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Analytical solutions for crack opening displacements of eccentric cracks in
thin-walled metallic plates

Wandong Wang®*, Calvin Rans?, Rinze Benedictus®

aStructural Integrity €8 Composites Group, Faculty of Aerospace Engineering, Delft University of Technology, P.O. Box
5058, 2600 GB Delft, The Netherlands

Abstract

In the context of the prevalence of thin-walled metallic aerospace structures, the added resistance to crack
propagation offered by a built-up structure is desirable from a damage tolerance standpoint. The analysis
of failure in such structures, however, is limited by the lack of crack opening solutions. This paper develops
analytical models that calculate crack opening displacements (CODs) for a more general cracking scenario,
i.e. non-symmetric cracks. The proposed models are based on the Westergaard stress functions. It is then
found that the COD solution of one model is particularly accurate. The potential significance of the obtained
solutions lies in analysing failure in built-up structures containing non-symmetric cracks. The crack opening
solution is particularly useful in estimating the load transfer between cracked body and intact bridging
structures in built-up structures using the principle of displacement compatibility.

Keywords: Eccentric crack, crack opening displacement, stress intensity factor, load redistribution,
Westergaard stress distribution

1. Introduction

Built-up structures with redundant load paths offer the ability to exploit and tailor progressive failure
modes within these structures. This concept is often exploited in safety critical structures within the
aerospace industry where damage arresting features, such as fuselage tear straps, and inherent redundant
load paths in a given structure are used to slow damage progression and enable its detection through
regular inspection the Damage Tolerance philosophy [1-5]. A major key to implementing the damage
tolerance philosophy is the ability to predict damage growth behaviour. The period in which damage can
grow without leading to catastrophic failure defines the available inspection intervals to detect the damage.
However, predicting damage growth in redundant structures requires the ability to assess the impact of the
damage on the stiffness of structural elements in order to effectively determine the load redistribution using
solid mechanics and the concept of displacement compatibility [6].

The classical method for analyzing crack growth in many engineering materials is using linear elastic
fracture mechanics (LEFM). In this approach, a linear elastic strain field is assumed in a continuum con-
taining a crack, and this assumption is used to determine a compatible displacement field for a given load
applied to the cracked body. Of primary interest for damage progression calculations is the magnitude of
the singularity of the linear elastic stress field at the crack tip, or stress intensity factor (K). Analytical
solutions for the displacement field and stress intensity factor exist for a wide variety of crack configurations
[7]. For crack configurations for which direct analytical solutions are not available, geometrical correction
factors to modify the analytical solution for a crack in an infinite plate are often generated through experi-
mental and/or numerical methods. These correction factors for stress intensity factor, known as 8 factors,
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Nomenclature

a Half Crack length (mm)

a1 Distance between maximum crack opening location and crack tip 1 (mm)
az Distance between maximum crack opening location and crack tip 2 (mm)
b Delamination (mm)

d Distance between crack centre and panel centre (mm)

dy Distance between the location of P; and panel centre (mm)

do Distance between the location of P> and panel centre (mm)

e Eccentricity

E Young’s modulus (M Pa)

E; Young’s modulus of fibre layer (M Pa)

K Stress intensity factor (M Pa+/mm)

Ky, Stress intensity factor for crack tip 2 (M Pay/mm)

Kiotal Total stress intensity factor of the metal layer in Glare panels (M Pa+/mm)
L Distance from crack tip to the free edge ahead (mm)

P Integral of stress distribution in front of crack tip (V)

Poapp Total applied load (N)

Shr Bridging stress distribution M Pa

Sy Stress in the fibre layer due to applied load M Pa

Sm Stress in the metal layer due to applied load M Pa

t Thickness (mm)

w Distance between crack datum and free edge (mm)

w Panel width (mm)

T Horizontal location in a xy-coordinate system (mm)

T Centroid of the stress distribution in front of the crack tip(mm)

Yy Vertical location in a xy-coordinate system (mm)

o Applied tensile stress (M Pa)

Oyy Stress distribution in front of crack tip in loading direction (M Pa)
Tay shear stress (M Pa)

A Normalized crack length

B Correction factor for stress intensity factor

Brsida Correction factor for stress intensity factor derived by Isida

v Crack opening displacement (mm)

Vi Crack opening displacement due to far-field stress (mm)

Vb Crack opening displacement due to bridging stress (mm)

df Fibre elongation (mm)

subscripts:

1 referring to crack tip 1

2 referring to crack tip 2

are widely available in the literature [7—12]. However, corrections for the displacement field are often not
available.

The accuracy of 8 factors developed by Isida is better than 1% [7]. The S factors were developed by
expressing the Airy’s stress functions in terms of complex potential functions and solving these potential
functions [12]. The f factors are expressed as functions of the coefficients which are tabulated in [12].
However, the accurate § factors cannot be directly applied for an eccentrically cracked panel containing
stiffening elements. The interplay between the eccentrically cracked panel and the redundant load paths
must be taken into consideration in calculating the stress singularity in front of the crack tips.

The objective of this paper is to develop means of correcting the Mode I crack opening displacement
(COD) of non-symmetric cracks in thin-walled metallic panels using linear elastic fracture mechanics. The
inherent assumptions of LEFM have to be respected when applying the developed approach. The proposed
approach is envisioned to be applicable to thick panels where the state of plane strain is valid.

The purpose of developing such correcting methods is to assist the analysis of failure in eccentrically
cracked panels with stiffening elements. This paper proposes 4 analytical models based on the Westergaard
stress function [13]. The Westergaard stress function is simplified to provide solutions for the crack opening
displacement and stress-strain field ahead of a non-symmetric crack. The stress intensity factor solutions
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arising from the simplified Westergaard stress function are compared to the results of Isida to show the
validity of the proposed models. A validated Finite Element Modeling (FEM) technique is applied to obtain
the COD and strain field in front of non-symmetric cracks, the simulation results are used to screen the 4
models in section4. In section 5, the opening displacement solution will be employed in a simplified case
study to evaluate the impact of the load transfer mechanism on the stress intensity factors.

2. The Westergaard function method

The Westergaard function method is a very convenient methodology to characterize the entire stress and
strain fields for a cracked body. The Westergaard functions can also be simplified to their near-tip solutions,
i.e. stress intensity factor (SIF) solutions which provide the stress and strain distributions at the crack tip
vicinities [7, 14]. In some instances, however, it is desirable to know the entire stress-strain field ahead of
the crack tip. Load redistribution due to stiffness variation (either geometric or material stiffness) can be
resolved from such a stress-strain field, such as the analysis of crack growth behaviour in a stiffened panel
conducted by Rans [6].

The closed-form Westergaard solutions are strictly applicable to infinite plate crack problems except for
Mode IIT crack problems [7]; nevertheless they can be modified to provide meaningful solutions for a finite
panel with a crack [6, 15, 16]. Barsoum et al. [15, 16] predict the stress intensity factor for cracks in finite
width functionally graded material containing layers with different stiffness using this method. With the
same assumption, Rans [6] predicts the crack growth in stiffened metallic panels.
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Figure 1: Comparison of correction factors for a central crack in finite panel

Consider a central crack embedded in a finite panel under uniform tensile loading, a Mode I crack
problem, the stress ahead of the crack tip along crack plane can be assumed to follow the Westergaard stress
distribution [7, 11]:

o-p
Oyy = —F———
VI (/o)

where o is applied stress, [ is a correction factor, a is the crack length and x the distance from the crack
centre in the crack plane.

The introduction of the correction factor § is to account for the influence of the finite width boundary
condition. The correction factor 8 is a function of crack length and panel width. This variable can be

(1)
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calculated using the load equilibrium between the crack section and far-field. For a finite panel of width W,
the load equilibrium can be expressed as:

w/2 o- B
a V1-—(a/z)?
Solving the integral for a uniform stress state and rearranging for j:
1

V31— (2a/W)2

The corresponding crack opening displacement for plane stress state can be given by:

_ 10
FE

oc-W=2 dz (2)

8=

2v a? — a2 (4)

and stress intensity factor is expressed as following:

K = Bov/ma (5)

The correction factor 3 is plotted in Fig.1 against the ratio between the crack length and specimen width.
In order to show the validity of the solution from the simplified Westergaard stress function, the obtained
correction factor for SIF is compared to that derived by Isida. see Fig.1. Good correlation can be observed.

It is worth noting that a finite panel with a central crack under Mode I loading possesses a symmetric
axis passing through the crack centre in loading direction. The Westergaard stress distributions in front of
two crack tips, crack opening displacement configuration are symmetric with respect to this symmetric axis
(or crack centre). Especially it can be seen in Eqgs. (1, 4, 5) that these variables are functions of the crack
length a which is measured from the crack centre, also the location of maximum crack opening, to the crack
tip.

The presence of an eccentric crack in a finite panel under Mode I loading eliminates the symmetric condi-
tion possessed by a centrally cracked panel. As a result, the COD configuration and the stress distributions
(stress-strain fields) ahead of the non-symmetric crack tips are expected to be asymmetric with respect to
its crack centre. The analysis of this non-symmetric deformation behaviour in an eccentrically cracked panel
is detailed in the following section.

3. Models for calculating the COD of a non-symmetric crack

The generalized approach for modelling the COD of a non-symmetric crack is as follows. First, it
is assumed that the Westergaard stress distribution (Eq. 1) and associated COD solution (Eq. 4) are
applicable to both crack tips in the non-symmetric crack. Due to the non-symmetry, a different magnitude
of the Westergaard stress distribution is expected in front of each crack tip as illustrated by the difference
in 0yy1 and oy, 2 in Fig. 2. This difference can be captured by a difference in the 3 factor for each crack
tip. These 3 factors are obtained by integrating the Westergaard stress distribution and equating it to the
applied load.

In applying this generalized approach, assumptions need to be made regarding the definition of crack
length and the load distribution in the cracked panel. When defining the half-crack lengths, one needs to keep
in mind that the COD solution arising from the Westergaard stress distribution describes a half crack with
a maximum displacement at the root of the crack (x = 0). Thus, the definition of the datum for measuring
the crack length artificially prescribes the point of maximum COD for the crack. Load redistribution is also
a key factor to consider. The presence of a crack changes the stiffness of a panel and can cause load to be
preferentially carried by one or the other sides of the panel. This affects the load equilibrium expressed in
Eq. 2. Three different cases were considered which are all illustrated in Fig. 3. These 3 models generate
the COD and 3 factors. An additional model based on known /3 factors is also developed to back derive the
COD solution.
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Figure 2: Illustration of eccentric crack configuration and dif- Figure 3: Comparison of the 3 models
ferent stress distributions in front of two crack tips

In Model 1, the datum for the crack length definition is assumed to be in the centre of the crack (a; = as)
and the resultant of the Westergaard stress distribution is assumed to be equal to the applied load acting
over the half-width of the panel defined from the crack datum (i.e., no load redistribution in the panel). This
is illustrated in Fig.3(a). A consequence of the assumed crack datum is that the maximum COD will occur
in the centre of the crack, and due to the difference in  for each crack tip, there will be a discontinuity in
COD at this point. Besides, the variation in SIF is a result of the reduction of the net-section of the panel
in the crack plane alone.

In Model 2, the presence of the discontinuity of COD in Model 1 is corrected. The datum for the crack
length definition is allowed to deviate from the centre of the crack such that the COD of both cracks are
equal at the crack datum. This is illustrated in Fig.3(b). Assumptions regarding the load distribution
remain the same as in Model 1.

In Model 3, the possibility of load redistribution is examined. If the boundary conditions for loading
do not provide rotational constraint (i.e., a pin-clevis connection), the resultant load on either side of the
crack will redistribute to maintain moment equilibrium in the panel as illustrated in Fig.3(c). This load
redistribution case is considered in this model with the same crack datum definition procedure as Model 2.

Finally, the last model based on back calculating the known Isida 3 factors is proposed. The load
redistribution in this case is assumed to cause the two different Wastergaard stress distributions to have the
same stress intensity factors described by Isida. The crack datum definition of Model 2 is also considered
in this model.

The eccentricity convention in [12] is used in this paper to define the location of a non-symmetric crack.
As illustrated in Fig. 2, the width of the panel is W and the total crack length is denoted as 2a. The distance



from crack centre to the centre of the panel is d. Then the eccentricity, e, is defined as:
e=2d/W (6)
The distances from crack tip 1 and 2 to their corresponding edges ahead (Fig. 2) can be calculated:

w

leg(l—e)—a (7)
w
L2=7(1+6)—a (8)
Then the normalized crack length is given as:
a
A= 9
Iiia (9)

3.1. Model 1: symmetric crack lengths definition and load equilibrium method

As shown in Fig. 2, one eccentric crack is embedded in a panel under far-field tensile loading. For
this model, the crack length, a, is defined as the length from the crack centre to the crack tip (a1 = as
in Fig.3(a)). The stress distributions in front of the crack tips are then given as the Westergaard stress
distribution respectively:

Oyy,1 = % (10)

where z is the distance from the crack centre.
Integrations of the stress distributions give the loads carried by the uncracked material in front of the
crack tips respectively:

w1
Pl = / Uyy71d$1 -t (12)

w2
P2 == / O'yy’gd.’rg -t (13)
a

where wy = L1 4+ a and wg = Lo + a and t denotes the thickness of the panel.
For this model, this load equilibrium between the crack section and far-field is implemented in the
following way:
P1:U~w1-t (].4)

P2:a~w2-t (15)

This means of implementing load equilibrium assumes no load redistribution in two half-width panels
defined by the crack datum in this model. From Eqs. (10 —15), the correction factors $; and B2 can be
easily determined:

1
= 16
B e (16)
1
T e "

The crack opening displacements can also be calculated according to the Westergaard method. The
opening configuration of the half crack for tip 1 is given:

— 4ﬁ10 2 2

2v1 7 Vo~ (18)

6
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and that of the crack tip 2 is given by:

20y = a? — a3 (19)

Then it becomes obvious that the calculated maximum crack opening displacements at 1 = x5 = 0 are
not identical for an eccentric crack, which violates the physics of this crack problem. It is then concluded
that Model 1 cannot be used to calculate the crack opening displacement configuration for a non-symmetric
crack. The analysis process proves that the definition of crack datum at the crack centre can lead to the
computed displacement incompatibility. In other words, the maximum crack opening location is not the
crack centre for non-symmetric cracks.

According to the analysis in Section 2, 51 and (5 are also correction factors for the stress intensity factors
of the two crack tips respectively.

In Fig. 4, the calculated correction factors together with Isida’s results are plotted against normalized
crack length, A, for several typical eccentricities to show the accuracy of stress intensity factors arising from
this model. For crack tip 1, the 8; curves calculated with the proposed Model 1 overlap with each other
for all eccentricities. It can be observed that the predicted results correlate with Isida’s prediction results
decently. However, the correction factors for crack tip 2 are underestimated for all eccentricities. Especially
for eccentricities lager than 0.6, the predicted results almost keep constant with crack length. This probably
can be attributed to the fact that the influence of the boundary ahead of crack tip 1 on crack tip 2 is
neglected.
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(a) crack tip 1 (b) crack tip 2

Figure 4: Correction factors comparison of Model 1

3.2. Model 2: non-symmetric crack lengths definition and load equilibrium method

The definition of the crack length, a, in Model 1 leads to the displacement incompatibility at the location
of crack centre. It is therefore reasonable to deviate the maximum crack opening location from the centre.
The location of the maximum crack opening is still an unknown parameter for a non-symmetric crack.

In this model, the total crack length is given as 2a and two crack lengths a; and as are the lengths between
the location of maximum crack opening displacement and crack tip 1 and 2 respectively (see Fig.3(b)). The
sum of the two crack lengths is equal to the total crack length:

a1 + as = 2a (20)
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The Westergaard stress distributions in front of the crack tips are expressed as

01
Oyyl1 = —F/—————— 21
yy,1 1— (a1/21)? (21)
g2
o = 22
yy,2 1_ (a2/$2)2 ( )

where x1, @2 are from the maximum crack opening location (Fig. 3(b)) and o1, o2 are to be determined.
In this case, the loads carried by the uncracked material in front of the crack tips can be calculated in a
similar way as Egs.(12, 13):

w1
P1 = / O'yy71d$1 -t (23)

al

wa
P2 = / Uyy72d$2 -t (24)

a2

but with w; = L1 4+ a; and we = Ly + ag, denoting that w;, and ws are the widths of two half-panels defined
from the crack datum.
The load equilibrium is also implemented in a similar way as in Model 1:

P1:a~w1-t (25)

P2:a~w2-t (26)

It is notable that no load redistributes between the two half-width panels defined by the crack datum in this
model either. The crack datum definition in this model prescribes two different half-width panels compared
to Model 1.

Furthermore, the maximum crack opening displacement should be equal for the two half cracks at
r1 = x9 = 0, which can be expressed as:

40’1 / 40‘2 /
F a% — 02 = f a% — 02 (27)

The system of Egs. (20 - 27) can be simplified into a non-linear function of a;. Analytically solving
such a non-linear could be difficult. A combination of bisection, secant and inverse quadratic interpolation
methods is applied to solve for a; numerically. All other unknown variables can then be easily calculated.
The COD for each half crack length is then expressed as following respectively:

20
v = Fl a? — 22 (28)

vy = ——1/a5 — x5 (29)

The SIF solutions for the two crack tips can be expressed as following:
Ky, =01y /may (30)
Ky = 09/Taz (31)

In order to compare with Isida’s prediction, the correction factors are calculated as:

K1 O014/TQ71 (32)

ﬂl = =
o/ma o/ma
K O9+/Tay
By = —e = (33)
o/ma o/mTa

8
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Figure 5: Correction factors comparison of Model 2

The comparison is given in Fig. (5). The predicted correction factors for crack tip 1 and 2 are both
underestimated when the normalized crack length is larger than 0.4, especially for the prediction of crack
tip 1.

In fact, the implementation of the load equilibrium in these two models does not consider the load
redistribution due to the stiffness difference in both sides of an eccentrically cracked panel. The presence of
a non-symmetric crack changes the stiffness of a panel and the load is preferentially carried by the one or
the other sides of the panel. These effects of load redistribution are accounted for in Model 3.

3.3. Model 3: load equilibrium and moment equilibrium method

The possibility of load redistribution is examined in this model. The stress distributions in front of the
crack tips are assumed as the same as in Model 2, i.e. Egs.( 21, 22). The definition of crack datum remains
the same. Crack displacement compatibility at maximum crack opening location is implemented as Eq. 27.

The loads carried by the material in front of crack tip 1 and crack tip 2 are given as Eqgs. 23 and 24, the
implementation of load equilibrium is expressed in following manner for this model:

P+ Py =Py (34)
with P,p,, = o - Wt being the total applied far-field load.

In addition, the load on either side of the crack, P; and Ps, redistributes to maintain the moment
equilibrium in the panel (Fig. 3(c)).

The location of the equivalent load P; for the stress distribution in front of crack tip 1 is the centroid of
the distribution shape in its own coordinates.

w1
fal O'yy71$1d$1
Lea =

) w1
fal Oyy,1d,

(35)

and the location of the equivalent load P is

w2
ag 721‘26[1‘2

Le,2 2
faz Oyy,2d2
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Figure 6: Correction factors comparison of Model 3

Then the mathematical description of the moment equilibrium is given as:
Pidy = Padsy (37)

where dy and ds are distances from locations of P; and P» to the panel centre respectively (Fig.3(c)) and
are expressed as:
d1:a+d+xc71—a1 (38)

dQZCL*d+$c’27Q2 (39)

The same numerical solution in Model 2 is applied to obtain the values of all unknown variables. The
opening displacements for two half crack lengths are given in the same manner as Eqs( 28, 29). The correction
factors are also given in the same way as Eqgs. (32, 33). The comparison for some typical eccentricities and
normalized crack lengths is made in Fig. 6.

From the comparison in Fig. 6, it can be seen that the correlation for crack tip 1 is very good for different
eccentricities. For crack tip 2, the correction factors are underestimated for all the eccentricities. The error
becomes larger as the crack length increases, especially for A > 0.6. However, crack tip 1 is much more
critical than crack tip 2. Accurate prediction of stress intensity factor for crack tip 1 is much more critical
then. Besides, the proposed Model 3 should provide sufficiently accurate prediction results for practical
structures in aircraft industry as the thin walled structures normally are very wide. The possibility of the
appearance of an extreme crack configuration with both high eccentricity and high A\ should be very low.

3.4. Model 4: method of back calculating Isida B factors

As can be seen, there are certain discrepancies between the 8 factors of the above 3 models and those of
Isida. In this model, the Isida § factors are used. The datum for the crack length definition in Model 2 is
applied in this model. It is assumed that the stress intensity factors due to the load redistribution should
be equal to the ones given by Isida, which are expressed as:

Biov/7a = o1y/7ar (40)
Boo/7a = 03\/Ta3 (41)

10



It is obvious that Eq.(20) and Eq.(27) should be met in this model as well. The two half crack lengths

can then be easily derived, which are given as:

2a

a = ——>
I+ 7

2

2a

g = ——5
B

=53

1+ﬁ%

The corresponding Wastergaard stress distributions in front the crack tips are

Brvaxy

a. =
el ai(z] — af)
_ Pavaxg
Oyy,2 =

mas(3 — a3)

and the crack opening displacements for the two half crack lengths are

- 2,810'\/5 2 2
= ar — Iy
E./al
2
vy = Brova a3 — z3
E\/ag
applied stress

symmetry plane crack tips

Figure 7: Mesh of the FEA model for an Al 2024-T3 panel with an eccentric crack

Table 1: Parameters used in FEA models

\ crack line /

Young’s Modulus Poission’s Ratio Thickness ~ Width Length

Values 72400[MPa] 0.33 0.4mm]  200[mm] 300[mm]

11

(42)
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4. Verification

The near tip solutions of the Westergaard stress distributions, SIF results, for eccentric cracks have
been validated with the analytical results of Isida. Using FEM technique, the verification of the predicted
deformation field of eccentrically cracked panels is carried out in this section. The crack opening displacement
and stress-strain field in front of crack tips are of particular interest. Due to the fact that Model 1 is not able
to predict a continuous crack opening displacement configuration for a non-symmetric crack, only the crack
opening displacements predicted by the other 3 models are compared to FEM results. The Westergaard
stress distributions and stress intensity factor results predicted by Model 2 and Model 3 are also compared
to FEM results in order to present an intuitive validation of the usage of the Westergaard method.

4.1. Finite element analysis

The commercial FEM package ABAQUS was applied to numerically simulate the crack opening displace-
ment, stress distributions in front of two crack tips and stress intensity factors for cracks in the eccentrically
cracked metal panel with finite width. The FEA results are used to validate the results derived from the
models proposed in section 3.

The studied case is a Al 2024 — T'3 panel with the configuration and loading parameters given in Table 1.
The material properties of Al 2024-T3 listed in Table 1 were used for the simulation. The metal panels were
modelled using 3-D shell planar. Due to the symmetry of the problem, only the upper half of the panel was
modelled. The bottom edge where the crack was defined was assigned the symmetry plane and the far-field
stress was applied to the upper edge, see Fig. 7.

The J-integral evaluation technique was applied to calculate the stress intensity factors for the crack tips
[17]. The number of contours was 5 and a square root singularity at the crack tip was used. The quadratic,
reduced integration element S8R5 elements were used to mesh the crack tip zone with the swept meshing
technique. The element size around the crack tip is 0.1 mm. The rest of the body was meshed using the
S8R elements and the free meshing technique. Fig. 7 shows the overall mesh and the local-mesh around the
crack tip.

Four non-symmetric crack cases were studied. The total crack length for all the cases was 40 mm. The
eccentricities were 0, 0.1, 0.5, 0.7 respectively.

4.2. Comparison

Firstly, the stress intensity factors for all the chosen cases are summarized in Table2. As can be seen,
the differences in the K values calculated with FEM and those of Isida are quite small for all the studied
cases. It proves that the FEM simulation provides valid results. According to the comparison in Table 2, it
shows again that Model 3 gives better prediction than Model 2.

Table 2: K values comparison

e FEM Isida  Model 2 (relative error %) Model 3 (relative error %)
0 K 8121 8122 809.0 (-0.38) 809.0 (-0.38)
K, 8121 812.2 809.0 (-0.38 ) 809.0 (-0.38)
0.1 K; 814.5 814.6 811.2 (-0.40) 813.4 (-0.13)
K, 8121 812.2 807.9 (-0.52) 806.3 (-0.71)
05 K, 8658 866.0 845.3 (-2.37) 874.5 (1.01)
Ko 843.6 843.8 814.8 (-3.41) 813.6 (-3.56)
0.7 K; 1024 1026.6 961.3 (-6.12) 1077.4 (5.21)
Ko 9195 9205 847.9 (-7.78) 856.8 (-6.81)

In Fig. 8, the crack opening displacement comparisons between the FEM and the models are made.
x = 0 in the figure denotes crack tip 2 and = = 40 indicates crack tip 1. The dashed vertical lines in Fig.8
denote the analytically calculated maximum crack opening locations. As can be seen, the crack opening
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for the case of e = 0.1 is almost the same as the central crack. Predictions from Model 2 and Model 3
for eccentricities of 0 and 0.1 correlate with FEA results very well. It is interesting that the crack opening
increases with increasing eccentricity for the same crack length. Both models captures this phenomenon,
but Model 3 provides better prediction results. Model 4 provides the most accurate COD predictions for all
the studied cases. The results of e = 0.5 and e = 0.7 prove that the datum for the crack length definition
should deviate from the crack center for a non-symmetric crack.
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Figure 8: COD comparison

The predicted stress distributions in front of crack tips are also compared to FEA results to verify the
assumption of the Westergaard stress distribution in front of the crack tips. This comparison for the case of
e = 0.5 is presented in Fig. 9. The points highlighted with dashed circulars is due to the singularity at the
node of a transition from a triangular element to a quadrilateral element (Fig. 7), i.e. a calculation error
occurs at this node in front of the crack tip. Nevertheless the overall trend of stress distributions are the
same. Only slight difference can be observed between Model 2 and Model 3 near the the crack tip.
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Figure 9: Stress distribution comparison

5. Discussion

The significance of predicting the displacement field lies in analysing the failure in built-up structures.
The influence of stiffening elements on the stress intensify factors in a cracked panel can be estimated with
the concept of displacement compatibility. An example of exploring the crack opening displacement of a
non-symmetric crack in a stiffened aluminum panel is presented in this section to formulate this discussion.

5.1. A simplified example of using the COD solution for analysing failure in built-up structures

A glass-fibre reinforced aluminium panel, normally called Glare, is considered here. For simplicity, the
considered panel is made of a 2024-T3 aluminium layer in the middle and two layers of S-2 glass fibres in
loading direction bonded on both sides of the metal layer. Fatigue cracking in Glare has been extensively
studied [5, 18]. It is well understood that the fatigue resistant fibres remain intact and bridge the crack
in the metal layers, resulting in high resistance to fatigue cracking in such built-up panels. This bridging
mechanism also causes delamination at the metal/composite interfaces. The well established calculation
method of analysing the crack state and bridging mechanism in Glare developed by Alderliesten [5, 18] is
simplified to demonstrate the significance of the COD solution for non-symmetric cracks.

For the purpose of this discussion, two damage status in the laminate shown in Fig. 10 are studied.
Case 1 is a central crack and Case 2 is a non-symmetric crack of e = 0.5. The total crack length for both
cases is 2a = 40 mm and the two cracks have the same delamination shape which is given by Eq. 48. The
delamination shapes at both metal/composite interfaces are symmetric with respect to the aluminium layer
in either case. The symmetric damage status of Case 1 provides a benchmark.

b(z) =34/1 — % (48)
The properties of the constituents used for this panel are provided in Table 3. The laminate is cured at
a maximum pressure of 6 bars and a maximum temperature of 120 °C. 100 M Pa tensile stress is applied on
the panel.
The total stress intensity factor (Kiotq:) at the crack tip in the panel can be superposed by the stress
intensity factor due to the far-field applied load (K) and the stress intensity factor due to the bridging
mechanism (Kp,) [5, 18].
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Table 3: Material properties

Al Prepreg

Young’s modulus E,[GPal 724 48.9

Young’s modulus E,[GPa] 724 5.5

Shear modulus G, [GPal] 27.6 5.55

Poisson’s ratio vgy 0.33 0.33

Poisson’s ratio vy, 0.33 0.0371

Thickness of single layer[mm) 0.4 0.133

Width[mm] 200 200

Thermal expansion 99 . 10~ 6.1-107%(0°)

coefficient[1/°C] 26.2 - 107%(90°)
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Figure 10: Illustration of two crack cases
& W Figure 11: Comparison of crack opening displacements

Ktotal =K — Kbr (49)

The key to analyse the failure in such fibre-reinforced aluminum panels is to resolve the load transfer
between the cracked metal layers and the intact bridging fibre layers with the concept of displacement
compatibility. The displacement of the cracked metal layers and the elongation of the bridging fibres should
be compatible at the delamination front. This displacement compatibility is given in a simplified form
without considering the shear deformation of the fibre prepreg:

ug5(@) — ) = LDy (50)
f

where z denotes the location along the crack flank with the origin at the middle of the crack, vy is the crack
opening in the metal layer due to the far-field applied load, vy, is the crack closing due to the bridging stress
distribution, Sy, (x). The right side of Eq. 50 is the fibre elongation. It is evident that Sy, is the resultant

stress due to the load transfer from cracked metal layer into the intact fibre layers [5, 18].
Implementing Eq. 50 requires discretization of the delamination shape into bar-elements. For the current
study, the bar width of 0.2 mm is considered, see Fig. 12. Model 3 is applied to calculate both the vys(x)
and the K; and K5 for the two cases. The stress in the metal layers (5,,) due to the far-field load is used for
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Figure 12: Delamination shape and Sy, Figure 13: Comparison of stress intensity factors

the calculation. S,, = 151.9 M Pa and Sy = 21.95 M Pa are calculated with the Classic Laminate Theory
[19]. The Westergaard stress function for point loads on a crack on Page 5.6 in the handbook [7] is applied
to calculate the Kj, and vp,. Detailed calculation procedure can be found in [20].

The procedure for calculating the bridging stress distribution has been well established by Alderliesten
[5, 18]. Since it is not the focus of this paper, the detailed calculation procedure can be found in [5, 18, 20],
only the results are presented. The results of the crack openings are presented in Fig.11. The obtained Sy,
for each crack case is presented in Fig. 12. The K results are presented in Fig. 13

Since the delamination is at the interface between isotropic aluminium and orthotropic fibre layer, cal-
culating strain energy release rate, GG, at the delamination tip is much easier than calculating Mode II stress
intensity factor [18]. G can be used to characterize the delamination propagation [20]. A detailed calculation
of non-symmetric crack growth and accompanying delamination propagation in Glare under fatigue loading
has been reported in [20].

5.2. Significance of the COD of a non-symmetric crack

The above example shows how the opening displacement solution can be applied to analyse the failure
in built-up structures. It is noticeable that analysing the COD of non-symmetric cracks in such structures
is quite indispensable. The increment in the opening displacement and the non-symmetric opening config-
uration, as shown in Fig. 11, lead to a quite difference in the load transferred between the intact stiffening
elements and the cracked panel. The difference is larger for the critical crack tip, see Fig. 12. The maximum
bridging stress for the non-symmetric crack is 11.3% higher than that for the symmetric crack.

Even though the larger load transfer occurs for the non-symmetric crack case, the resultant stress intensity
factor for crack tip 1 (Kyotar,1) of Case 2 is still 17.3% higher than that of Case 1. Besides, this larger load
transfer between the cracked metal layer and intact fibre layers could result in larger delamination under
fatigue loading in reality, further reducing the load bearing capability of the structure. Neglecting the non-
symmetry effects due to a non-symmetric crack in such a thin-walled structure with stiffening elements can
result in a non-conservative prediction, which must be avoided for safety critical structures.

It is evident now that the interaction between a cracked panel and its stiffening elements is crucial in
determining the failure. This interaction can be easily analysed with the COD solution and the concept
of displacement compatibility, as described in the preceding subsection. The changes in the opening dis-
placement due to non-symmetry have to be accounted in the analysis. A remarkable consequence of this
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analytical solution is to circumvent the burden of developing computationally consuming FEM models. This
advantage emerges when fatigue problems in built-up structures need to be addressed.

6. Conclusion

This paper develops analytical models to estimate the deformation behaviour in eccentrically cracked
panels. The Westergaard stress function is simplified to calculate the opening displacement in the crack
and the stress distributions ahead of two crack tips. The stress intensity factor solutions arising from the
proposed models are compared to analytical results from Isida. Based on the validation, Model 3 provides
good estimations of both the crack opening displacement and stress intensity factors of a non-symmetric
crack. Back calculating Isida 8 factors could provide very accurate crack opening displacement predictions
for non-symmetric cracks.

It is found that the crack length for a non-symmetric crack should be defined as the length from the
maximum crack opening location to the crack tip in the context of the Westergaard stress distribution. The
load is preferably transferred by one or another ligament in an eccentrically cracked panel as a result of the
stiffness difference in the ligament. The Westergaard stress distribution in front of the crack tip is a valid
assumption.

The deformation solution of eccentrically cracked panels obtained from this paper is essential in analysing
failure in built-up structures containing non-symmetric cracks. The increment in the opening displacement
due to the non-symmetry deteriorates the stress state of the bridging elements. Neglecting this part could
lead to nonconservative design of stiffening elements for thin-walled structures. The analytical COD solutions
are very simple to use together with the concept of displacement compatibility in analysing failure in thin-
walled panels with stiffening elements.
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