full cracked laminate. The tunnel crack front in the middle layer is positioned at an arbitrary position in
between but far from the laminate edges. The crack front shape will generally vary with x,, but under steady-state conditions, the

average steady-state energy release rate, G,, along the crack front can be found as the average value of the J-integral
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Here, K;(x,) and K;;(x,) are the Mode I and Mode II stress intensity factors, respectively. It is noted that K;(x,) and K;;(x,) as
well as the J-integral will depend on x, in general.

As the layup considered is symmetric and balanced, only half of it needs to be analyzed. Furthermore, in Mikkelsen et al. [15],
it was validated by 3D analyses, that the average steady-state energy release rate, G, and the average mode-mixity, ¥, along the
crack front can be found from an off-axis generalization (see [13]) of the energy balancing method described in Beuth [5] and Ho
and Suo [6]. Hence, the crack front itself does not need to be represented in the model in order to evaluate the average energy
release rate, G, and mode-mixity, . This is illustrated in Fig. 1b where a full-width crack without any crack front is shown for
the half-thickness laminate. Then the average energy release rate, G,,, and mode-mixity, , will be taken as a Mode I and a Mode
IT contribution
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Crack front analysis:
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(a) Full-thickness model including the crack front.

Symmetry plane

Energy balance method:
G G

(b) Half-thickness model without the crack front.

Fig. 1. Two 3D tunnel crack models with definitions of load, geometry and two coordinate systems (x,,x,,X3), (x;, X7, Xp).

where A= E;/E; and p = —szg'ET — +/virvrr [19]. Exploiting symmetry in Fig. 1b, the average energy release rates in Mode I and

Mode II, respectively, are calculated as
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where §,(x,) and 6,(x,) denote the normal and tangential crack opening profiles, respectively, of the full-width crack (see Fig. 2b),
while o1 (x,) and 7;4(x,) are the transverse normal and shear stresses, respectively, before initiation of the tunnel crack. It is noted,
that since the crack considered is fully aligned with the longitudinal material direction denoted by subscript L the normal Mode
I opening denoted by subscript » follows the material transverse direction denoted by subscript 7 and tangential Mode II opening
denoted by subscript ¢ follows the material longitudinal direction denoted by subscript L. The stress-state used to evaluate energy
release rate is that existing in the absence of the specific tunnel crack analyzed. For a tunnel crack growing between neighboring
cracks, this stress-field is found from a finite element solution, while for isolated tunnel cracks, the constant far-field stress in the
off-axis ply is used. In this latter case, Eq. (5) can be written as

1 = = 1 =
G = EﬁTT‘Sn 3 G = ETLT‘SI (6)

where the average crack openings can be calculated from

1 0 0
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as done in Mikkelsen et al. [15].
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Symmetry plane

0

(b) Deformed symmetry plane, x, = 0, where bold black line indicates the upper edge of the 2D model.
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(c) 2D model with elongation, A, symmetry (x, = 0) and anti-symmetry (x; = 0) boundary conditions.

Fig. 2. The 2D simplification of the tunnel crack problem.

3. Solution strategy
3.1. 2D formulation

Neglecting edge effects, the blue box in Fig. 2a indicates a domain in which the deformation state does not vary along the
direction of the crack. Therefore, instead of finding the crack opening shape using the computationally expensive solution strategy
in Quaresimin et al. [13], Mikkelsen et al. [15] and Bangaru et al. [16] to solve the full 3D model in Fig. 1b, the solution can be
based on a much more efficient 2D formulation. Fig. 2b shows the top x; — x3-plane at x, = 0 in an exaggerated deformed state
where the blue lines indicate a top-view of the blue box from Fig. 2a.

The solution will be obtained on a 2D domain indicated by thick lines in Fig. 2a. In Fig. 2b this 2D domain is represented by a
single thick line along the middle of the plate. The computational 2D domain is initially oriented along the main tensile direction x,
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and hence, it is oriented at an angle 6 relative to the tunnel crack. The size of the domain is given by the length in the x,-direction,
L and the half laminate height, H, as shown in Fig. 2c. Note that when referring to the x; coordinate system, the displacement field
within the 2D domain, u;, will be three-dimensional except for specific values of 6, for which the solution will reduce to a planar
displacement field.

The external far-field loading is prescribed as an elongation, 4, in the x,-direction along the edge x; = —L as illustrated in Fig. 2c
for x; = 0. The in-plane symmetries are imposed along x; = 0 for x, < —h by u; = 0 and along x, = 0 by u, = 0 (see Fig. 2c).
In addition, anti-symmetric boundary conditions in the out-of-plane direction need to be prescribed by zero displacements in the
x3-direction, u; = 0, along x; = 0 for x, < —h and along x; = —L. This is illustrated by red crosses in Fig. 2c.

To accommodate such 3D deformations, a new coordinate axis perpendicular to the crack plane is defined as

x| = x; — x3 cot(6) 8

as also shown in Fig. 2b. For § = 90° one has x’1 = x; where the formulation will simplify to a generalized plane strain formulation.
For 6 € ]0°;90°[, the unit of the x’] -axis is stretched relative to that of the x,-axis. For 8 = 0°, Eq. (8) is not defined. The total 3D
displacement field, u;, only depends on x| and x, and will here be expressed by the sum of that originating from a homogeneous
far-field displacement gradient, # ;, and a fluctuation field, &;, that vanishes in the far-field

u;[xy, %y, x3] =12,-’jxj+11,-[x’l,x2] ; i=1,2,3 9

The far-field small strain and rotations, resulting from the imposed far-field loading, are given as

_ 1. _ _ 1 _ _
£ = E(ui’/ +;;) ; @ = E(ui’j —i;;) (10)

Without loss of generality, and consistent with the boundary conditions discussed above, we take @;; = 0, implying that &; ; = @, ;.
The gradients of the total displacement field, u;, are then given by

Uy =y + il = i+ Ty L a=1.2 an
Uiz =i;3 —cot(0) - ;| = &3 —cot(0) - i,

3.2. Element formulation

A special plane element with three translational displacements degrees of freedom, ;, in each of the M nodes is developed. The
element is derived in a general form to model the full six components of a 3D strain field. The finite element solution will be based
on the displacement field on the plane x; = 0 in Fig. 2, at which

ui[x1,%5,0] = u;[x),x,] = U; g Xg +8;[x1,%5] (12)

From Eq. (8) it follows that for x; = 0 one has x| = x; and u; = #;. For the finite element implementation, the total in-
plane displacements, u,[x;, x,], and the fluctuation of the out-of-plane displacement, i;[x;, x,], are defined as the unknown fields.
Following the decomposition of the displacement field, Eq. (9), and using Eq. (11) the small strain components are expressed by

these unknown field variables as

€ = £y i, =up
£y = £y iy =1y
_ . _
Y2 = 2{5|2+§("1,2+”2,1)} =ujptuy
B . ~ ~ ~ B _ 13)
Y13 = 2{513 + E(—cot(&)oulyl +u3’1)} =73 +cot(d)- &, —cot(0)'u1‘| + i3
_ 1 - _ o _ _
Yy = 2{523 + (= cot(0) iy + u3,2)} = 7a3 + 1 c0l(0) 715 — cOL(O) -y + i35
£33 = £33 +ii3;3 = £33 —cot(0) - i3 )

Here, the engineering shear strains are introduced as twice the tensorial shear strains, i.e. y|, = 2¢,, 73 = 2¢3 and y,3 = 2¢,3. Using
Voigt notation, the strain vector, ¢, can be found based on the element displacement vector, D, for an element with M nodes, as

e=BD

T T

€' ={e11, €0, 112:713: 723, €33} 14)
T_ ¢, (D 1) ~(1) M) (M) ~(M) - - o o = AT
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with the element strain-displacement matrix

Ni, 0 0 R 0 0 0 0 0 0 0
0 Ny, 0 0 Ny 0 0 0 0 0 0
a_| Mo Ny, 0 . Nuo Naa 0 0 0 0 0 0 15)
| Ny, 0 Ny, wo =¢'Nppy 0 Ny ¢ 0 1 0 0
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Here, N, for i = 1... M are the shape functions and ¢’ = cot(0) for short. It is noted, that B is a 6 x (3M +5) matrix, where M is the
number of nodes of the 2D element. Based on the principle of virtual work

/ oéedV = / TéudS (16)
1% s
the element stiffness matrix, K, can then be established in the usual manner as
K= / BTEBdV = z/ BTEBdA a7)
v A

where ¢ is the unit thickness of the element, while E is the 6 x 6 constitutive matrix determined by Young’s moduli, shear moduli
and Poisson’s ratios,

E, (1 —=vppvpp)a  Ep(vpp + veprverpa 0 0 0 E; (vprp +vppvpr)a
Er(1 =vppivprp)a 0 0 0 Er(vprp +vipverp)a
G 0 0 0
E=Ty0" tr T,(0 18
1(0) G O 0 2(6) (18)
Grpr 0
symmetric Epr(1=vipvrpa
Here,
1
a

L=vprvep = VepVerr = Ve Ve = 2vrvprvir
and, T;(0) and T, () are the transformation matrices between the material coordinate system (x;, xy, x;+) and x;, which depend on
0 in each individual layer. The transformation matrices are given as

2 0 0 2sc 0 2 2 0 0 —sc 0 52
0 1 0 0 0 0 0o 1 0 0 0 0
0 0 ¢ 0 s 0 0 0 ¢ 0 —s 0
T, = i T = 19
10) —s¢c 0 0 =52 0 sc 20) 2s¢ 0 0 c¢2—s? 0 —2sc 19
0 0 -s 0 c 0 0 0 s 0 c 0
s2 0 0 —2sc 0 2 52 0 0 sc 0 c2
where ¢ = cos(9) and s = sin(). The constitutive matrix defines the relation between stresses, o, and strains, &, through
o = Ee. (20)

It is noted, that for # = 90° a generalized plane strain element is recovered where the out-of-plane strain ;3 will have a constant
value equal to £;3. Beuth [5] and Ho and Suo [6] based their analysis on a plane strain model with e;; = 0.

4. User element implementation

The developed element is implemented in ABAQUS through a user element (UEL) subroutine. The results can be visualized
conveniently using shadow elements based on a user material (UMAT) subroutine (see [20]). The preprocessing is based on a
Python script, which creates the geometry, model properties, the load, and displacement boundary conditions. Then an input file for
ABAQUS is generated and automatically modified to include the user element subroutine. The input file is submitted and finally, the
Python script continues with the post-processing to compute the crack profile and the energy release rate. The Fortran code for the
UEL and the UMAT based “shadow element” as well as the Python scripts used for the simulations, can be obtained from Mikkelsen
et al. [17].

4.1. User element subroutine

The UEL subroutine is called by each element and requires the definition of the stiffness matrix K and the residual vector.
The stiffness matrix K can be found by evaluating the integral (17) using Gauf} integration. The residual vector is then found by
multiplying the stiffness matrix with the displacement and far-field strain vector D. Finally, the stresses and strains at the Gauf3
points are calculated with Egs. (14) and (20).

4.2. Strain prescription to all nodes

The presented element formulation poses implementational challenges in commercial codes, due to the additional and uncon-
ventional degrees of freedom regarding the far field strains, . In the formulation of the special element strain—-displacement-matrix,
B in Eq. (15), the strains, &, of the homogeneous far-field are to be applied as additional degrees of freedom common to all the
elements.

In the case studied here of the symmetric and balanced laminate under in-plane loading in the (x|, x3)-plane the implementation
can be simplified. Here, the only non-zero strains of the homogeneous far field are £, and &;5. As the tunneling cracks inside the
laminates have a negligible influence on the far-field, the homogeneous far-field strains can be approximated by classical laminate
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theory and the corresponding additional far-field degrees of freedom can be eliminated. This step is done to simplify the element
implementation. Note, that adding the additional degrees of freedom concerning the far-field in the element formulation instead of
estimating the far field beforehand will yield identical results.

Thus the far-field average strains are calculated during pre-processing with classical laminate theory, and are thus known. The
strain-displacement matrix can then be included in the UEL subroutine in the following form

Niy 0 0 . Ny, 0 0 0 0

0 Ny, 0o .. 0 N 0 0 0

N N 0 N N 0 0 0
B= 12 11 M2 M1 21
—c'Ny, 0 Ny, oo =Ny 0 N ¢ 0 (21)

0 _C’Nl,l Ny, 0 _C,NM,I Nyo 0 0

0 0 —'Ny; ... 0 0 —'Ny, 01

Furthermore, an element displacement vector is defined with size (3M + 2) x 1, where the last two rows represent the far-field
homogeneous strain field. This is then used to calculate the stiffness matrix, K in Eq. (17), the residual vector, as well as the strains
and the stresses. The contributions from the known far-field strains are moved to the residual vector via multiplication of the stiffness
matrix with the element displacement vector and subsequent subtraction of the entries related to the far-field strains. Subsequently,
the matrices and vectors are shortened to exclude entries corresponding to the homogeneous strain field. The shortened matrix and
vector are then used by ABAQUS to compute the displacements.

4.3. Shadow elements

The visualization of the results of a UEL subroutine requires an additional step. By default, ABAQUS is only able to illustrate the
nodal displacements of a UEL but is not able to interpret the field values inside the element, as neither the interpolation nor the
location of the Gauf3 points is known by the post-processing tool in ABAQUS.

A solution to this is using similar standard elements from the ABAQUS library — here referred to as shadow elements (see [20]).
The standard elements must have the same Gaul$ point locations and numbering as the element developed. A secondary identical
mesh has to be created using the standard elements. The standard elements use the same nodes as the UEL, so that the nodal results
in terms of displacements and reaction forces, can be transferred. This allows for a visualization of the displacement field.

The stresses and strains are transferred with a UMAT subroutine through a Fortran common-block from the UEL subroutine. In
the UMAT subroutine, a zero stiffness constitutive model leads to a zero stiffness matrix. This ensures, that the material subroutine
does not modify any values of the UEL subroutine. In the material subroutine, the stresses and strains are stored as state variables
instead of the built-in stress and strain variables, as this would require the same number of stress and strain variables for both the
user-defined and built-in standard elements. Hereby the stress and strain field can be visualized.

There are two limitations of this shadow element technique. First, it requires that there exists a similar element in the ABAQUS
standard library in terms of the number of nodes — for the purpose of the present analyses, the element used was an 8-noded
membrane element (M3D8) which has 3 nodal degrees of freedom. The other limitation is that the computational time is increased
significantly due to the inclusion of the UMAT. Therefore, it can be beneficial in the code to turn the shadow elements on and off
depending on the specific needs for visualization of the displacement field and state variables.

4.4. Input file

The input file defines the model that is to be solved. It is generated by ABAQUS after preprocessing and can then be submitted
for solving. The inclusion of the UEL requires a modification of the input file, as the UEL has to be defined and assigned to the
individual elements, together with the specific UEL inputs in terms of far-field strains. Subsequently, copies of all UEL have to be
created in relation to the specified shadow elements. These operations are built into a Python script.

4.5. Python script

The Python script automates the entire process and can be run through ABAQUS to calculate the energy release rate and crack
profiles. It includes the pre-processing to create the model and calculation of the homogeneous far-field strains from laminate theory.
Furthermore, the generation and modification of the input file, solving, and post-processing for obtaining the energy release rate
are included. The script requires the geometrical dimensions, material properties, and loading. This enables an efficient method for
carrying out systematic parametric studies.

5. Material systems

Three glass fiber composites (GlassFRP1, GlassFRP2, and GlassFRP3) and two carbon fiber composites (CarbonFRP1 and
CarbonFRP2) will be considered in the analyses of a laminate layup [0/6/0/ — 0], (see Table 1). The material stiffness values
are taken from Quaresimin et al. [13], Mikkelsen et al. [15] and Bangaru et al. [16] in order to be able to validate the 2D model
predictions with the 3D simulations from those earlier studies.
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Table 1
Material systems used.
Material E, E; =Ep Vir = Vi Vi G =G Grp A P
unit [GPa] [GPa] -] [-] [GPa] [GPa] [-1 [-]
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
GlassFRP3 403 123 0.27 0.40 4.62 4.38 0.305 2.26
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
D
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Fig. 3. The transverse and shear stresses (marks) in the central non-cracked off-axis layer compared with the values (lines) extracted from a Classical Laminate
Theory (CLT).

The out-of-plane element coordinate direction, x3, in the 2D off-axis finite element formulation is aligned with the orientation of
the center off-axis ply. Thereby, the stress components in the finite element solution will be given directly in these off-axis material
orientations. Fig. 3 shows the stress components in the normal direction to the fiber orientation, o4, and the shear stress, z;,
for cases without any cracks. For the cases with cracks to be studied, these two stress components are required in Egs. (5) and
(6) for calculating the average steady-state energy release rate and mode-mixity for a tunnel crack in this layer using the energy
balancing method. For validating the ABAQUS UEL implementation of the off-axis 2D finite element formulation, the predicted
stress components have been compared with a Classical Laminate Theory (CLT) in Fig. 3, and a very good agreement for all the
cases analyzed is found.

6. Results

The material systems studied here (see Table 1) were also considered by Quaresimin et al. [13], Mikkelsen et al. [15] and Bangaru
et al. [16] in 3D. Hence, direct validation of the novel 2D formulation against the full 3D model is possible. In the following, this
will be done for a number of cases.

6.1. Uniaxially loaded off-axis tunnel-crack

Fig. 4 shows the out-of-plane displacement, and the out-of-plane normal strain component found from the 2D finite element
solution near the tunnel crack, for the material system GlassFRP1 with the layup angle § = 45°. Fig. 4a shows the full 2D model
with contours of the normalized out-of-plane displacement, u;/&,,, Fig. 4b shows a close-up view with the mesh of Fig. 4a near the
crack, and Fig. 4c shows the same close-up view, but with contours of normalized out-of-plane strain, £33/&,;. As the simulations
are based on a linear finite element model, a scaling factor is chosen for the in-plane deformation field in order to have a visible
crack opening in Fig. 4. Despite being a 2D finite element model, the off-axis finite element formulation is able to correctly predict
the out-of-plane displacements, u;, which are included as additional degrees-of-freedom in the finite element formulation, as well
as the out-of-plane strain £33 = £33 — cot(6) - ii3 | (see Eq. (13)), where &;; (and ;) is found from Classical Laminate Theory. In this
specific case, £33/;; = —0.452. Both the displacement field and the strain field exhibit a localized deformation around the tunnel
crack while they represent homogeneous deformation in the major part of the model. The solution obtained has been found to agree
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Fig. 4. Deformed mesh and contour plots for a uniaxially loaded off-axis crack predicted for the material system GlassFRP1 with the layup angle ¢ = 45°. (a) The
full 2D model with the contours of the normalized out-of-plane displacement, u;/(2hé,,), (b) a close-up view of the solution from (a) near the crack, and (c) the
same close-up view now showing the normalized out-of-plane strain &, /£,,. The maximum displacement value at the crack is U™ uy®™)/(2he ) = (—0.691; —0.242).

The normalized far-field out-of-plane strain found using the Classical Laminate Theory is £3;/&,, = —0.452.
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Fig. 5. 2D versus 3D comparison of the variation of ¢;; along the x,-axis. Two 3D meshes with a different degree of refinement are presented. For both meshes,
the displacements and the energy release rates have converged, however minor differences in the strain field are observed. The refined 3D mesh shows good
agreement with the 2D solution using a similar element length L, in the x,-direction.

well with the full 3D finite element prediction with a maximum out-of-plane deflection of (u’l"“"; u'3"”")/(2h511) = (—0.691; —0.242) at
the point with maximum normal crack opening.

In Fig. 5, the 2D off-axis finite element-based solution of the normalized out-of-plane normal strain e;; is compared to the
corresponding full 3D finite element predictions in detail. The solution in Fig. 5 is shown along a path following the x,-axis in the
undeformed finite element mesh. The horizontal black lines in Fig. 5 indicate the ply interfaces (dotted) as well as the symmetry line
for the central ply (dash-dotted) and the lower outer surface (solid). Together with the two strain solutions, the average out-of-plane
strain, £;3, obtained from the classical laminate theory, is also shown. The difference between &;; and the 2D ¢35 is given by the
term cot() - il ; (see Eq. (13)). A good overall agreement is found between the 2D and 3D models. Nevertheless, there can be seen
some difference between the strain field from the 2D and 3D solution along the crack front (the top-ply). This is due to the strain
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Fig. 6. Comparing the normal, §,, and tangential, ,, crack opening displacement profile for the GlassFRP1 case with 6 = 45°, see Fig. 2b. The lines are from
the 2D off-axis finite element, the circular and cross marks are from the 3D simulation performed in Mikkelsen et al. [15].

Table 2
Numerical comparison of uniaxial loaded off-axis tunnel-crack for GlassFRP1 with 6 = 45°.
Material case 0 LT FEM _ _ _ _ _
oz I O 5 _G Gy _ Gy, -
o N 2he, Sher, 3, 2o, 3o v
. 2D: 0.4792 1.0150 0.0682 0.2196 0.288 67.9°
GlassFRP1 49702847 04327 5 04822 10164 00686 02199  0.289 67.9°

values from the finite element solution being extrapolated from the finite element integration points to the crack surface where the
element size in the 2D mesh, L,, X h,; = 0.0044 X 0.004h, is 1/10th of the element length used in the 3D mesh and therefore leads
to a much more accurate extrapolation in the 2D model. The jump in the strain prediction between the second and third ply in the
3D solution is due to a use of a much coarser mesh in the two lower plies attached to the two upper plies with a tie constraint
between the two incompatible meshes. To verify that this is the reason, a second analysis with a refined 3D mesh using a similar
resolution as the 2D model is conducted, showing a good agreement with the 2D solution. However, the quantities of interest, the
crack opening displacement, seen in Fig. 6 and energy release rate have already converged for the coarser 3D mesh. Thus the coarse
3D mesh is deemed sufficient and used for the remaining studies.

Regarding the computational effort, the refined 3D model uses almost 25’000'000 degrees of freedom, and the coarse 3D model
uses about 11’000’000 degrees of freedom with computational times ranging between 2 and 5 h using 200 CPUs, as shown in [15].
In contrast, the fine 2D model with 31’000 degrees of freedom only takes 5 s on a single CPU, leading to an estimated speed-up
between three and four orders of magnitude.

Fig. 6 shows the detailed crack opening profile given by the normal opening, §,, and transverse opening, §,, using the definition
given in Fig. 2b, which is found by a projection onto the crack normal in the (x;;x3)-plane. In the contour plot of Fig. 4 the
maximum normalized crack opening displacement was found to be (u’]”“;ug"“)/(Zhé”) = (—0.691; —0.242). This corresponds to a
maximum crack opening of (5/**;5/"*)/(2h&;) = (0.635; 1.320), which coincides with the end-points of the curves in Fig. 6. In
Fig. 6, the crack opening profile obtained from the 2D analysis is also compared to the profile found from the full 3D solution given
in Mikkelsen et al. [15]. The lines in Fig. 6 show the predictions from the 2D off-axis finite element formulation while the circular
markings and cross markings show the 3D prediction. The two solutions are found to coincide well along the entire crack opening
profile.

In Table 2, the numerical values of the average crack openings calculated using Eq. (7) based on a full 3D simulation and the new
2D off-axis finite element simulation are compared. The difference is found to be less than 1.5%. Using Eq. (6), the average energy
release rate in Mode I and Mode II can be calculated from the average crack opening and the stress-field in the un-cracked laminate.
These values are also shown in Table 2 together with the average steady-state energy release rate, G,,, and average mode-mixity
angle, y, calculated using Eq. (3). Very good agreement has been found between all the values with less than 0.5% difference
between the 2D and 3D results for the average steady-state energy release rate G, and the average mode-mixity .

Fig. 7 shows the average steady-state energy release rate, G, and the average mode-mixity, ¥, for all the cases investigated
in Mikkelsen et al. [15] using 3D finite element calculations. An excellent agreement is obtained, whilst saving more than four
orders of magnitude in computational time using the novel 2D off-axis element.
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Fig. 8. The dependence of the average steady-state energy release rate G, and the average mode-mixity ¥ on the load ratio N;/N, for the GlassFRP3 case
with 6 € [30,45,60]°. The points indicate the 3D solution from Bangaru et al. [16] and the lines by the 2D prediction.

6.2. Biaxial loaded off-axis tunnel crack

An off-axis tunnel crack loaded biaxially was analyzed by Bangaru et al. [16]. The layup analyzed here is the same and the
material system studied here is GlassFRP3 with the properties shown in Table 1. The biaxial loading is given by the two loads N,
and N3, and the effect of the biaxial loading ratio N;/N, is investigated. Bangaru et al. [16] performing such an analysis based on
a full 3D model applying a superposition of the average stress intensity factors K; and K;;. Using the 2D off-axis finite element
formulation, those corresponding simulations are sufficiently fast that all the load cases considered here are simulated directly
applying the different load ratios N;/N,. The out-of-plane loading is applied in the 2D off-axis finite element model through the
£33 value which together with £, is determined from the classical laminate theory. Note that the applied axial deformation 4 along
the outer boundary should correspond to £, calculated from Classical Laminate Theory.

Fig. 8 shows the average steady-state energy release rate, G, and the average mode-mixity, , predicted for biaxial load ratios
in the range N;/N,; € [0;1] for three different layups with 6 = 30°, § = 45° and 6 = 60°. The load ratio N;/N,; = 0 corresponds
to the uniaxial loaded off-axis tunnel crack analyzed in the previous sub-section. Similarly to Fig. 7, the curves in Fig. 8 are the
predictions using the 2D off-axis finite element, while the circular and cross marks are predictions taken from the full 3D finite
element simulations performed in Bangaru et al. [16]. As for the uni-axial load case shown in Fig. 7, a good agreement is also
obtained using the 2D off-axis finite element method.
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Comparing the predictions from the three different layup angles in Fig. 8, the blue curves for the smallest layup angle, 6 = 30°,
show the largest sensitivity to a change in the biaxial loading ratio on both the energy release rate and the mode-mixity. For the
uniaxial loading case, corresponding to N;/N, = 0, this layup angle has the lowest predicted energy release rate together with a high
mode-mixity angle corresponding to a Mode II (y ~ 85°) dominated loading. This implies that a tunnel-crack is resilient to growth as
the required energy release rate normally increases significantly when approaching Mode II crack tip loading, see e.g. Sgrensen and
Jacobsen [21]. Nevertheless, applying an additional transverse load, N3, to the laminate, both a significant increased energy release
rate, G,,, and a significant decreased mode-mixity, ¥, approaching pure Mode I ( ~ 0) loading for N5/N, ~ 0.45, is achieved. For a
further increased transverse load, the mode-mixity becomes negative according to Fig. 8, implying that K, in Eq. (2) is negative as
K; will always be positive. This effect follows from the change in direction of the shear stresses in the cracked laminate introduced
by the N; loading as discussed by Bangaru et al. [16]. The change of sign indicates a shift in the direction of the shear loading
between the crack surfaces going from a shear stress dominated by the N,-loading to a shear stress dominated by the N;-loading. In
the numerical analysis, both the shear stress 7;; and the shear crack opening &, will change sign while the Mode II contribution to
the energy release rate G;; will remain positive. As the mode-mixity in the present work is calculated from the inherently positive
energy release rates using Eq. (3), this change of sign must be defined differently, and hence the mode-mixity shown in Fig. 8 is
defined as

G
W= LT arctan| A~ /44[ =L 22)
l7rr] G,

where the sign of y is defined by the sign of 7;; similarly to [16].

For a small ¢-interval, 7;; and §, have been observed to have opposite signs resulting in a negative G;; contribution when using
Eq. (6). Obviously, a negative energy release rate is non-physical and will also result in an undefined mode-mixity value-based
in Eq. (22). Nevertheless, the negative Mode II energy contributions, G,;, are for all cases numerically very small compared with
the corresponding Mode I component, G;. Hence, in these cases, the mode-mixity angles 6 have been defined to be pure Mode I
resulting in small horizontal curve segments in Fig. 8 where @ = 0°. A similar observation was made based on simulations by the 3D
model used in Bangaru et al. [16], although the method employed there based on average stress intensity factors does not lead to
negative values of G,,. Despite the non-physical negative value of G,; in a very small region it is considered to have only a minor
influence on the predictions. As discussed in Mikkelsen et al. [15] the splitting of the steady-state energy release rate into a Mode I
and Mode II part cannot be established rigorously, but was found to give a good approximation of the mode-mixity obtained using
an accurate crack-tip analysis. Therefore, the horizontal lines segments for the mode-mixity  in Fig. 8, should be considered as the
consequence of the non-rigorous Mode I and Mode II split and will therefore not be a behavior with physical relevance.

6.3. Thickness dependency of the off-axis tunnel-crack

The effect of the ply thickness has been investigated by Crossman and Wang [22] for tunneling cracking at 90° using generalized
plane strain models. Also, in Mikkelsen et al. [15], a limited study of the influence of the ply thickness on the energy release rate
was performed under uniaxial loading with arbitrarily oriented cracks. However, due to the increasing numerical demands in the
full 3D model, especially for an increasing H /h aspect ratio, only a few cases were analyzed. Now, using the novel 2D off-axis finite
element formulation, an extensive parameter study can be performed.

Fig. 9 shows the thickness dependence of the energy release rate and the mode-mixity for the two material systems GlassFRP1
and CarbonFRP2 for layups with the angles 6 = [30°,45°,60°,90°]. Five 3D solutions for the GlassFRP1 material system with 6 = 45°
simulated using the full 3D model for GlassFRP1 by Mikkelsen et al. [15] are also included for comparison in Fig. 9 as blue cross-
marks. A good agreement between the full 3D and the new 2D finite element predictions can be observed. Despite the fact that the
thickness dependence is found to be rather limited for the glass fiber cases, the carbon fiber case shows a significant variation for the
layup angles 6 = 30° and 6 = 45° with a reduction of the steady-state energy release rate of about 80%-90% when comparing very
thin (h < H) off-axis plies with equally thick plies. Both those two layup angles are cases where the crack-tip loading is pure Mode
II with compressive normal loading over the crack surfaces. The decreasing energy release rates for thin off-axis plies with small
off-axis angles are of high technical relevance when designing backing layers in non-crimp fabrics-based composites as tunnel-cracks
in the off-axis backing bundles have been observed to be fatigue damage initiation sites in high cycle tension-tension cyclic loading
(see [23,24]). Fig. 9b shows the corresponding change in the mode-mixity for the cases analyzed. All the cases show a reduction
of the mode-mixity angle when reducing the off-axis ply thickness. A reduction, which is most significant for the GlassFRP1 case
with a predicted mode-mixity decrease of up to 15° for thin plies in a § = 30° off-axis layup. As a decreasing mode-mixity typically
will decrease the critical energy release rate for the material (see e.g. Sgrensen and Jacobsen [21]), the required energy release
rate for crack growth will decrease. Hence, whether the decreasing energy release rate, which has been predicted for decreasing
ply thicknesses, actually will result in a lower tendency of the laminate to form tunnel cracks will depend on how sensitive those
cracks are on the corresponding decrease in the mode-mixity.

6.4. Effect of neighboring cracks
For all the analyses performed so far, the tunnel-crack is assumed to be isolated from neighboring cracks. Typically, this will only
be the case during the initial phase of tunnel cracking. Later, when multiple tunnel-cracks are present, they will shield the stress-

field in a neighboring region, thus lowering the energy available for nearby tunnel-cracking. Hutchinson and Suo [7] investigated
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Fig. 9. The dependence of the steady-state energy release rate on the ratio between the laminate thickness and the ply thicknesses for the four layup angles
0 = [30,45,60,90]° for the two material systems GlassFRP1 and CarbonFRP2.

this saturation effect for 90° tunnel cracks using a 2D plane strain model while Quaresimin et al. [13] and Mikkelsen et al. [15]
investigated a few cases using a full 3D finite element model for the off-axis case.

For uniaxial loading, Fig. 10 shows the influence of a neighboring crack on the energy release rate for the same two material
cases and four layup angles as investigated in the previous subsection, i.e., 8 € [30°,45°,60°,90°]. The crack-spacing, ¢, is defined
as the normal distance between the cracks (see [13,15]). Due to symmetry, the cases studied here pertain to two pre-existing cracks
and a tunnel crack growing in between at a distance, #, to the existing cracks resulting in the crack spacing in the 2D off-axis finite
element model given as #/sinf (see insert in Fig. 10). The presence of the neighboring cracks will result in an inhomogeneous
stress-field in between the pre-existing cracks so that the stress-state cannot (as for the case of a single crack) be found from the
Classical Laminate Theory. Hence, Eq. (6) cannot be used, but rather Eq. (5) with a through-thickness integration must be used.
In order to perform the integration in Eq. (5), both the stress variation through the thickness before a crack has developed and
the crack opening profile after the crack is fully developed is needed. This is obtained by solving the finite element model twice
with two different boundary conditions along the crack-front at x; = 0. One model with u; = 0 represents a configuration with no
central crack for determining the stress-field, and one model with u; unconstrained represents a fully developed central crack for
determining the crack opening. Therefore, each point on the curves shown in Fig. 10 is based on the results from two numerical
solutions. Nevertheless, as each of these 2D solutions can be obtained in under a minute using a single CPU, all the curves can be
established within a few hours of simulation time.

Fig. 10 shows the dependency of the crack spacing, #, on the available energy release rate and mode-mixity. The energy release
rate in Fig. 10a is normalized by the value obtained for an isolated crack, G=*, while the crack spacing is given by the ratio h/¢.
A rather similar behavior is seen for all the analyzed cases where an influence from the neighboring crack is observed for a crack
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Fig. 10. The dependence of the steady-state energy release rate and mode-mixity on the crack spacing for the GlassFRP1 and GlassFRP2 case with 6 €
[30°,45°,60°,90°].

spacing ¢ < 10h with a lowering of the available energy release rate of about 10% for a crack spacing of 4/Z € [0.2;0.35]. Similarly,
the mode-mixity in Fig. 10b is seen to be significantly influenced for crack spacings less than about 10 ply thicknesses (# < 10A).
With closely spaced neighboring cracks, the mode-mixity is seen to increase for all the cases analyzed, with the largest increase of
almost 20° observed for the material case GlassFRP1 for the layup # = 60°. The results quantify a decreasing tendency for tunnel
cracks to appear in between pre-existing tunnel cracks based on both the increasing mode-mixity and the decreasing energy release
rate with h/¢.

7. Conclusion

In this study, it has been demonstrated for a symmetric and balanced laminate, that it is possible to obtain accurate predictions of
the 3D deformation and strain-fields around an arbitrarily oriented tunnel-crack in an arbitrary ply layup using a specialized off-axis
2D finite element model. The main advantage of the 2D formulation is the significantly reduced computational time of more than
four orders of magnitude, enabling thorough parameter studies. The most prominent situations in which the model is not applicable
are in the presence of edge-effects, cracks oriented in multiple directions, or in-depth investigations of the crack front. The reason
is that in these cases, the assumption of a steady-state is violated. Thus, prior to applying the proposed method to other problems,
the presence of a steady-state has to be ensured first.

The novel 2D model was implemented in the commercial finite element code ABAQUS using the user element interface. The
accuracy was demonstrated for a number of different tunnel-crack cases. The code can be obtained from Mikkelsen et al. [17]
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where a GitLab link to the newest version of the code can also be found. In addition to being able to reproduce results from 3D
simulations, the computationally much more efficient method has enabled detailed studies of the dependence of the tunnel-cracking
on both the ply thickness and crack distance.

In the present study, the new 2D model has been limited to analyzing the available energy release rate and mode-mixity for the
growth of an arbitrarily oriented off-axis tunnel crack, using a linear elastic material model. However, the framework has a broad
range of applicability. For instance, the modeling technique can be extended to include the effects of the randomness in the actual
micro-structure on the stress and strain-fields by a detailed representation of the fiber reinforcement and voids as in Vajari et al.
[25]. The formulation could also be extended to cover non-linear cases, including elasto-plastic deformations in the off-axis ply as
well as delamination predictions using a compatible off-axis cohesive element.
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