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EXECUTIVE SUMMARY

To predict crack growth and residual strengths of riveted joints subjected to widespread fatigue
damage (WFD), accurate stress and fracture analyses of corner and surface cracks at a rivet hole
are needed. The results presented in this report focus on the calculation of stress-intensity factor
(SIF) solutions for cracks at countersunk rivet holes for tension, bending, and wedge load
conditions. A wide range of configuration parameters were varied including the crack size, crack
shape, and crack location as well as the length of the straight-shank hole. A finite element based -
global-intermediate-local (GIL) hierarchical approach was used in this study. The results are
expressed as boundary correction factors (BCF), which is a nondimensional representation of the
SIF. The boundary correction factors were determined along the crack front in terms of the
physical angle, which was measured from the inner surface of the plate to a point on the hole
boundary or the outer surface of the plate. In general, the values of boundary correction factors
increased as one move along the crack front from the inner surface of the plate towards the hole
boundary or the outer surface. The values of the boundary correction factor were highest for the
crack fronts closest to the hole boundary. The trends in the solutions were the same for the three
~ loading conditions

x/x



INTRODUCTION

Ongoing aging aircraft research activities are aimed at developing and implementing advanced
fatigue and fracture mechanics concepts into the damage tolerance analysis methodology for the
aging, current, and next generation fleets. These activities include methods to predict the onset
of widespread fatigue damage (WFD). The Industry Committee on Widespread Fatigue Damage
was formed to implement a long-term cooperative program to develop a common understanding
-of the WFD phenomena and to improve the identification of likely locations and assessment
methodologies. One of the objectives of the Federal Aviation Administration’s National Aging
Aircraft Research Program is to develop the methodology to predict crack initiation, crack
growth rates, and residual strengths of aircraft structures subjected to WFD. Among the fourteen
possible locations susceptible to WFD identified by Industry Committee on WFD, the riveted lap
splice joint has been identified as one of the critical locations on an aircraft. Widespread fatigue
damage at riveted lap splice joints is usually in the form of multiple cracks emanating from the
stress concentrations in the rivet holes. To reliably predict crack growth rates and fracture
strengths of riveted joints subjected to WFD, accurate stress-intensity factor (SIF) solutions of
corner and surface cracks at a rivet hole are needed.

Exact closed-form SIF solutions for cracks in three-dimensional solids are often lacking for
complex configurations such as countersunk rivet holes; therefore, approximate solutions must
be used. Over the past two decades, considerable effort has been placed on developing
computationally efficient methods which provide highly accurate SIF solutions for cracks in
three-dimensional bodies. These methods include the conventional finite element method (FEM)
[1-4], the finite element alternating method (FEAM) [5-7], the boundary element method (BEM)
[8-9], and the three-dimensional weight function method (WFM) [10-11]. With advances in pre
and post processors, computer hardware and improvements in equation solvers, time savings are
being realized in both geometry development and analysis of complex models. With
computational tools in place, much needed SIF solutions required for damage tolerance
assessments of cracked rivet holes can be obtained.

A recent experimental study [12] provides extensive experimental data on the crack front shape
and fatigue growth of cracks from rivet holes in fuselage lap joint regions. Fatigue damage in an
actual fuselage lap joint removed from a full-scale test article was characterized. An extensive
database was established cataloging the damage state of the fuselage lap region including crack
initiation, crack growth rates, crack size, crack location, and fracture morphology. Non visual
cracking from rivet holes in the inner skin, outer skin, and tear straps was found during
fractographic examinations. In the outer skin, cracking typically initiated from the rivet hole at
the faying surface between the inner and outer skins due to fretting. Marker band analysis
showed that the cracks typically grew beneath the surface with elliptical fronts, remaining hidden
for a portion of their growth. The tunneling cracks broke through to the outer surface after
growing to lengths of two to three times the skin thickness. To complement such experimental
studies, SIF solutions would be useful in interpreting results as well as conducting damage
tolerance assessments. Some work has been done to generate SIF solutions for cracks in
countersunk rivet holes [4,7]. However, many gaps exist in available SIF solutions and further
work is required, particularly for breakthrough crack configurations and solutions under bending
and wedge loading. ‘



The objective of this work was to develop SIF solutions for cracks at countersunk rivet holes to
expand on the currently available solution database. Configurations representing typical
countersunk holes in aircraft structural joints were analyzed under tension, bending, and wedge
loading conditions. The crack size, crack shape, and crack location were varied to represent
typical experimental observations. A global-intermediate-local (GIL) hierarchical approach
based on the finite element method was used to obtain the solutions.

CONFIGURATIONS AND LOADING

The configuration analyzed in this study was a countersunk rivet hole in a plate with a half-
height to width ratio H/W = 2 as shown in figurela. The straight-shank hole radius to plate half-
width ratio (W/R) was 5. For all calculations, the total angle subtended by the countersunk hole

“was 100°. The ratio of the length of the straight-shank portion of the hole to the plate thickness
(h/f) was varied from 0.05, 0.25, and 0.50. The plate modulus of elasticity was E = 1, and
Poisson’s ratio was v=0.3.

Three loading conditions were considered in this study, a remote tension (S;), remote bending

(S3), and wedge (P,) load were applied as shown in figures 1b, lc, and 1d, respectively. A -
remote tension load was applied using a constant stress, S; = 1.0 unit forcé per unit area. A

remote bending load was applied using a linear stress distribution through-the-thickness. On the

side of the countersunk bore (Z/t = 0.0), S; = 1.0 unit force per unit area and on the side of the

straight-shank hole (Z/t = 1.0), S, = 0.0 unit force per unit area. This ensured an opening

displacement of the crack surfaces. The wedge load condition was applied on the plane of

symmetry of the countersunk hole. The wedge load, P,, was defined as the vertical component

of a traction, P, acting normal to the surface. This is shown in figure le, where P, = 1.0 unit

force per unit length. The value for the applied wedge load in this study was the following
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The five crack locations shown in figure 1f were analyzed. All cracks were elliptical with the
center of the ellipse at the corner of the rivet hole. The corner is defined by the intersection of
the straight shank portion of the rivet hole and the inner surface of the plate. The size and shape
of each crack is defined by « and ¢, the two elliptical axes, where a is parallel to the Z-axis and ¢
is parallel to the Y-axis. At crack location 1, the crack is a comer crack with the value of « set to
h/2 and h/t was varied from 0.05, 0.25, and 0.5. At crack location 2, also a comer crack, a was
set equal to A, thus one end of the crack front intersected the knee of the countersunk rivet hole;
h/t was varied as before. At crack location 3, a breakthrough crack, a was defined such that one
end of the crack front would intersect the surface of the rivet hole in the countersunk region half
way between the knee and the lip of the countersunk rivet hole. At this location, Z/t = (h+1)/2t;
h/t was varied as before. At crack location 4, a through-the-thickness break-through crack, a was
defined such that the crack would intersect the surface of the rivet hole at the lip of the
countersink. At location 4, Z/t = 1; h/t was varied as before. For crack locations 1 through 4, a/c
was varied from 1, 0.75, and 0.5. At crack location 5, only one crack shape was analyzed, a



breakthrough crack having a/c = 1 with ¢/t = 3.125. These cracking configurations were selected
to represent typical scenarios observed during fractographic examinations reported in reference
12. The full analysis matrix shown in table 1 consists of 117 solutions.

BOUNDARY CORRECTION FACTOR

The mode I stress-intensity factor (K) at any location along the crack front under tensile loading
1s given as [13]

K =5 EF(E’E,.{I,,E,@J (2)
ct i

for bending load

’ﬂa aah R '

K =S —F(—1—9_3_=9) 3

I b Q -] t'c’t’t ()

K, =Sw1(ﬂFw[£,5,£,5,6) )
Q t ctt o

where the wedge load, S, is simulated using a normal wedge load P, as

and for wedge load

5. =i'}’- )

The boundary correction factor (BCF), F; (tensile), F; (bending), and F, (wedge load) were
calculated along the crack front for the various combinations of parameters (a/c, h/2, and crack
location) shown in table 1. The crack dimensions, a and ¢, and the physical angle, &, are defined
in figure 1g. The physical angle, &, is measured along the elliptical crack front from the inner
surface of the plate to the hole boundary. The shape factor, Q, is given by the square of the
complete elliptic integral of the second kind [14]. The integral can be approximated by {13]

1.65
0=1 +1.464(£) for2<1

s 0 ©
‘ Q=1+1.464(—*j for—>1
a c

. . a .. . .
For all the solutions generated in this work — <1, thus the first expression in equation 6 is
c

relevant in the context of this work.



GLOBAL-INTERMEDIATE-LOCAL HIERARCHICAL APPROACH

The global-intermediate-local (GIL) hierarchical finite element approach, illustrated in figure 2
and established and verified in reference 14, was used to obtain the boundary correction factors
for countersunk nivet holes. The commercially available finite element program ABAQUS 5.6 -
[15] was used for the analysis. In the first step (global level) of the GIL approach, an analysis of
the plate subjected to the prescribed loading conditions and using a relatively coarse mesh is
conducted. For the cases analyzed here, due to symmetry in the geometry and loading, one
quadrant of the plate was modeled. The global model typically contained 1200 twenty-noded
brick elements. : '

In the next stage (intermediate level), an analysis of the area of interest using a more refined
mesh is conducted; in these cases the area of interest was the higher stress- gradient region near
the hole. The intermediate model typically consisted of 5000 twenty-noded brick elements. The
boundary conditions' for the intermediate model were taken from the global model using the
submodeling features in ABAQUS.

In the final stage (local level), an analysis is conducted that is even more focused on the region
of interest; in these cases it was the region around the crack front. A highly refined mesh was
used. The boundary conditions for the local model were taken from the intermediate model
again using the submodeling features in ABAQUS.

From local models, the J-integral was calculated along the crack front using the equivalent
domain integral method (EDIM). For cases where there is no mixed-mode fracture and plane
strain elastic material response can be assumed, the mode I SIF at any point along the crack front
can be calculated from the J-integral as

JE
K = 7 Q)

It should be noted that for the small cracks at locations 1 and 2, in figure 1f, the full GIL
approach (three levels) was required. For the larger crack sizes at locations 3, 4, and 5, a two-
level global-local hierarchical approach was adequate to obtain sufficiently accurate results. In
the two-level approach, the global model had approximately 4500 twenty-noded brick elements,
and the local model had 5600 twenty-noded brick elements.

RESULTS AND DISCUSSIONS

The parameters in table 1 were varied to the specified values yielding a total of 117 solutions.
All results are reported as boundary correction factors, a nondimensional form of the stress-
intensity factor. The results for boundary correction factors under tension are plotted as a
function of physical angles in figures 3 through 15. The data are also presented in tabular form
in tables 2 through 14. Corresponding figures for bending load are presented in figures 16
through figure 28 and the tabular data in tables 15 through 27. The results for wedge loading
cases are presented in figures 29 through 41 and tables 28 through 40. The results are grouped
for each crack location and loading case. It was noted that while the magnitude of boundary
correction factor was a function of loading mode, the trends were similar for each loading mode.



In the following discussion the emphasis is placed on the tension mode results, but the arguments
apply equally well to the bending and wedge loading cases. - -

EFFECT OF CRACK SHAPE ON BOUNDARY CORRECTION FACTOR.

The boundary correction factors under tension, F,, for cracks at location 1 are shown in figure 3
as a function of the physical angle, & The results are for s/t = 0.05. The shape of the elliptical
cracks was varied from a/c = 1, 0.75, and 0.5. The value of a was held constant and the value of
¢ varied to obtain the desired a/c ratio. In general, for all three a/c ratios, the value of the
boundary correction factor increased with an increase in the physical angle (1.€., as one moved
along the crack front from the inner surface of the plate to the hole boundary). As shown in the
figure 3, for small values of & (near the inner or faying surface of the plate), values of boundary
correction factors increased directly with the value of a/c. Smaller a/c values mean a larger
value ¢ and thus the crack front is further away from the comer and therefore has a relatively
lower BCF. With increasing values of # (towards the boundary of the hole), the solutions for the
three values of a/c merged. This is expected since all three cracks considered here have the same
value of @ and consequently approach the same point on the hole boundary. At & = 90°, the
value of the boundary correction factor is highest for all three crack shapes, i.e., as one
approaches the hole boundary. Similar trends were observed at other crack locations and A/t
ratios. For breakthrough cracks the crack fronts do not intersect the straight-shank hole
boundary but terminate at a point on the outer surface. The boundary correction factor is highest
at the point where the crack intersects. The effect of a/c ratio on these breakthrough cracks (at
locations 4 and 5) is slightly different than those discussed earlier. As a typical example one
may look at figure 12. Here for A/t = 0.05, boundary correction factors are plotted for three crack
shapes with a/c of 1.00, 0.75, and 0.50. These cracks are at location 4. To obtain the different
crack shapes, a and ¢ were adjusted such that the required a/c was obtained and the crack front
passed through the lip of the countersink. ‘As before, the crack fronts with larger a/c ratios are
closer to the hole boundary. ' In this case, however, at &= 0° the crack front is relatively far from
the hole, so its effect on the boundary correction factors is almost negligible. On the other hand
at higher values of &, as one moves along the crack front towards the outer surface boundary, the
BCF diverge from each other and actually the crack front with the lowest a/c value results in the
highest boundary correction factor. This can be explained by observing that for through cracks,
the lower the value of a/c, the narrower 1s the uncracked ligament near the outer surface.

EFFECT OF CRACK LOCATION ON BOUNDARY CORRECTION FACTOR.

The boundary correction factors under tension, F,, as a function of the physical angle, 8, for a/c =
1 and A/t = 0.25 are shown in figure 42. The figure shows F; for all five locations of the crack
considered in this work. In general, at each location, as one moves along the crack front from
“the inner surface of the plate towards the outer surface and hole boundaries (increasing ), the
value of the boundary correction factor increases. Thus, for all crack locations, the hole and
outer surface boundaries have more of an effect on the value of the boundary correction factor
than the inner surface boundary of the plate. For crack locations 1 and 2, the entire crack front is
near the hole (compared to the other three locations) and the values of the boundary correction
factor are higher. The highest value for boundary correction factors were found for cracks at
location 2 at points on the crack front at larger values of &, where the crack front meets the



