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Growth of Multiple Cracks and Their Linkup
in a Fuselage Lap Joint

Ripudaman Singh,* Jai H. Park,} and Satya N. Atlurif
Georgia Institute of Technology, Atlanta, Georgia 30332

An issue of concern in aging aircraft is the growth of multiple cracks emanating from a row of fastener holes,
typically in a pressurized aircraft fuselage lap splice. This multisite damage (MSD), or widespread fatigue dam-
age, if allowed to progress, can suddenly become catastrophic. The understanding of the failure behavior dictates
the level of compromise between safety and economy. The complexity of the structure due to various stiffening
elements makes it unamenable to a simple direct analysis. A two-step elastic finite element fatigue analysis com-
bining a conventional finite element method and the Schwartz-Neumann alternating method with analytical solu-
tions is developed to understand fatigue growth of multiple cracks and to obtain a first estimate of the residual
life of a stiffened fuselage shell structure with MSD in the riveted lap joint. The analysis procedure is validated by
simulating a laboratory fatigue test on a lap joint in a flat coupon. Both the coupon and the shell panel are found
to have fatigue lives only up to the first linkup of neighboring crack tips.

Introduction

HE phenomenon of growth of multiple cracks in a widespread

fatigue damage scenario and their linkup to form dominant
cracks in primary aircraft structural components have been a mat-
ter of concern among engineers trying to assess the structural in-
tegrity of aging fleets. The authors and their colleagues at Georgia
Institute of Technology are developing state-of-the-art computa-
tional tools for residual strength/fatigue life estimations of dam-
aged structures. These tools are expected to be extremely efficient
from both manpower as well as computer resource requirement
points of view. The subject of study in this paper is the fatigue
growth and linkup of multiple cracks emanating from a row of fas-
tener holes in a bonded/riveted longitudinal lap joint in a pressur-
ized stiffened fuselage shell structure.

A multibay shell panel of a typical narrow body fuselage, with
all of its structural features and a lap splice, is modeled. An arbi-
trary initial crack configuration, at the outer critical row of fasten-
ers, is chosen as a starting point. The fatigue loading applied is the
cyclic pressurization of the fuselage. The pressurization induces a
hoop stress that is transferred across the shell skins mainly through
the lap joint and partly through the circumferential stiffening ele-
ments, i.e., frames and tear straps. In a perfectly bonded lap, the
adhesive transfers most of the load through shear, but with aging
the bond may deteriorate and the load is transferred primarily
through the countersunk rivets. The cracks grow up to a certain
length under the fastener heads and make the detection difficult.
When the cracks start showing up from under the head of the fas-
tener, they are long enough, have a reasonably high growth rate,
and can soon become catastrophic, through linkup.

The geometric complexity and the arbitrarily large number of
cracks emanating at a row of fastener holes make a direct numeri-
cal analysis extremely expensive. The authors have earlier devel-
oped a global-local static analysis approach in which the load flow
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pattern through the damaged panel is first determined using a regu-
lar finite element method (FEM) and then the cracked portion of
the skin is isolated. To this local model of the cracked skin, which
is subjected to tractions as determined, the Schwartz-Neumann al-
ternating FEM is applied to obtain the crack tip parameters.! This
FEM analytical alternating technique is extended in this paper to
fatigue analysis. The multiple cracks emanating from a row of fas-
tener holes are simulated to grow under fatigue loading during the
local analysis of the cracked rivet holes. The global analysis of the
shell panel is repeated whenever the crack configuration changes
are significant enough to alter the load flow pattern through the
damaged splice; this could be due to crack growth or linkup of two
cracks. Net section ligament yielding is considered to be the linkup
criterion under the fatigue loading of these closely spaced cracks.
Before investigating the problem of multiple crack growth in a fu-
selage panel, we validated the developed technique and the code
by simulating a laboratory fatigue test to investigate the fatigue
linkup of multisite damage (MSD) in a typical lap joint coupon.?

Problem Definition

Shell Panel

Consider a typical narrow body fuselage shell stiffened longitu-
dinally by stringers and circumferentially by frames and tear
straps. Tear straps are present at all frame locations and midframe

Frames -\1\_2__ . Skin

MSD
Region

Shell Panel for Global Analysis

Cracked Skin Segment for Local analysis

Fig.1 Shell panel configuration.
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Fig. 2 Initial crack configuration in the shell panel.

stations. Refer to Fig. 1 for a typical configuration. The geometri-
cal details are as follows:
Shell radius R
Shell skin thickness ¢
Distance between frames
Distance between stringers
Distance between tear straps

74.0 in. (187.96 cm)
0.036 in. (0.0915 cm)
20.0 in. (50.8 cm)
9.25 in. (23.495 cm)
10.0 in. (25.4 cm)

Width of tear straps 2.0 in. (5.08 cm)
Thickness of tear straps ¢, 0.036 in. (0.0915 cm)
Frame area 0.160 in.2 (1.032 cm?)

0.120 in.* (5.0 cm*)
3.15 in. (8.0 cm)
0.186 in.% (1.2 cm?)
0.040 in.* (1.67 cm*)
0.78 in. (1.98 cm)

9.0 psi (62 kPa)
0.15625 in. (0.397 cm)

Frame moment of inertia
Frame neutral axis offset
Stringer area
Stringer moment of inertia
Stringer neutral axis offset
Fuselage internal pressure
Rivet diameter D
Pitch of rivets 1.0 in. (2.54 cm)
Material A12024-T3

Consider a longitudinal lap joint with the following particulars:
Length of overlap 3.0 in. (7.62 cm)
Number of rivet rows 3
Pitch of rivets 1.0 in. (2.54 cm)
Number of rivets in each bay 20 x 3
Rivet diameter D 0.15625 in. (0.397 cm)
Adhesive layer thickness £,  0.0025 in. (0.00635 cm)

Material A12024-13
The material properties of Al 2024-T3 are taken as follows:
Young’s modulus £ 10.5 x 10% ksi (72.3 GPa)

Shear modulus G 4.2 x 103 ksi (28.9 GPa)

Poisson’s ratio v 0.32
Yield strength o, 47.0 ksi (323 MPa)
Ultimate tensile strength ¢,  64.0 ksi (440 MPa)
Crack tip linkup stress

(12)(o, + 6,) 55.5 ksi (381 MPa)

Elongation 18%
Fracture toughness K~ 93.0ksi +/in. (102 MPa /m)
The adhesive shear modulus is G, = 109 ksi (751 MPa).

Consider a panel of this shell, consisting of five frames (nine
tear straps), seven stringers, and a longitudinal lap joint. Initially
all of the stiffening elements are presumed to be intact. As the
cracks grow and link up to form a dominant crack, these stiffeners
get overloaded and may fail. The adhesive is treated to be de-
graded to 1% of its original strength due to aging, so that the fas-
teners transfer all of the load through the joint. Consider the prob-
lem of multiple cracks of finite lengths emanating from the outer
critical row of fastener holes in two adjacent bays, across a frame
(called frame 1). Figure 2 shows the initial crack configuration of
six cracks (with two tips each) numbered 1L to 6R (L for left and

Thickness=0.040in

2024-T3 Plate
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Fig. 3 Flat coupon lap joint configuration.

R for right) emanating from six fastener holes. All of the MSD
cracks in a bay are considered in the same half of the bay, i.e., be-
tween two tear straps, numbered T-strap 1 and 2 in this case. The
crack lengths of 0.10 in. (0.254 cm) are chosen to typically repre-
sent a situation where the cracks are hidden well under the coun-
tersunk head of the fastener. The cracks’ lengths are measured
from the center of the hole and thus include the fastener radius. At
the central ligament, the cracks 3R and 4L have been specifically
chosen to be a length of 0.11 in. (0.279 ¢cm) so as to insure the first
linkup at this location. The configuration is chosen to be symmet-
ric about the frame for ease of analysis. Thus we need to analyze
only one-half of the damaged panel, i.e., three frames and five
straps. The fatigue loading applied is the cyclic pressurization of
the shell from 0.0 to 9.0 psi (62 KPa). Under this loading, the MSD
cracks are expected to link up to form two long cracks, one in each
bay, which will further link up at the frame location to form a sin-
gle dominant two-bay crack. Fatigue growth of the initial set of
cracks is considered up to the formation of a full two-bay-long
crack.

Whenever there is a crack linkup, and if there is no crack ema-
nating at the other end of the hole, it can be treated as having ar-
rested, and fatigue growth has no meaning beyond this point.
However, in reality there could be small cracks and they will grow,
and so to perform fatigue analysis, very small cracks are presumed
to exist at all other fastener holes but are considered in the analysis
only when the dominant crack tip comes close enough.

Coupon Configuration

Laboratory test of MSD fatigue crack growth at a lap joint in a
flat coupon,2 performed at the Aeronautical Research Laboratory,
Melbourne, Australia, has been simulated to verify the analysis
procedure. The configuration for the coupon is shown in Fig. 3
(taken from the original munscript?). The sheet thickness is 0.04
in. (0.1 cm) in the present case. The width of 8 in. (20.32 cm) rep-
resents the portion of the skin between the tear straps. The lap
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Fig. 4 Initial crack configuration in the coupon.
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Fig. 5 Schematic of the global-local fatigue analysis.

splice configuration is identical to that in the shell panel joint, with
a fastener diameter of 5/32 in. (0.3968 cm). The initial crack con-
figuration considered is shown in Fig. 4. In the experiments the
cracks were generated using an electrical spark erosion technique.
The cracks were taken to be 0.047244 in. (0.12 cm) long so that the
defect was obscured by the fastener head and represents a possibie
undetectable flaw. This would correspond to a crack tip distance of
0.124 in. (0.315 cm) from the hole center. In the experiment the
local bending was minimized by testing the specimens bonded
back to back and separated by a honeycomb core 0.492 in. (1.25
cm) thick. The fatigue loading on the sheet is uniaxial tension
varying between 0.67 and 13.4 ksi (4.61-92 MPa), corresponding
to a stress ratio of 0.95. The sheet material is A12024-T3.

. Analytical Approach
The analytical approach employed for the present study consists
of a repetitive global-local analysis. A global finite element analy-
sis is first carried out on the initial crack configuration to deter-
mine the fastener loads and the sheet stresses some distance away

in the meridional direction from the longitudinal crack axis. A
local analysis on the isolated, loaded, and cracked skin segment is
then carried out to obtain the crack tip parameters using the
Schwartz-Neumann finite element alternating method (FEAM).
With the evaluated crack tip parameters, the crack is allowed to
grow as per the Paris equation. The local analysis is performed for
crack increments small enough not to alter the load flow through
the panel. Whenever the crack growth is significant to effect the
load flow pattern or the crack linkup occurs, a fresh global analysis
is performed to update the fastener loads and the sheet stresses
The global analysis procedure is same as presented earlier,! but is
repeated here for the sake of completeness. The alternating method
for local analysis has been further improved and the details are
presented here. Schematically the procedure is shown in Fig. 5.

Global Analysis

Conventional linear elastic finite element analysis of the multi-
bay stiffened shell panel with cracks is performed as a part of the
global analysis. The FEM model is briefly described next:

The fuselage skin is modeled by four-noded shell elements with
five degrees of freedom (DOF) per node. The element used is
strain based and was developed by Ashwell and Sabir.? Tear straps
are also modeled using the same element. The frames and stringers
are modeled as two-noded, three-DOF-per-node, curved/straight
beam elements with theit shape functions being degenerated from
those of shell elements. This is done to insure compatibility within
the stiffeners and the sheet. The cracks are incorporated into the
problem at this level, as unconnected nodes belonging to respec-
tive elements. For the purpose of the present global analysis, the
crack tip singularity is not modeled since we are not interested in
the SIF at this stage. Appropriate account of the crack tip singular-
ities is taken during the local analysis. The fasteners are modeled
as two-DOF connections between the corresponding nodes in the
upper and the lower skins, and the stiffness is represented by the
empirical relation developed by Swift*:

ED

Kr = Zxcm/i,+D71)] )

with A = 5.0 and C = 0.8 for Al rivets. Wherever there is a crack
that bridges across fastener holes, the stiffness of the fastener in
the direction of the crack axis is set to zero as the fastener will not
be able to carry a load in that direction. The adhesive is also mod-
eled as a two-noded, two-DOF-per-node connection between the
sheets. The adhesive stiffness is modeled as

_ area
« = WG S (378) (1,/G + 1,/G)

@

where 1, is the degradation factor. The values of 0 and 1 represent
total degradation and no degradation, respectively. A value of 0.1
means 90% degradation. “Area” represents the bond area being
lumped at the nodal connections. Appropriate multipoint con-
straints have been imposed to prevent crisscrossing of sheet nodes
in the lap joint zone. The fuselage internal pressure is applied as a
uniformly distributed normal outward load on the shell panel. The
four edges of the panel are permitted to undergo only radial dis-
placement in the cylindrical system. A typical problem size for the
configurations considered is on the order of 15,000 DOF, and the
computer time is on the order of minutes on an HP 9000/700 series
workstation.

Leocal Analysis

From the global analysis, the skin segment containing the
cracks, holes, and fasteners of interest is isolated with correspond-
ing sheet stresses. The fastener holes are now modeled as circular,
and the bearing loads are distributed as sinusoidal variation over
one-half of the circumference of the hole, with the peak of the si-
nusoid being in the direction of the fastener load as determined
from the global analysis. The stresses due to the misfit of the rivet,
as well as the initial stresses in the sheet due to the riveting process
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a) The analytical solution for the above problem has been
generated.

b) Finite element solution for a finite plate with a row of
circular holes (No Cracks ).

Fig. 6 Finite element alternating methodology.

itself, can also be accounted for at this stage. This problem is
solved using the Schwartz-Neumann FEAM, presented in detail in
an earlier paper by Park and Atluri,” which involves two solutions.

1) An analytical solution to the problem of a row of cracks of
arbitrary lengths in an infinite sheet, with crack faces being sub-
jected to arbitrary tractions: This basic solution has been recently
redeveloped to improve the accuracy of the stress field near the
crack surface. The details of this new solution are given in the next
subsection.

2) A finite element solution for a strip with/without a row of
holes, but without cracks, subjected to sheet stresses: Eight-noded
isoparametric elements with two DOF per node are employed in
this finite element analysis.

The analytical-numerical alternating technique is illustrated in
Fig. 6 and is briefly described as next:

1) Solve the strip problem under edge tractions and pin bearing
loads, without modeling cracks, using convention FEM with eight-
noded isoparametric elements.

2) To create the traction-free crack surfaces, erase the stresses
as found in step 1, on the crack surfaces, using the analytical solu-
tion for an infinite sheet containing multiple collinear cracks (dis-
cussed in the next section). Determine the SIF at all of the crack
tips in the domain.

3) Corresponding to the solution in step 2, determine the resid-
ual tractions at the surfaces of all of the holes and the outer bound-
aries of the finite strip.

4) Using the FEM, obtain the stresses at the crack locations,
corresponding to the reversed tractions obtained in step 3.

5) Repeat steps 2—4 until increments in SIF resulting from step
4 are vanishingly small. By summing up all of the contributions,
total SIF for each crack tip can be obtained.

The crack tip stress intensity factors and the stress field are ob-
tained from this local analysis. The net ligament stress for any lig-
ament is obtained by taking an average over the ligament length.
To compute the plastic zone size, the Irwin’s formula does not
seem to give a reasonable approximation, probably due to the com-
plexity of geometry and vicinity of other cracks/loaded holes. Con-
sequently, the plastic zone size is estimated from the computed
stress field (which has the elastic singular variation near the crack
tip) by doubling the distance from crack tip to the point where the
stress falls to yield stress to account for the redistribution of the
elastic stress field due to plasticity. This is only an approximation

in lieu of performing a full elastic-plastic analysis. Such full elas-
tic-plastic analysis of an MSD cracking situation has been com-
pleted recently at Georgia Tech. This most recent analysis, to be
published shortly elsewhere, gives the most accurate representa-
tion of plastic zone sizes.

The critical pressure for the fuselage is that value of applied
pressure differential for which either the crack tip becomes unsta-
ble or the ligament between two crack tips fails. For linear elastic
analysis this can be computed directly from the obtained values of
K and average ligament stress O,,:

critical pressure differential = applied pressure X K, ./ K

linkup stress

critical pressure differential = applied pressure X

av

The linkup stress is taken to be the average of yield and ultimate
strength.®

Basic Analytical Solution

In the local analysis, it is important to obtain accurate (singular,
elastic) stress fields near the crack tips. A solution has been devel-
oped to obtain this for the case of multiple collinear cracks with ar-
bitrary surface tractions. The arbitrary tractions can be approxi-
mately treated as superposition of various piecewise constant
tractions; one such is shown in Fig. 7.

Consider the problem where n cracks are located along the x
axis, and a uniform normal stress p, and shear stress g, are applied
in the region d; < x < d, on the kth crack surface as shown in the
figure. The solution can be obtained by using the method given by
Muskhelishvili.® The complex stress functions are given by :

B (—po+iq,,)[ 4, X'(1) o oa-i
®) = X .[dl -, diries

n-2
+c,z  + .+ )}

n

3
Q(z2) = ®(2)
Yy
L m— D em—- 'Q_'- P ne—Y
1 2 k n
pO
AAA @
S
I
~ d S
2 k
YY
p

Fig. 7 Multiple collinear cracks with constant surface tractions over
a small zone in kth crack.
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where

X(z) = H [z—r, J2—5; )

i=1
and the branch is chosen as X(z) and becomes z” for large {zI. The
upper index + refers to the boundary values on the upper surface of
the crack. The stresses can be obtained by the following relations:

6,+0, = 2[®(2) +@(2)]

X

()
G,~ic,, = ®(2) +Q(2) + (-2 B (2)

Since the integral in Eq. (3) cannot be readily expressed in a closed
form for an arbitrary number of cracks, we make the following as-
sumption to simplify the problem: the length (dy—d;) is so small
that within d; < ¢ < d, the X*(¢) can be expressed approximately as

X1 =Xx"(d) ——“;_It" (6)
NG

where d = (d; + d,)/2, and 1, is the x coordinate of the nearest crack
tip from d. Consequently, the #, can be r, or s, in this problem. By
substituting Eq. (6) into Eq. (3), we obtain

(-p,+iq,)

G = —rxo:

{X(d) U(z,dy) =1(z,d))]

. -1 -2
+z(clz" +c22" +...+c,)}

N
Q(z) = ®(z2)
where
Ity =2 /to—tk+ /z—tkem fto—t,— Jz—1, ®
2 v0 -
Jad—t, Jd—t, Jio-t+ 21,
Cycles
Initial (o] O- O O O -O -0 (o]
Jd24 124 124 124 124 110 110 109 109 9.6
@D
19,700 | © o- O -O-.-O- O- -0 o
162 18 18 184 .184 125 125 124 124 9.8
27,868 o} o O —O— -0 (o]
18 235 234 244 244 141141 139138 99
32,003 o} o- O —O—®-O— -Oo- -0 (o)
a9 288 288 303 304 17.7 175 165 159 101
@&D
33,485 (o] O @ -0 (o}
194 327 333 360 364 20.1 19.3 179 16.7 10.3
33827 O o- —O— —O— —0O— -0 O
196 344 357 395 405 225 205 189 171 104
33,925 o] O— -0 (o}
96 35 366 408 344 190 169 113
@D
33,925 (o} O—.—C O O -0 le)
J19% 35 56.9 105
13927 0¥ 0—0—0—0—0—0 ©
33,928 o—C O O—=C O O——0
33,928 O O—O O O O O O—
Crack length(in or X 2.54 cm) SIF ksiﬁor X1.1 MPa/r_n

Max net section stress
ksi or X 6.88 MPa

Fig. 8 Comprehensive picture of MSD crack growth in the coupon.

Table 1 Rivetwise load (in pounds or X 4.45 N) distribution in the
outer row at various stages of the panel fatigue failure

Rivet no.

Cycles 1 2 3 4 5 6 7 8

Initial 172 172 172 172
19,700 182 184 147 152
27,868 182 185 140 144
32,003 183 186 135 139
33485 185 188 129 133
33,827 187 191 126 128
33,925 188 193 125 124
First linkup
33,925 196 205 133 98
33,927 235 262 113 43
33,928 290 352 51 29
33,928 612 78 36 21

Symmetric

Table 2 Row-wise load (in pounds or x 4.45 N) distribution at
various stages of the panel fatigue failure

Cycles Row 1 Row 2 Row 3
Initial 1370 1118 1370
19,700 - 1328 1157 1372
27,868 1306 1167 1384
32,003 1286 1177 1395
33,485 1272 1184 1401
33,827 1265 1188 1405
33,925 1261 1190 1407
First linkup
33,925 1268 1184 1405
33,927 1314 1155 1388
33,928 1447 1065 1330
33,928 1494 1020 1296
5 40
A
Crack length 35 :
49 i
~ 1 77 SIF 30 ¢
g
g L=
v 3] | 25
S g
i
.« J 20 =
< / -
= e 4 —
g ? el 15 >
£ | 5
5 10 |%
2 14
= ‘g
2 s &
© 7
0 T ¥ L) O
0 10000 20000 30000 40000
No of cycles _—

Fig.9 SIF and crack length variation with number of cycles.

All of the square-root functions are interpreted as complex vari-
able functions.

The coefficients ¢y, ¢, ..., ¢, in Eq. (7) can be determined from
the single-valuedness condition on the displacement field, which is
expressed as follows:

s. n-1 s. n~2 .
it it i1
—d N — dt
CIJ-,I, 0) ”CZJ.,j X ¥ +C"Jr;X(z)

X .
= z_[r —X%#[I(t,dz)—l(t,dl)]dt, j=12.,n 9

i
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The SIF at the tips of multiple cracks can now be obtained. For the Cycles | | |
crack tips at x = r; and at x = s; they are, respectively, | | ]
hmital fJo'o o o o 0 o o 0'0 0'o0
| | |
K,-iK, = lim /2 (r,-x) (Gy—GXy) 7003 Jol1o o O O O O -0- 010 OO
xor, | | |
1066 O O O ©--0- 0-0- 0 0,0 0,0
2 1 X, . | ! [
(p,- l%) :/——_—_HP"(rk) nes Jo'o oo o o o0 o0 o'o o'o
c—r [ ! [
k
wjlojo o 00000 0|0 0|0
| ! |
; — Tm P (e — 124 -0~
Kz‘lKu—xh_Ig 2 (r,~x) (6,-G,) a5 o 0 © ©--0-0-0 0 0 0, 0
k 2saslolo o000 o0 olo o'lo
| | |
. 1 X .
= (p,—iq,) == 3 +iP (s,) 2% fojo o 0--0—0--0--0- 0]0 0|0
4| J8, —¢C l | |
k 12,597 olo -0~ -0— -0—O0—0—~ O o]o O|O
where zswjolo o o—o—o0—0——0 olo olo
| | |
259 jo,;o0 0 -0—0—0—0—0 0|0 OO0
| I I
= — -O0—O0—0O0—0—0—0O—
X, II fc rII/cs 12,600 olo olo olo
m=1,m#k Frame 1 Tear strap 2
T strap 1 T Stml]) 2 Tlstrap|3
12,602 ) Ioooooooolo olo
X, = II [Fe="Tm II re= S, ! ! 1 I
2 k 12,606 -o:—o——o—-o—o—o—-o—o—o:-o—o—]ro—o—oo oo o ojololo
m=1, m#k 1 1 I |
12,607 ' L 0 0o o olofolo
: Tear strap failure : :
12,609 loro—o0—0—0—0—0—0—0-0-0-0—0—0—0-0—0—0 00|00
1 1 |
HVC Tm H N¢ 2610 |oto—0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0io|o}o
m=1, m#k 12,611 o{-o—o—o—o—o—o—o—o—o—-o—o—o——o—o—o—o—o—o—ro—mo
1 [} I
12,612 olLo—o—o—o—o—o—o—o—o—o—o—o—o——o—o—o—o—o—:o—o:o
! !

H ,—————Sk — H (———_ s, Frame 1 Frame 2

=1, m#k Fig. 10 Pictorial representation of fatigue damage in the shell panel.

n

P (z) = ZCjZ”_j 040
i=o I

By using the solutions of this problem as Green functions, we can
obtain the stress fields and SIF’s collinear multiple cracks, each of
arbitrary length, and each being subjected to arbitrary tractions.

Crack Growth
The crack growth rate considered is represented by the equation

da n

2L = AK 10

o% = [A{AK} (10)
The values of A and »n are obtained from the experimental

data.!® These are

A=364x10"

an
6.0

n

Crack Lengths (in or X2.54 cm)

where AK is in ksi4/in. and a is in inches.

Results and Observations

Coupon Problem

The fatigue growth analysis of MSD in a lap joint in a flat cou-
pon of Fig. 3 with an initial crack configuration of Fig. 4 is carried
out as per the procedure discussed in the preceding sections. The
local and the global analyses are performed at crack length incre- !
ments of 0.015 in. (0.0381 c¢m) and 0.060 in. (0.1524 cm), respec- 0 5000 10000 15000
tively. The comprehensive picture of the fatigue damage is shown No. of Cvcles
in Fig. 8. Each stage marked by the number of fatigue cycles repre- oLy >
sents a state when the fresh global analysis was carried out to up-
date the load distribution. Since the problem is symmetric, only Fig. 11 Fatigue crack growth of the 12 cracks in the shell panel.
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Table 3 Crack lengths and the crack tip SIF at various stages of fatigue

MSD crack lengths,? in. or x 2.54 cm

Cycles 1L 1R 2L 2R 3L

4L 4R SL SR 6L 6R

Initial ~ 0.100 0.100 0.100 0.100 0.100
7,003 0.116 0.116 0.132 0.133 0.154
10,166  0.123 0.124 0.152 0.154 0.203
11,685 0.127 0.128 0.165 0.167 0.245
12,210 0.129 0.129 0.170 0.172 0.264
12,435 0.129 0.130 0.173 0.175 0.277
12,548 0.130 0.130 0.174 0.176 0.285
12,594  0.130 0.131 0.175 0.177 0.289
12,595 0.130 0.131 0.175 0.177 0.306
12,597 0.130 0.131 0.175 0.177 0.347
12,598  0.130 0.131 0.175 0.177 0.457
12,599 0.130 0.131 0.175

.0110 0.100 0.100 0.100 0.100  0.100
0.164 0.160 0.145 0.144 0.131  0.131
0.222 0.220 0.178 0.178 0.148  0.148
0.282 0.280 0.205 0.204 0.160 0.159
0.342 0.338 0.216 0214 0.164 0.164
0.403 0.392 0.222 0.219 0.166  0.166
0.465 0.442 0.225 0.222 0.168  0.168
0475 0.226 0.223 0.168  0.168

0.491 0.227 0.223 0.168  0.168

0.223 0.168 0.168

0.317 0.168  0.168

0.479 0.168  0.168

12,599  0.130 0.131 0.175 Linkup 0.168
12,600 0.130 . 0.168
MSD crack tip SIF (ksi- //int. or x 1.1 MPa- J/m
Cycles 1L 1R 2L 2R 3L 4L 4R 5L 5R 6L 6R
Initial 9.3 94 10.6 10.6 11.8 12.0 12.1 114 113 10.5 105
7,003 9.3 94 11.2 113 13.4 14.0 14.0 12.5 12.5 11.0 11.0
10,166 9.4 9.5 117 117 14.6 15.9 159 132 13.2 115 115
11,685 9.5 9.5 11.9 12.0 14.9 19.1 19.0 13.6 134 11.6 11.6
12,210 9.5 9.6 12.1 12.2 16.1 22.0 21.6 13.8 13.4 11.8 11.8
12,435 9.6 9.7 12.2 12.3. 16.5 24.9 23.8 14.2 13.4 11.9 11.9
12,548 9.6 9.7 123 12.4 17.0 283 26.2 14.6 13.3 120 119
12,594  10.1 10.3 11.9 11.5 40.8 40.6 14.5 12.9 12.7 12.6
12,595 10.2 10.3 11.6 11.1 43.1 42.7 15.1 12.7 12.8 12.6
12,597 10.8 10.9 11.7 11.0 55.8 54.5 11.4 12.4
12,598 11.0 11.2 10.8 1.2 59.6 59.5 10.6 11.6
12,599  11. 10.2 714 735 108 104
12,599 11.6 10.6 80.4 Linkup 79.1
12,600 _ 78.8 64.6
3 = left, R =right.
80 Table 4 Frame and tear strap loads at various stages of fatigue
Frame and tear strap loads, 1b or X 445 N
704 —fa— 1L d
T —— R Cycles Frame 1 Tearstrap1 Tearstrap2 Tearstrap3 Frame 2
60 o o Initial 1019 31 264 30 1010
A 7,003 1019 31 264 30 1010
z o 10,166 1020 31 265 30 1010
> 501 . w 11,685 1021 32 265 30 1010
£ A ) 12,210 1021 32 266 30 1010
= —a— i 12,435 1021 32 266 30 1010
= 404 = 12,548 1022 32 267 30 1010
x — 12,594 1028 34 269 29 1010
5 % &R 12,595 1029 34 269 29 1010
% 30 12,597 1037 36 278 29 1011
g 12,598 1040 37 282 28 1011
= 20 12,599 1067 46 291 27 1011
B 12,599 1082 50 327 26 1011
2 =] 12,600 1110 57 357 25 1012
< 10 4 i 12,606 2106 612 3178 -54 1080
g i N 12,607 2110 613 3474 -60 1083
5 12,609 3185 1031 Fail 166 1636
04—r—r— r Yo S 12,610 3314 1071 428 2038
0 5000 10000 15000 12,611 3430 1105 1055 2681
12,612 3490 1121 1609 3434

No. of Cycles =———m—

Fig. 12 Crack tip SIFs of the 12 cracks in the shell panel.

one-half of the domain is analyzed. In Fig. 8, the left-hand side
represents the crack lengths and the right-hand side gives the cor-
responding SIFs. The numbers within the ellipse denote the loca-
tion and the magnitude of the maximum net ligament stress. The
variations of SIF and the length of longest crack with number of
cycles is presented in Fig. 9. The crack growth rate increases sub-
stantially at around 25,000 cycles. The first linkup occurs at
33,925 cycles, and then the cracks snap through all of the other lig-
aments almost instantaneously. This is both due to load redistri-
bution as well as a substantial increase in crack tip SIF after the
first linkup. The stress intensity factors increase with crack length
and shoot up at linkup, thus increasing the crack growth rate to
over 1/4 in.fcycle. The load redistribution at first linkup shows that
the next neighboring ligament has yielded. After the second

linkup, the dominant crack tip SIF is high enough to snap through
the third ligament within two cycles. Now, at the linkup of all
cracks, there exists a central crack of 5 in. (12.7 c¢m). If there are
no cracks in the next outer ligaments, the cracks can be treated as
being arrested. However, if there is even a small crack, it can grow
to the outermost hole in just a cycle, and then the outermost liga-
ment yields, causing a complete failure of the panel. The signifi-
cant observation is that the fatigue life of the coupon was only up
to first linkup.

The load flow through the fasteners in the damaged row of fas-
teners at various stages is given in Table 1. Table 2 gives the row-
wise load distribution at all of the stages. Interestingly, after first
linkup, the damaged row takes up more load. The explanation may
be as follows: As the cracks grow, the stiffness of the fasteners
comes down, and they shed the load to the intact ligament, which
now carries more stress. But at linkup the ligament can no longer
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Fig. 13 Frame and the tear strap loads during fatigue.

take any load, and the entire load is diverted to the end rivets,
which get heavily loaded.

The experimental effort? considered 10 specimens of this cou-
pon. Out of these, five specimens were subjected to fatigue loading
until failure, which occurred almost instantaneously after the first
linkup. The five specimens demonstrated a fatigue life of 25,000,
105,700, 67,000, 41,400, and 57,370 cycles, respectively, leading
to a mean life of 59,300 cycles. The analytical results give a life of
about 34,000 cycles. Our analysis has given a conservative esti-
mate that could be due to two main reasons. First, the plasticity ef-
fects on fatigue crack growth, such as the crack closure effects,
have not been modeled in the analysis. Crack closure due to crack
tip plasticity is known to reduce the effective stress intensity factor
range over which fatigue crack growth occurs and thus to result in
a prediction of slower growth. Previous investigations of static re-
sidual strength of damaged panels! did bring out the importance of
plasticity in establishing the linkup criterion under stable growth
due to static monotonic loading. Another factor could be that the
crack tip in the experiment is initially blunt as it was generated due
to spark erosion. Considering these points, the analysis seems to
give a reasonably good estimate of fatigue life, with only a few
hours of computational effort. By incorporating plasticity into the
local analysis, we will be able to have better estimates.

Shell Panel Problem

The shell panel of Fig. 1 is now analyzed with the initial crack
configuration of Fig. 2. The local and the global analyses are per-
formed at crack length increments of 0.01 in. (0.0254 cm) and 0.04
in. (0.1016 cm) respectively. The fatigue damage is pictorially pre-
sented in Fig. 10. The corresponding crack lengths and the SIFs
are plotted in Figs. 11 and 12, respectively, and their numerical
values are listed in Table 3. Once again the same striking feature
can be clearly seen; the “sudden death” of the panel. The first

linkup occurs at 12,594 cycles, and then within 6 cycles, in each
bay, all of the cracks link up to form a long crack. Within the next
two cycles, the two long cracks across the frame coalesce to form a
single dominant two-bay crack of over 20 in. (50.8 cm) in length.
This dominant crack, due to its length and the associated tip SIF,
has a growth rate of almost an inch/cycle. Even when the growth
rate is less than an inch/cycle, it is large enough to reduce the
length of the intact ligament, which fails under direct stress. Thus,
with every cycle, the crack grows to the next fastener hole. At
12,607 cycles, when the crack spans over 15 holes in each bay, the
midbay tear straps yield. From this stage onward, these are treated
as having failed and modeled as not to take any more load (this is a
conservative approach, as they might continue to bear some load).
Because of this failure, the crack tip SIF suddenly shoots up and so
does the crack growth rate. The tear straps do not appear to arrest
the crack growth. By 12,611 cycles, there exists a full two-bay-
long crack spanning from frame to frame. Thus, from the first
linkup up to the formation of a two-bay crack, all it took was just
17 cycles. The analysis is stopped at this stage.

From Fig. 11, the crack closest to the frame has the lowest
growth rate. The initially longer cracks (0.11 in.) are the fastest to
grow and the first ones to link up (as intended at the time of initial
crack configuration selection). Figure 12 shows the shootup of SIF
after the first linkup. The presence of a frame does reduce the SIF
(increasing the static residual strength) and does slow down the
crack growth, but the effect adds virtually nothing to the countable
cycles of residual life. These observations are, of course, within
the limitations of applicability of the Paris equation to low cycle
fatigue.

Figure 13 and Table 4 present the load flow pattern in the
frames and the tear straps as the cracks grow. Yielding of the mid-
bay strap can be seen to overload the intact frame/straps. Tear strap
3 shows a negative load for a small range; this could be due to the
local in-plane bending moments being generated out of substantial
load diversion.

Both the coupon and the shell panel with MSD are found to
have fatigue lives only up to the first linkup. This is because after
the first linkup the crack has a dominant length with high stress in-
tensity factors. This is an important piece of information for the
analyst involved in fatigue life estimation of similar structural
components with widespread damage.

Conclusion

In a lap joint, the growth of multiple cracks emanating from a
row of fastener holes has been investigated under cyclic loading. A
flat plate coupon and a stiffened shell structure, typical of an air-
liner fuselage, were analyzed. The most important feature that
emerges is that the fatigue life of the lap splice with widespread
cracking is only up to the first linkup. Beyond this, the crack
lengths, the corresponding stress intensity factors, and the crack
growth rates become prohibitively high. A good linkup criterion is
thus very important for residual life estimation of a structural com-
ponent with multisite damage that is subject to fatigue loading.
The second feature is that the frames or tear straps are hardly capa-
ble of arresting the growth of dominant cracks under fatigue load-
ing.
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