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To study the influence of the applied stress on the crack growth
rate and crack shape of cracks growing from countersunk holes,
an analytical study and an experimental study were conducted.
In the analytical part, stress intensity factors for cracks
nucleating and growing from a countersunk hole subjected to
tension, bending, and pin loading were calculated using the
three-dimensional virtual crack closure technique was used.
The initial study showed some convergence problems in the
stress intensity factor using linear solid elements in the finite
element analysis. Thus, element type was changed to quadratic
solid elements and the convergence problem was solved. In the
experimental part, crack growth from a single countersunk hole
subjected to tension and combined tension and bending was
investigated. Using a marker load spectrem and quantitative
fractography, the crack growth behavior from nucleation in the
straight shank part of the rivet hole to a through the thickness,
part-elliptical crack was investigated.

Introduction
For aerodynamic concerns, transport aircraft fuselage skins are spliced
together using countersunk rivets. Inspection of in service longitudinal and
circumferential joints shows cracks nucleating and growing at the intersection
of the faying surface and straight shank portion of the countersunk rivet hole.
To study the influence of the applied stress on the crack growth rate and crack
shape, an analytical study and an experimental study were conducted. The
initial study showed some convergence problems in the stress intensity factor
using linear elements in the finite element analysis. Thus, switching to
quadratic elements eliminated the convergence problem.
In the experimental part, crack growth from a single countersunk hole
subjected to tension and combined tension and bending was investigated.
This study revealed the crack growth behavior from nucleation in the straight
shank part of the rivet hole to a through the thickness, part-elliptical crack, all
by using a marker load spectrum and a scanning electron microscope (SEM).
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Since three 2024-T3 alloy sheets with different thickness (1.0, 1.6 and 2.0 mm)
are used, the influence of the sheet thickness on the fatigue crack growth is
also determined. Furthermore, the link between crack shape development in
open hole specimens and in joints will be discussed, it will be shown that the
bending factor kb is of major influence in the fatigue crack shape development
from nucleation, growth as a corner, transition to a through the thickness
crack, and final failure. Similar results were found by Fawaz [6]for straight
shank holes.
In the analytical part, stress intensity factors for cracks nucleating and
growing from a countersunk hole subjected to tension, bending, and pin
loading were calculated. The mesh generation is fully automated and the
commercially available finite element code, ABAQUS, is used to solve the
finite element problem. The three-dimensional virtual crack closure technique
is used to calculate the average strain energy release rate G, which is then
used to calculate the stress intensity factor K.

Experimental Investigation
The experimental program is based on observations made in in-service
structures and earlier research by Fawaz [6] and de Rijck [3]. Two load
conditions which are usually found in large fuselage joint designs are tension
and secondary bending, the tensile stresses are introduced by the
pressurization of the Ground-Air-Ground (GAG) cycle and the bending
stresses are introduced by the eccentricities inherent to fuselage joint design.
So two types of test specimens are used, a pure tensile, Figure 1, and
combined loading specimen [4], Figure 2, both used with a well proven
marker load spectrum to facilitate the post-test crack growth and crack shape
reconstruction. Table 1 shows the entire test matrix. The use of fatigue
striations for fatigue crack growth investigation has been shown to be an
accurate means to do a reconstruct the fracture surface using a scanning
electron microscope (SEM) [6],[3],[10],[11],[13]. In-situ crack growth
measurements were still used in addition to the marker load program as
displayed in Figure 3. All fatigue tests were halted when a through the
thickness crack with limited crack length at both sides of the countersunk hole
was detected. All test were stopped at the end of a program as shown in
Figure 3.

Finite Element Analysis
Crack shapes used in the finite element analysis are based on the crack shapes
found in the experimental investigation. From the fractographic
reconstruction of the fracture surface a full table of a/c1 values for both kb = 0
and kb = 0.5 could be constructed, from this overview, the matrix in Table 2
containing crack shape parameters was constructed.
Due to the large number of crack shape parameters and three load cases,
tension, bending and pin loading numberous finite element models need to be
created. In determining K’s for cracks at countersunk holes requires models
for corner cracks as well as through the thickness cracks. The presence of
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corner cracks complicates the automatic meshing as it was done for the
through the thickness cracks. Mesh manipulation of the hole region is time
intensive and is sensitive to meshing errors. Therefore an automation scheme
has been developed to mass-produce finite element models containing all
crack shape data required for crack growth analysis. First a 2D mesh
generator is used to generate 2D crack planes, where one plane contains an
a/c1, r/t and b/t ratio. As output from the 2D mesh generator, nodal
coordinates and element connectivity files are generated. These two files are
used in combination with a session file, using the preprocessor
MSC/PATRAN, to build a 3D mesh with twenty-noded (quadratic) solids.
The final step is to build input files for ABAQUS. From the output files, the
nodal displacements and forces are extracted for use in conjunction with the
3D VCCT to calculate the K’s. The 3D VCCT uses the nodal information to
calculate the G required for K calculation. This method was developed for
3-dimensional bodies by Shivakumar, Tan and Newman [14]. Figure 4 shows
the three load cases in the finite element analysis. The tensile and bending
loads are applied at y = h, the tensile loads are a uniform pressure applied to
the top of the sheet and the bending load is a linearly distributed pressure
through the thickness applied at the top. The pin load is a cos2 pressure
distribution in the hole. In order to save computational time, thus reducing
the total number of elements, only a quarter plate was modeled (plate for
X > 0 and Y > 0). Therefore boundary conditions are applied to the plate at
x = 0 to restrict any movement along the x-axis and at y = 0. The crack wake is
created by releasing nodes along an elliptical curve in the crack plane, y = 0.
Normalization of the calculated K’s for cracks with an elliptical crack shape is
traditionally done using the following equation

β=

K
πa
σ
Q
β
σ
a

(1)

= Boundary correction factor
= Remote stress
= Crack length

with:

a
Q = 1 + 1464 
 c

1.65

c
Q = 1 + 1464 
 a

1.65

for a c ≤ 1.0
for a c > 1.0

Fatigue crack growth experiments

Results
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The fatigue crack growth test on both specimen types was quite extensive.
In-situ crack growth measurements for each tested specimen provided all the
crack growth rate data. The fractographic reconstruction of the fracture
surfaces provide all crack shape data. The influence of the applied load can
lead to a rather tortuous fracture surface for larger cracks. As mentioned
before, the fatigue tests were stopped for a certain crack length at the end of a
marker load program. The marker bands show up as a sequence of darker
lines on the fracture surface. The darker lines are a result of the smaller crack
growth rate for the lower applied stress, thus the striations are closer together,
see Figure 5. The usefulness of the marker load spectrum is shown when
marker bands are not found, e.g. due to fretting debris; thus, if for example, a
marker band of 4 is not found, then the next marker band to be found, when
working back from the final crack shape, should contain 6 dark lines. The
group of 10 marker bands was used to reconstruct the full crack shape.
Specimen thickness
Influence of the specimen thickness has been documented by Broek and
Schijve [2] who investigated five different thickness’. All specimens used in
their investigation were made from 2024 T3 alloy, identically scaled to avoid
any width effects. They showed a clear influence of the sheet thickness on the
fatigue crack growth rate. It turned out that the cracks grow faster in thicker
specimens. This behavior is also observed for both the pure tensile tests and
the combined loading tests. The crack growth rate data, Figure 6, calculated
from the in-situ crack growth data shows clearly the influence of the sheet
thickness on the crack growth rate.
Crack shape
The crack shape throughout the growth history of the crack is of importance
to verify the newly calculated K solutions. Several authors observed elliptical
crack shapes in both specimens and in-service aircraft [1],[5],[7],[15]. The crack
nucleates as a corner crack in a fastener hole at a location at or near the
surface subjected to the highest strain. After nucleation, the crack will grow as
a corner crack with increasing a/c1 in the straight shank potion of the
countersunk hole. With still increasing a/c1 the crack will then penetrate
through the surface of the countersunk still obscured by the fastener. Once the
crack clears the fastener the crack is visible and is a through crack, at this
point the a/c1 ratio will decrease.
The a/c1 ratios are obtained by a curve fit through the measurements on the
fracture surface. Figure 7 shows the crack shape reconstruction for a specimen
subjected to pure tensile stresses. For the tensile specimens it was rather
difficult to determine the crack shape ratio a/c1, the difficulty was that it was
sometimes impossible to fit an elliptical curve through all the measured data
point in the fracture surface which implies non-elliptical crack fronts.
Nonetheless, we assumed elliptical crack shapes for this investigation with
the elliptical a-axis on the straight shank of the countersunk hole and the
c1-axis along the faying surface, surface with the highest stresses. For the
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tensile specimen investigation this caused some problems. One way to
include the stress state into the crack shape parameters is to plot the crack
length data c1 and c2 and normalize it using the specimen thickness. Figure 8
shows for the pure tensile specimens that the crack length c2 does not have
problems catching up with c1. The normalization was used to show that this
behavior is independent of the specimen thickness. All data for all thickness’
converges to zero.***???
Looking at Figure 9 shows a crack shape for the countersunk area of a
combined loading specimen. The a/c1 ratio determination by fitting an
elliptical curve through the data points is less of a problem. The bending
component in the stress state creates higher stresses at the faying surface and
lower stresses at the free surface. The general behavior of a/c1 is initially for
both load cases similar, the ratio will for part through cracks increase until the
crack penetrates the free surface. Once penetrated, the a/c1 value will decrease
with increasing c1. The influence of the bending factor kb = 0.5 is clearly visible
in Figure 10. The data seems to converge to a value around 0.3, this is entirely
due to the bending. Attempting to find a relation between c1, c2 and kb we
need to look at the bending stress through the thickness. For the tensile
specimen c2 had no problem catching up with c1, for kb = 0.5 the crack length
c2 was not able to catch up with c1. Increasing the kb will limit the catching up
behavior of c2. For kb > 1 the situation is exacerbated at the free surface, the
bending stress will be larger then the tensile stress thus creating a
compressive stress at the free surface, see Figure 11.
Crack shape in joints
The above mentioned crack shape behavior is typical for single open-hole
specimens subject to tensile and combined loading. Observations of the crack
shapes are therefore partly representative for cracks found in lap-splice and
butt joints. The crack behavior for corner cracks, in joints, will not be different
from the crack behavior found in the experimental data. The differences will
start to appear once the crack has developed to a full through the thickness
crack. The major influence in the crack shape development will be the
remaining net-section of a lap-splice joint. Pártl and Schijve [9] showed for
several fatigue tests on 2024-T3 alloy specimens with an array of collinear
holes subjected to pure tensile loading that a crack interaction is present. This
interaction could distinctly be found in the later stages of the fatigue crack
growth life of these specimens. Later research by de Rijck [3], on specimens
with two open holes subjected to combined loading, showed similar crack
interaction effects dependent on the crack shape development. The cracks
observed by Pártl and Schijve were straight through the thickness cracks.
These cracks can be seen as cracks with a very large a/c ratio, not influenced
by bending loads. de Rijck observed for part-elliptical through cracks with an
almost straight crack front (a >> c and c1 ≈ c2) that the crack interaction
behavior is the same as for straight through the thickness cracks, the
interaction is thus postponed to the final stages of the fatigue crack growth
life. Crack with a more curved crack front (c1 > c2) show a somewhat different
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behavior, for similar c1 the crack interaction is different. The remaining
ligament between two holes is different; a more curved crack front will have a
larger remaining net-section. It is clear that the remaining net-section directly
influences the interaction behavior and the crack shape development. With
decreasing net-section, it is clear that the tensile loading will directly be
influenced. Since the bending is created by the geometry of the lap-splice or
butt joint, little or no change will be found for the bending stress. However,
the bending factor is expressed as follows***define this earlier since you use it
earlier

kb =

σb
σt

(2)

As discussed before kb will directly influence the crack shape development. It
can be concluded that the kb is not constant throughout the fatigue crack
growth life of joints. With increasing crack growth and increasing tensile
stresses, decreasing net-section, kb will decrease and thus the influence of the
bending will become less significant. Off course this is all dependent on the
geometry of the joint. When the geometry of the joint includes a large
eccentricity, the bending will initially be significant, and will be of more and
longer of influence then for joints with smaller eccentricities.***I showed this
in my thesis as well.
Finite element results
Convergence study
A convergence study was performed on the mesh generation procedure
described earlier. The results for one crack with crack geometry a/c1 = 1.00,
b/t = 0.25 and r/t = 1.00 are shown in Figure 12. The baseline finite element
model contains 68,640 elements, three other finite element meshes are
generated having 35,360, 52,000 and 84,760 elements. In sequence of element
size the models have 915,510, 1,341,750, 1,767,990 and 2,180,910 unconstrained
degrees of freedom. The smallest model differs 1.51% from the baseline
model. The model with 52,000 elements differs 0.82% from the baseline
model. The larger model produces results -0.27% from the baseline model.
From these results, and the small gain that can be achieved by increasing the
number of elements with respect to the baseline model, we concluded that the
K-solutions produced by this approach are converged.
Discussion on results
Having reached converged solutions for the new K’s, the solutions are
compared to published K-solutions for cracks emanating from countersunk
holes [12] and for cracks emanating from straight shank holes [8]. The latter
analytical solutions are frequently used in crack growth predictions for corner
cracks growing from countersunk holes. The solutions presented in [12] are
obtained using the global-intermediate-local (GIL) finite element method,
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using a global model with about 4500 twenty-noded solids and with the local
model containing 5600 twenty-noded solids. Comparing the solutions
presented in Figure 13 and Figure 14 shows distinct differences.
The differences between the new K’s and the solutions from [12] are a result
from the large difference in the number of degrees of freedom. The larger
numbers of elements provide a more accurate representation of the stresses in
the elements around the crack front.
Comparing the results from the Newman-Raju solutions is done in order to
show the influence of the countersunk shape of the fastener hole. For all a/c
values in Figure 13, the new K-solutions are higher, this difference is
attributed to the difference in stress distribution around the fastener hole.
Using the Newman-Raju solutions will therefore create a conservative result
when doing crack growth predictions for corner cracks. If the new K’s are
higher, using the Newman-Raju K’s is unconservative…K is too low which
then underpredicts life…this is UNSAFE!!!This can easily be shown using the
Paris relation between da/dN and ∆K

da
= C ∆K m
dN

(3)

where C and exponent m as material constants. Substitution of the K formula
gives the following relation
m
da
= C (β ∆S π a )
dN

(4)

The influence of the normalized K, expressed in the factor β, will carry
through with the exponent m. In case of a corner crack shown in Figure 13
where the normalized K’s are about 30% higher, the result is an increase in
crack growth rate of 120% with m = 3.0. The increase in crack growth rate
yields a shorter fatigue life. In other words, using the K solutions for corner
cracks at a shrank shank hole when the hole is actually countersunk is
inappropriate and unsafe since the crack growth life is over-predicted.
Conclusion
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Table 1

Parameters for tension and combined tension and bending specimens

No. of Specimens
Sheet thickness t [mm]
Ratio b/t
Ratio r/t
b [mm]
Table 2

3

3
3
3
1.0
0.05 0.25 0.50 0.05
2.4
0.05 0.25 0.50 0.08

3
3
3
1.6
0.25 0.50 0.05
1.50
0.40 0.80 0.10

3
3
2.0
0.25 0.50
1.20
0.50 1.00

Matrix containing all the crack shape data for finite element analysis

a/c1
5.00
2.00
1.50
1.00
0.75
0.6667
0.50

a/t
5 corner cracks on
straight shank part.
10 part-through
cracks at CSK edge.
Several oblique
through cracks up to
c1/r = 5.00.

r/t
0.10
0.25
0.50
0.6667
1.00
1.20
1.50
2.40

b/t
0.50
0.25
0.05

t

d1

17.0
100

33.0

b

γ
d2

150
300

Figure 1

Open hole tension specimen with countersunk notch detail. All dimensions
are in mm, were b is the height of the straight shank part and γ is the total
countersunk angle
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e= t + 0.05

t

17.0
100

33.0

25.4

n

s

m
105
2*25.4+ 2*ss+ 2*n
n

Figure 2

Open hole tension and bending specimen. With m, n and s can be varied to
change the bending factor k. All dimensions are in mm and all sheets are of
equal thickness
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1090 cy cles

100 cy cles
10 cy cles

Sm a x
75% S m a x
1000
cy cles

1000
cy cles

1000
cy cles

1 Pro g ram = 5170 cy cles

Figure 3

Blocked marker load spectrum

Y

σ ten sio n

σ p in lo a d
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σ b en d in g
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Figure 4

c2

d1

c1

Parameter definition central countersunk hole subjected to general loading

10

10

4

6

Figure 5

Visible marker bands on fracture surface, σt = 100 MPa and σb = 50 MPa ***I
can’t see the 10.
10.00

Increasing crack
growth rates with
increasing sp ecim en
thickness

1.00

da/dN
[µ
µ m]
0.10

t = 1.00 m m
t = 1.60 m m
t = 2.00 m m

0.01
1

10
∆ K [MPa√
√ m]

Figure 6

Crack growth rate data for three different specimen thickness’
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[mm]

0
2

3

4

5

6
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Figure 7

Crack fronts reconstructed for pure tension from marker bands
1.0
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t = 1.00 m m
t = 1.60 m m

0.8

t = 2.00 m m
0.7
0.6
(c1 - c2 )/t

0.5
0.4
0.3
0.2
0.1
0.0
0

1

2

3

4

5

6

7

Normalized crack length c1 /t

Figure 8

Plot showing catching up of the crack length c2 at the free surface for tensile
loading only (from SEM investigation)

12

2
Marker band s
Cu rvefit of crackfront
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Crack length c1 +r [mm]

Figure 9

Crack front reconstruction for combined loading from the marker bands
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Normalized crack length c1 /t

Figure 10

Normalized crack shape parameters for cracks in the combined loading
specimens. The influence of the bending component is clearly visible
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Figure 11
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Figure 12

Convergence study for crack at countersunk hole subjected to tensile loading
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Figure 13

Normalized K’s for a corner crack under tension, b/t = 0.25
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Figure 14

Normalized K’s for a corner crack under tension, b/t = 0.25
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