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In this study, several combinations of fail-safe features were investigated to assess their effect on the damage-

tolerance characteristics and residual strength of a typical military transport aircraft fuselage section composed of

floating-frame construction. Detailed nonlinear finite element models were developed for a key area of a

representative aft fuselage. These local fuselage models were refined to include longitudinal lead and multiple-site-

damage cracks of various sizes. A global-to-local modeling procedure was used whereby kinematic boundary

conditions applied to the edges of the local fuselagemodels were developed using internal field quantities from a finite

element simulation of a structurally complete (global) fuselage for a given load case. A residual-strength assessment

of the relevant aft section for load cases involving a combination of limit internal pressure and flight loads was

conducted using highly refined finite elementmodels for cases involving 1) no fail-safe features (i.e., the basic fuselage

configuration), 2) inclusion of shear ties as part of a modified fuselage design, 3) inclusion of tear straps as part a

modified fuselage design, and 4) inclusion of both shear ties and tear straps. The influence of discrete source damage

and small-scale cracking at fastener holes (i.e., multiple-site damage) was considered in the analysis. The critical

crack-tip opening-angle fracture criterion and plane-strain core concept were employed in performing large-

deformation elastic–plastic stable-tearing analyses using three-dimensional fracture-analysis code and structural

analysis of general shells code to predict the fuselage section’s residual strength. These results suggest that shear ties

and tear straps may be effectively used to increase the structural integrity of the aft fuselage. Key results from this

study may provide useful information regarding the efficiency of incorporating fail-safe design modifications in the

existing aircraft to enhance the residual strength of cracked sections of the fuselage.

I. Introduction

B ECAUSE of the high cost of new commercial and transport air
vehicles, many operators attempt to maintain their existing fleet

of aircraft for as long as possible. As metallic airplanes age, certain
measures must be taken to ensure structural integrity. Arguably,
airframe structural integrity may be determined from an assessment
of the residual strength, rigidity, damage tolerance, and durability
characteristics [1,2].Residual strengthmay be defined as the amount
of static strength available at any time during a specified service
period considering that damage exists in the structure and will grow
as a function of in-service loading. Damage tolerance may be
defined as the ability of a structure to sustain damage associated with
cracks, fatigue, and corrosion. An improvement in fuselage damage-
tolerance properties may be attained by incorporating fail-safety
features (i.e., redundant load paths) in combination with crack
arresters (e.g., tear straps and shear ties); such design modifications
may enhance the service life of a given aircraft. Through proper
implementation of a damage-tolerance plan involving periodic
inspections, any subcritical fatigue cracks, discrete source damage,
and/or corrosion will likely be detected and repaired before the
expiration of the intended service life.

Primary structural assemblies may bemodified to include fail-safe
design features that allow the structure to sustain levels of discrete
source damage, fatigue cracks, and/or corrosion that were not
accounted for in the original design process [3,4]. Fuselage structures
are especially susceptible to the formation of longitudinal skin cracks
induced by cyclic internal pressure loads and/or normal flight loads.
Aging aircraft may develop fatigue cracking and/or corrosion near
riveted areas in overlapping skin panels.

In the latter stages of the intended service period (or if the design
service life is extended), the onset of widespread fatigue damage
(WFD) near mechanically fastened areas may significantly reduce
the residual-strength and/or damage-tolerance properties of metallic
fuselage structures [5]. WFD may be defined by the simultaneous
presence of cracks inmultiple layered sections in a fuselage structure.
Depending on the size and density of WFD cracks in an aging
aircraft, primary structural components may not retain the requisite
residual strength necessary to avoid a catastrophic failure [6].
Incorporation of crack arresters (e.g., shear ties and tear straps) may
be one of the most effective ways to stall or reduce lead-crack
propagation rates due to the presence ofWFD (i.e., improve damage
tolerance).

The original design of certain older tanker/transport aircraft
fuselages (Boeing 707, KC-135, etc.) was primarily composed of
aluminum-skin panels, longitudinal stringers, and floating frames.
Although typical fail-safe features were not included as part of the
initial design of these aircraft, the original (basic) fuselage design
was determined to be sufficient to meet military damage-tolerance
requirements over the course of the original aircraft service lives [7–
9]. Also, periodic inspections of principal structural elements were
required to ensure flight safety.

Although an assessment by the U.S. Air Force (USAF) suggested
that these aircraft could remain in service beyond their original
design life, the possibility of fatigue-damage development and/or
corrosion was not considered in the initial USAF evaluation.
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Because older tanker/transport aircraft were designed and built
before the establishment of modern damage-tolerance and fail-safety
concepts, a review of initial structural integrity evaluations and early
fail-safe tests involving similar aircraft was conducted by Cope [10]
to identify possible critical fuselage areas. Based on this review, a
highly refined local finite element model [10] was developed for a
representative fuselage for which the geometry represented a subset
of a larger global model (cf. Fig. 1). Arguably, such local models will
adequately characterize the fracture behavior of cracked fuselages,
provided that the models are sufficiently large to avoid any
interaction between the crack and the model boundaries [11].

The boundary conditions applied in the local models were
interpolated from internal-surface field quantities from a global
model containing no cracks. Cope [10] performed material and
geometric nonlinear analyses of each fuselage section aimed at
residual-strength determination as a function of crack configuration
for key areas of a typical forward, center, and aft fuselage (cf. Fig. 2).
It was concluded that the aft-fuselage section posed the greatest risk
because of the relatively low fracture toughness and thickness of the
skin material employed in that region (cf. Fig. 2). It was
recommended that modifications to the basic fuselage design (i.e.,
inclusion of shear ties, tear straps, and/or fail-safe chords) should be
considered to enhance an aircraft’s damage-tolerance characteristics.
Such fail-safe features are commonly employed in modern transport
fuselage designs.

Similar to the KC-135 and 707, the idealized aircraft considered in
this study has semimonocoque D-shaped fuselage construction,
where only the upper half of the cylindrical fuselage is pressured (cf.
Fig. 1). A nominal 72-in.-radius fuselage was assumed with
longitudinal stringers mechanically fastened to an aluminum skin.
Each fuselage is reinforced by a series of periodically spaced floating
frames (typical frame spacing of 20.0 in.). In standard floating-frame
construction, the frames are attached to the skin only at the stringer/
frame fastener interconnections. Because typical stringer spacings
are on the order of 8–9 in., the frames are relatively ineffective as
crack arresters or crack stoppers for longitudinal skin cracks.
Figure 3 shows a schematic of the representative fuselage as well as a

typical skin/stringer/floating-frame interconnection. Standard body-
station (BS), butt-line (BL), and water-line (WL) systems for
identifying the x, y, and z coordinates of points within the aircraft (cf.
Fig. 3) are employed. Stringers are numbered sequentially on the left-
and right-hand sides of the aircraft, beginning at the crown of the
aircraft, denoted byS-01 (BL0.0), S-02R, S-03R, etc., as indicated in
Fig. 3.

In contrast to other common tanker aircraft, the fuselage
considered in this study incorporates no fail-safe features such as tear
straps and/or shear ties. In addition, this aircraft has a noncylindrical
D-shaped pressurized fuselage. Although modern transport fuselage
designs generally incorporate skins composed entirely of 2024-T3
aluminum, the center and aft-fuselage sections of certain older
tanker/transport aircraft consist of 7075-T6-clad skin panels. It is
commonly accepted that 2024-T3 is the preferred skin material
because it has a higher fracture toughness value than 7075-T6.

A linearly elastic finite element model of the entire idealized
fuselage was developed to determine internal structural loads for
critical fuselage areas for a wide variety of load cases [9]. This model
contained representations of all of the primary structural components
such as skin, stringers, frames, bulkheads, floor sections, wing center
section, and wing-to-body connection. In addition, estimated field
quantities evaluated along internal surfaces in the air vehicle model
were used to establish boundary conditions for detailed local models
simulating cracked sections of the fuselage [10] for load cases
involving internal pressure and/or flight loads. The flight loads are
equivalent to two-thirds of an ultimate dive maneuver load condition
for a 275,000 lb gross weight aircraft [7]. Limit-load pressure
loading, which represents the maximum operating pressure that the
fuselage structure is likely to see in its service life [7], was
considered.

In this research, several combinations of fail-safe features were
investigated to assess their effect on the damage-tolerance
characteristics and residual strength of the tanker/transport aft
fuselage section for load cases involving both internal pressure and
critical flight loads. A residual-strength assessment of the relevant aft
section of the representative fuselage was conducted using highly
refined finite element models. The influence of discrete source
damage and small-scale cracking at fastener holes [i.e., multiple site
damage (MSD)]was considered in the analysis. The critical crack-tip
opening angle (CTOA) fracture criterion [12] was employed in
performing elastic–plastic stable-tearing analyses to predict the
fuselage section’s residual strength. Key results from this study may
provide useful information regarding the efficiency of incorporating
fail-safe design modifications in aircraft with floating-frame
construction to enhance the residual strength of cracked sections of
the fuselage.

Fig. 1 Local and global models [10,11].

Fig. 2 Three key areas of the representative fuselage considered by

Cope [10].

Fig. 3 Fuselage construction of representative tanker/transport.
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II. Analysis Method

Fracture mechanics analyses of metallic aircraft structures often
involve the use of linear elastic fracture mechanics (LEFM)
handbook solutions for stress-intensity factors (SIFs) for idealized
structural geometries, such as that for a single crack emanating froma
fastener hole in a flat plate. However, fracture analyses of transport
fuselage structures with semimonocoque construction arguably
should account for large displacements, elastic–plastic material
behavior, and the possible existence of MSD cracks to accurately
assess structural integrity [13]. In this work, two fracture mechanics
codes, three-dimensional fracture-analysis code (FRANC3-D) [14]
and structural analysis of general shells (STAGS) code [15], were
used to simulate the nonlinear fracture behavior of cracked sections
of the representative military transport fuselages.

FRANC3-D [14] was developed for simulating discrete crack
propagation in stiffened curvilinear thin-shell structures under either
elastic or elastic–plastic conditions. Essentially, FRANC3-D is a pre-
and postprocessor for the nonlinear shell code STAGS [15].
FRANC3-D may be used to establish finite element representations
of thin-walled semimonocoque structures, define crack configura-
tions, and perform adaptive remeshing and/or nodal release
techniques necessary to simulate evolving cracks. FRANC3-D is
well suited to trace structural geometry evolution due to propagation
of single or multiple cracks [16–19]. STAGS is a finite element
solver developed by Lockheed Martin Aerospace Corporation and
NASA [15] to analyze large-deformation inelastic shell buckling.

STAGS may be used to conduct strength, stability, and collapse
analyses of general shell structureswith complex geometry subjected
to combined loadings. STAGS can be used to calculate linear and
nonlinear elastic strain energy release rates for multiple interacting
cracks that can be used to determine mixed-mode phenomena at the
crack tips in FRANC3-D, which can then be used in a damage-
tolerance evaluation of a fuselage structure. FRANC3-D has been
integrated with STAGS to estimate crack-tip fracture parameters
and/or residual strength based upon either LEFM or elastic–plastic
fracture mechanics (EPFM) concepts.

As the fracture process progresses, intense inelastic deformation in
the vicinity of a crack tip may result in crack-tip stresses that are
drastically lower than those predicted by LEFM; the presence of
material inelasticity and/or plasticity will generally increase the
material’s resistance to crack extension. As the size of the crack-tip
plastic zone becomes large in comparison with theKI-dominated (or
JI-dominated) zone, however, the crack-tip stresses based upon
LEFM cease to be valid and the SIF no longer represents a viable
fracture parameter (i.e., application of LEFM is questionable).
Newman [20] demonstrated, however, that the critical value of
CTOA may be reliably used to predict the onset of stable-tearing
behavior and residual strength for materials with relatively large
degrees of crack-tip plasticity. When implementing the CTOA
concept, it is assumed that crack extension will occur whenever the
opening angle formed by the upper and lower crack faces reaches
some critical value [21]. The CTOA [or, equivalently, the crack-tip
opening displacement (CTOD)] is commonly defined at some fixed
distance d behind the crack tip (cf. Fig. 4). The CTOA for the mode I
case is defined as

CTOA � 2 � tan�1 �
2d

(1)

where � is the CTOD measured at a specific distance d behind the
moving crack tip. A fixed value of d� 0:04 in: is commonly used
throughout the literature [22]. In this research, however, the length

d� 0:05 in: was used in the numerical evaluation of the CTOA as
well as to define the finite element edge lengths along the crack
growth path to ensure consistency with Cope [10].

The opening angle for themixed-mode casemay be obtained from
the cross product of two vectors:

CTOA � sin�1
ka � bk
kak � kbk (2)

where a and b are vectors for which the origin corresponds to the
crack tip and for which the tips correspond to points located at a
distance d along the deformed upper and lower crack faces,
respectively. For pure mode II (sliding) deformation, the crack-face
sliding displacement is used to establish an equivalent CTOA for use
in assessing crack extension. Calculated values of CTOA at a crack
tip of interest for a given prescribed load level are compared with the
critical values necessary to extend the crack. For the 2024-T3 and
7075-T6 aluminum skins considered in this research, a piecewise
linear stress–strain curve was used to approximate the elastic–plastic
material behavior (cf. Fig. 5).

There are several key issues that must be addressed when
numerically implementing the CTOA concept to predict the fracture
behavior of thin-walled metallic structures. Although use of two-
dimensional (2-D) elements facilitates the development of tractable
finite element models, the fracture process is intrinsically a three-
dimensional (3-D) process. Three-dimensional constraint effects in
the vicinity of the crack tip drastically influence the crack-face
opening behavior as well as crack extension; the CTOA is generally
not constant through the thickness. Use of 2-D plane-stress elements
arguably cannot adequately simulate the physics of a fracture process
that may involve severe crack tunneling in thin-sheet materials.
Dawicke et al. [23] used 3-D finite element analysis of crack
extension in relatively thick and thin metals to demonstrate that the
effect of the crack-tip constraint must be accounted for to obtain
accurate failure predictions using constant critical CTOA values.
Newman [20] and Dawicke et al. [23] showed that the constraint
around the crack tip due tometal plasticity may be simulated using 2-
D plate or shell elements by employing the plane-strain core concept.

In such an approach, 3-D constraint conditions around a crack tip
may be simulated in 2-D analyses by employing plane-strain
elements within some distancehc of the crack plane. The plane-strain
core models the high constraint around a crack tip but allows for the
widespread plastic, yielding under plane-stress conditions away
from the crack tip. In this study, plane-stress conditions were
assumed everywhere in themodel except for two rows of elements on
both sides of predefined crack location, as illustrated in Fig. 6. The
height of the plane-strain core, hc, was selected to be equal to or less
than the thickness of the plate. Also, a fixed distance d behind a crack
tip for CTOA should be consistent to the plane-strain core height.
Using the plain-strain core concept, an elastic–plastic stable-tearing
analysis was performed. A nodal release method and a load
relaxation techniquewere used to extend a crackwhile the shell is in a

Fig. 4 CTOA definition.

Fig. 5 Piecewise linear stress–strain curves for 7075-T6 and 2024-T3

aluminum alloys.
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nonlinear equilibrium state based upon the modified crack-closure
method [24].

Once the calculated CTOA at a crack tip reaches the critical value,
the nodal displacement compatibility condition at the given crack tip
is replaced with equivalent crack-tip forces required to hold the
current crack-tip nodes together, as shown in Fig. 7. The equivalent
crack-tip forces are gradually reduced to zero to establish a new
equilibrium state corresponding to the longer crack configuration.
This process may be continued until the lead-crack tip reaches the
next fastener geometric locations or links up with a MSD-crack tip,
because crack linkup may cause an unstable crack extension. In the
case with no MSD, analyses were stopped whenever the crack tip
reached a rivet location. The residual strength of the structure can be
determined from the far-field load condition at which the linkup
occurred in the stable-tearing analysis.

Modeling of mechanical fasteners is an important factor in
obtaining accurate estimates of the stress field in a mechanically
fastened joint containing a lead crack and MSD. Consistent with the
methodology proposed by Young et al. [24], Chen et al. [5], and
Carter et al. [14] and implemented by Cope [10], two-noded spring
elements were used to simulate the fastener load transfer between
mating aluminum sheets in a cracked lap joint. The fastener holes
were not modeled. Three rows of two-noded six-degree-of-freedom
spring-rivet elements were used to model the 0.1875-in.-diam.
aluminum rivets at the lap joint. The rivet properties were computed

using a spring element fastener representation developed by Cope
and Lacy [25].

Consistent with [18,24,26], it is assumed that the nonlinear
transverse shear force-displacement response could be approxi-
mated using a piecewise linear approximation based on
experimental data; the fastener response associated with axial
extension, torsion, and bending was assumed to be linearly
elastic. Figure 8 shows the idealized fastener transverse shear
force-displacement relationship for a typical 0.1875-in.-diam.
aluminum rivet. The initial elastic stiffness and subsequent
tangent (plastic) stiffness are 105.2 and 23:4 klb=in:, respectively.
The axial, torsion, and bending stiffnesses are 140:0 klb=in:,
231:1 in:2 � lbf=rad, and 557:7 klb=in:, respectively.

III. Damage Tolerance and Residual Strength of
Fuselage Fail-Safe Design Model

One primary objective of this researchwas to investigate the effect
of fail-safe design modifications (i.e., inclusion of tear straps, shear
ties, and/or fail-safe chords) on the structural integrity of the aft
floating-frame fuselage structure. The basic fuselage construction
consisted of 2024-T3-clad aluminum-skin panels mechanically
fastened to 7075-T6 longitudinal stringers; the skin/stringer
assemblies were mechanically fastened to circumferentially oriented
7075-T6 bare floating frames at the stringer/frame interconnections,
as illustrated in Fig. 9. As a consequence of the floating-frame
construction, the basic structure provided relatively limited
resistance to longitudinal crack propagation.

The second idealized fuselage structural configuration was
reinforced with 0.05 in. 7075-T6-clad shear-tie angles mechanically
fastened directly to the skin at frame sections between stringers. The
outer flanges of the standard Z-shaped frames were reinforced with a
combination of circumferentially oriented structural angles (fail-safe
chords) and reinforcing straps composed of 0.05-in.-thick bare 7075-
T6, as illustrated in Fig. 10. The shear ties arguably act as crack

Fig. 6 Plain-strain core concept.

Fig. 7 Mechanism of nodal release method in STAGS.

Fig. 8 Nonlinear fastener shear force-displacement relationship.

Fig. 9 Cross section for the floating-frame fuselage basic model.
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stoppers because they provide a means for stress redistribution from
the cracked skin to the frames; in addition, they may serve to inhibit
the mode I opening displacement of skin cracks. The skin of the third
idealized fuselage structural configuration was reinforced with
mechanically fastened, circumferentially oriented, 4-in.-wide tear
straps composed of 0.032-in.-thick clad 2024-T3. The centerline-to-
centerline spacing of the tear straps was 10 in; tear straps were
positioned along the frame centerlines and centerline of the
midsection between frames, as illustrated in Fig. 11.

Because the tear straps directly reinforced the skins, they also
provided significant longitudinal crack stopping capability. Note that
because the tear straps were located at the frame locations and at the

frame midbays, the longitudinal spacing between the tear straps
(10 in.) was one-half that associated with the shear ties (20 in.).
Hence, the use of tear straps may provide somewhat better resistance
to crack extension than the use of shear ties. In addition, a fourth
structural configurationwas simulated that involved incorporation of
both shear ties and tear straps. The combination model accounted for
the reinforcement due to shear ties, fail-safe chords, reinforcing
straps, and tear straps (cf. Fig. 12). In the latter model, the shear ties
were attached directly to the tear straps, rather than to the skin. The
purpose of these models was to verify which structural modification
had the greatest beneficial impact on the fuselage damage-tolerance
characteristics.

Fig. 10 Cross section for the fuselage shear-tie model.

Fig. 11 Cross section for the fuselage tear-strap model.

Fig. 12 Cross section for the fuselage combination model.
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To assess the beneficial effect associated with incorporation of
fail-safe design features (i.e., tear straps and shear-tie angles) in the
aft section of the representative fuselage considered by Lacy et al.
[26], a set of material and geometric nonlinear (elastic–plastic)
stable-tearing analyses was performed to assess the residual
strengths of the basic and reinforced aft-fuselage structures
containing lead cracks of variable length as well asMSD cracks. The
relative improvement in residual strength associated with
incorporation of tear straps and/or shear-tie angles for cracked
fuselages containing lead cracks and MSD can be used to determine
the merits of each proposed structural modification; this represents
the primary contribution of this work. In both sets of analyses,
damage scenarios involving various combinations of lead-crack
lengths and MSD-crack lengths subjected to limit-load fuselage
pressurization and flight loads were investigated.

In these analyses, local aft-fuselage models were developed
consisting of a longitudinal section of skin spanning between
stringers S-04R, and S-09R (cf. Fig. 13). The aft-fuselage section
contained a lap-joint section with three rows of mechanical fasteners
(rivets) at S-07R joining the upper-crown 7075-T6-clad skin panel
(thickness of 0.064 in.) and lower 2024-T3-clad skin panel
(thickness of 0.051 in.). The lap-joint rivet diameter, longitudinal
spacing, and circumferential spacing were 0.1875, 1.0, and 1.0 in.,
respectively. As a consequence, MSD cracks of length 0.05, 0.10,
and 0.20 in. were considered in this work. Longitudinal lead cracks
of varying initial crack length (2a� 5:1, 7.5, 9.9, 12.3, 14.7, 17.1,
and 19.5 in.) and MSD cracks were centered about BS1080 in the
upper fastener row at stringer S-07R.

A summary of the combinations of lead-crack lengths and MSD-
crack lengths considered in this study is shown in Table 1. Note that
in an elastic–plastic stable-tearing (residual strength) analysis, a
significant plastic zone may form at the lead-crack and MSD-crack
tips. For a dominant lead crack, a relatively large plastic zone may
engulf several MSD sites 2–3 in. ahead of the lead-crack tip [27].
MSD cracks lying outside the plastic zone of the dominant lead crack

have little effect on lead-crack extension/failure and can safely be
neglected in the analysis [27–29]. Therefore, MSD cracks were only
simulated at the first two fastener locations adjacent to the lead-crack
tips.

Geometric nonlinear elasticfinite element analyses of the local aft-
fuselage basic structurewith/without reinforcementswere conducted
using limit internal pressure load (11.47 psi) and prescribed
kinematic boundary conditions (i.e., edge displacements and
rotations) developed from a linearly elastic finite element model of a
global fuselage [9]. These calculations showed that the mode I SIF
was sufficiently large in comparisonwith the other calculated SIFs to
warrant the assumption of self-similar crack extension in the
forthcoming elastic–plastic fracture analyses for all of the structural
configurations.

To evaluate the improvement in the fuselage residual strength due
to the incorporation of fail-safe features (i.e., tear straps and/or shear
ties), a total of 28 stable-tearing (elastic–plastic fracture) analyses
were conducted for the four aft-fuselage structural configurations
and lead-crack/MSD-crack combinations summarized in Table 1.
Here, it was assumed that fast fracture was imminent after the lead
crack coalesced with either an adjacent fastener hole or MSD crack.
The far-field load (i.e., internal limit-load pressurewithflight loads in
this case) was expressed in terms of a nondimensionalized load
factor. For example, a load factor of 1.0 suggests that 100% of the
limit-load pressure with flight loads was required to initiate fast
fracture (linkup) for a given crack configuration. Similarly, a load
factor greater than 1.0 for a given crack configuration indicates that a
proportional increase in the applied internal pressure and the flight
loads is necessary for failure to occur. A load factor less than 1.0
suggests that unstable crack extension will occur at an applied load
level below the requisite limit load.

For each lead-crack/MSD-crack combination, load factors were
recorded every time a given lead crack linked up with an adjacent
MSD crack or when a lead-crack tip advanced to the geometric
location of the next adjacent fastener hole for cases with no MSD.
Figure 14 contains a schematic of the combinations of lead cracks
and MSD cracks considered in the analyses. Note that the center of
each lead crack was offset by roughly one fastener location from the
frame web at BS1080 (cf. Fig. 14); essentially, the cracks were
centered about the circumferential row of fasteners defining the
attachment between the shear-tie angles and the skin. In contrast, the
tear straps were located symmetrically about the frame web, as
shown in Fig. 14. As a consequence, the circumferential centerline of
the center tear strapwas offset by the fastener pitch from the center of
the lead crack (i.e., the influence of the tear straps on the fracture
behavior at each tip was slightly different). In the fuselage shear-tie
and combination models, no shear-tie angles were simulated in the
overlapping skin area of the lap joint. Circumferential tear straps in
the idealized aft-fuselage tear-strap and combination models were
simulated symmetrically about each frame web and at the midbay
locations between frames (i.e., the tear straps were longitudinally
centered every 10 in.). As suggested in Fig. 14, lead-crack lengths in
excess of 17 in. resulted in at least one lead-crack tip residing
underneath the adjacent midbay tear strap. Similarly, lead-crack
lengths in excess of 12.3 in. resulted in at least one MSD crack
located underneath the reinforcing midbay tear traps.

Residual-strength estimates, characterized in terms of the unit load
factor, were determined for each structural configuration (basic,
basic plus tear-strap reinforcements, basic plus shear-tie reinforce-

Fig. 13 Aft-fuselage panel configuration for fail-safe-features analysis.

Table 1 Fuselage MSD damage scenarios for stable-tearing analysis

No. of fasteners with lead crack Lead crack length 2a, in. MSD crack length, in.

5 5.1 0.00, 0.05, 0.10, 0.20
7 7.5 0.00, 0.05, 0.10, 0.20
9 9.9 0.00, 0.05, 0.10, 0.20
11 12.3 0.00, 0.05, 0.10, 0.20
13 14.7 0.00, 0.05, 0.10, 0.20
15 17.1 0.00, 0.05, 0.10, 0.20
17 19.5 0.00, 0.05, 0.10, 0.20
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ments, and a combination of shear-tie and tear-strap reinforcements)
as a function of lead-crack and MSD-crack lengths. Again, fast
fracture was assumed to occur whenever the lead crack coalesced
with an MSD crack or when the lead crack advanced to the nearest
fastener-hole location. Figure 15 contains a plot of the residual
strength as a function of lead-crack length and MSD-crack size for
the unreinforced basic aft-fuselage configuration. Figures 16–18
contain similar residual-strength plots for the aft-fuselage section
reinforced with shear ties, tear straps, and a combination of shear ties
and tear straps, respectively.

Not surprisingly, the residual strength of the basic (unreinforced)
aft-fuselage section containing a single lead crack decreased
drastically with increasing lead-crack length, as shown in Fig. 15.
The fuselage residual strength for lead cracks with lengths in excess
of 2a� 6:8 in: fell below a load factor of 1.0; this suggests that the
cracked fuselage is unable to sustain the required loading without
failure. The presence of MSD cracks only exacerbated the reduction
in residual strength for a given lead-crack length. For example, the
critical lead-crack lengths associated with MSD-crack lengths of
0.05, 0.10, and 0.20 in. were roughly 2a� 6:5, 6.4, and 5.7 in.,
respectively. Hence, the critical lead-crack length for the case
involving 0.20 in. MSD cracks was approximately 12.3% shorter
than the non-MSD case. Alternatively, for a load factor of 1.0, the
presence of 0.20 in. MSD cracks resulted in a 17.2% reduction in
residual strength. This underscores the importance of accounting for
the presence ofMSD cracks when evaluating residual strength. Note
that the combination of lead-crack lengths and MSD-crack lengths
with a load factor of 1.0 defines the maximum level of damage that
the aft fuselage can sustain while still carrying the required flight and
pressurization loads. These values correspond to the intersection of
the load-vs-lead-crack-length curves, with the horizontal line
associated with a load factor of 1.0 (cf. Fig. 15).

Figure 16 shows a plot of the estimated residual strength as a
function of lead-crack length for an idealized aft-fuselage section that
has been reinforcedwith shear ties at the frame stations. Similar to the

unreinforced (basic) aft-fuselage section, the estimated residual
strength for a structure containing a single lead crack decreased with
increasing lead-crack length, and the relative strength of the fuselage
decreased with increasing MSD-crack sizes. The presence of the
shear ties at the frame stations, however, resulted in a noticeable
improvement in the estimated residual strength. For a load factor of
1.0, the critical lead-crack lengths corresponding to MSD-crack
lengths of 0.00 (no MSD), 0.05, 0.10, and 0.20 in. were roughly
2a� 11:6, 11.1, 10.4, and 9.3 in., respectively. These compare with
critical crack lengths of 2a� 6:8, 6.5, 6.4, and 5.7 in., respectively,
for the basic aft-fuselage structure. Hence, the critical lead-crack
length for the case involving 0.20 in.MSD crackswas approximately
66.4% longer than that associated with the unreinforced (basic) aft-
fuselage configuration. This suggests that incorporation of shear ties
in the aft-fuselage section may be an attractive means to increase the
residual strength of the structure.

Similarly, incorporation of tear straps also resulted in a significant
improvement in residual strength. Figure 17 shows a plot of the
estimated residual strength as a function of lead-crack length for a
typical aft-fuselage section that has been reinforced with
circumferential tear straps at the frame stations and at the midbay
locations between frames. For a load factor of 1.0, the critical lead-
crack lengths corresponding to MSD-crack lengths of 0.00 (no
MSD), 0.05, 0.10, and 0.20 in. were roughly 2a� 13:8, 13.0, 12.6,
and 11.1 in., respectively. These compare with critical crack lengths
of 2a� 6:8, 6.5, 6.4, and 5.7 in., respectively, for the basic aft-
fuselage structure and 2a� 11:6, 11.1, 10.4, and 9.3 in.,
respectively, for the representative aft-fuselage structure reinforced
with shear ties. Hence, the critical lead-crack lengths were nearly
double those associated with the unreinforced (basic) aft-fuselage
configuration for the prescribed loading. In addition, incorporation
of tear straps at the frameandmidbay locations resulted in an increase
in the estimated critical crack lengths that were 18.3–21.5% greater
than those associated with incorporation of shear ties at the frame
stations. Note that for lead-crack lengths 2a > 17:0 in:, the lead-

Fig. 14 Lap-joint crack locations for the fuselage combination model.

Fig. 15 Estimated residual strength of the representative basic aft

fuselage.

Fig. 16 Estimated residual strength of the representative aft fuselage

with shear ties.
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crack tips resided underneath themidbay tear strap. Thismay explain
why the residual strength was fairly insensitive to changes in crack
length in this region (cf. Fig. 17).

The greatest improvement in residual strength resulted when the
aft-fuselage section was reinforced with both shear ties and tear
straps. Figure 18 shows a plot of the estimated residual strength as a
function of lead-crack length for an aft-fuselage section that has been
reinforced with shear ties and tear straps at the frame stations as well
as tear straps at the midbay between frames. Similar to the preceding
case, the slope of the residual-strength-vs-crack-length curve
approaches zero for longer lead-crack lengths. Note, however, that
for lead cracks with no MSD and MSD-crack lengths of 0.05 and
0.10 in., the load factor remained greater than unity; that is, the
reinforced structure was able to carry the required combined loads
over the range of lead-crack lengths considered in this study. For a
load factor of 1.0, the critical lead-crack length with 0.20 in. MSD
cracks was roughly 2a� 11:4 in: This compares with critical crack
lengths of 2a� 5:7, 9.1, and 11.1 in., respectively, for the basic,
shear-tie, and tear-strap models with 0.20 in. MSD. Clearly, a
combination of shear-tie and tear-strap reinforcements provides an
alternate load path for redistributing the skin stresses due to the
presence of a lead crack in the lap joint.

Using the preceding results, the zero residual-strengthmarginmay
be defined as the maximum level of combined damage (i.e., lead-
crack length and MSD-crack size) that the fuselage structure can
sustain while carrying the limit load (load factor of unity). For the
basic and reinforced aft-fuselage lap joints, the zero residual margins
are defined as the point at which each residual-strength curve in
Figs. 15–18 crosses the horizontal line corresponding to a load factor
of 1.0. Figure 19 contains a plot of the zero-residual-strength-margin
curves for the unreinforced and reinforced aft-fuselage models. It is
clear from the figure that both the shear-tie and tear-strap
reinforcements significantly increased the critical crack length for the
given required loading and MSD-crack lengths. Note that only one

data point is included in Fig. 19 for the combined shear-tie/tear-strap
reinforcements. This suggests that the applied loading must be
increased to provide enough driving force to extend the considered
lead cracks. Table 2 contains a summary of the normalized critical
crack lengths for the reinforced aft-fuselage structure ac=acref , where
acref is the critical half-crack length for the unreinforced (basic)
fuselage structure for a given level of MSD. As can be seen from the
table, the three structural reinforcements result in an appreciable
increase in the critical crack length for the prescribed loading.

The results presented here suggest that shear ties and tear straps
may be effectively used to increase the residual-strength capability of
a given fuselage. The reinforcements each provide alternate load
paths in the aft fuselage for stress redistribution due to skin cracking;
such modifications arguably improve the structural integrity of the
original floating-frame construction. Similar conclusions are likely
appropriate for the forward- and center-fuselage sections studied by
Cope [10] and Lacy et al. [26]. Of course, other issues (ease and cost
of installation, weight, etc.) must also be considered to fully assess
the proposed structural modifications.

As an aside, the preceding results may be somewhat conservative.
Recall that the prescribed kinematic boundary conditions that were
applied to the local fuselage boundaries in thematerial and geometric
nonlinear analyses were developed from a linearly elastic finite
element model of the global basic model. Because the addition of
shear ties and tear straps effectively increases the net cross-sectional
area of the fuselage (cf. Table 3), the resultant forces and moments
induced on the reinforced local fuselage model boundaries for a
given set of applied kinematic boundary conditions are greater than
for the basic fuselage. In addition, because the kinematic boundary
conditions were developed from a linearly elastic air vehicle model,
the stresses induced in a geometric nonlinear analysis will be
proportionally larger due to membrane action.

Fig. 17 Estimated residual strength of the representative aft fuselage
with tear straps.

Fig. 18 Estimated residual strength of the representative aft fuselage

with a combination of tear straps and shear ties.

Fig. 19 Zero residual-strength margin for the aft-fuselage lap joint.

Table 2 Normalized critical crack length a
c
=acref

Normalized critical crack length ac=acref

Shear ties Tear straps Combination

No MSD (acref � 6:8 in:) 1.714 2.028 N/A
0.05 MSD (acref � 6:6 in:) 1.687 1.992 N/A
0.10 MSD (2acref � 6:4 in:) 1.627 1.976 N/A
0.20 MSD (2acref � 5:7 in:) 1.629 1.954 2.007

Table 3 Cross-sectional area of each retrofit feature model

Basic Tear straps Shear ties Combination

Area, in:2 1.528 1.848 2.051 2.37
% 100 120.9 134.2 155.1
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IV. Conclusions

The residual strength of a typical basic (unreinforced) aft-fuselage
section containing a single lead crack decreased substantially with
increasing lead-crack length. Based upon the numerical simulations,
the presence of MSD cracks resulted in a significant decrease in the
fuselage residual strength for a given lead-crack length.
Equivalently, the critical crack length for the required limit loading
decreased with increasing MSD-crack length. When the aft fuselage
was reinforced with shear ties at the frame stations, the critical lead-
crack lengths for cases involving varying levels ofMSD cracks were
at least 60% larger than those associated with the corresponding
unreinforced (basic) aft-fuselage configuration.

Similarly, incorporation of circumferential tear straps at the frame
stations and at themidbay locations between frames also resulted in a
significant improvement in residual strength. The estimated critical
lead-crack lengths for cases involving varying levels of MSD cracks
were at least 95% longer than those associated with the
corresponding unreinforced (basic) aft-fuselage configuration. The
tear straps appeared to enhance structural integrity somewhat more
than shear-tie reinforcements. This is likely attributable to the fact
that tear straps were simulated at the frame stations and at themidbay
locations between frames, whereas shear ties were only simulated at
the frame stations. As a consequence, for longer lead-crack lengths,
the lead-crack and/orMSD-crack tips resided directly underneath the
midbay tear strap. These results suggest that incorporation of either
shear ties or tear straps in the aft-fuselage sectionmay be an attractive
means to increase the residual strength of the floating-frame
structure.

The greatest improvement in the estimated residual strength and
structural integrity, however, resulted when the aft-fuselage section
was reinforced with both shear ties and tear straps at the frame
stations and with tear straps at the midbay locations between frames.
For the majority of the combinations of lead-crack lengths and
MSD-crack lengths considered in this study, the reinforced structure
was able to carry the required combined limit loads; this suggests
that the applied loadingmust be increased to provide enough driving
force to extend the considered lead cracks. The lone exception was
for a single lead crack with 0.20 in. MSD; in this case, the critical
crack length was over double that for the corresponding basic
fuselage configuration. Hence, a combination of shear-tie and tear-
strap reinforcements provides a viable alternate load path for
redistributing the skin stresses due to the presence of a lead crack in
the lap joint.

These results suggest that shear ties and tear straps may be
effectively used to increase the structural integrity of the idealized aft
fuselage. Similar conclusions are likely appropriate for other
fuselage sections as well. Key results from this study may provide
useful information regarding the efficiency of incorporating fail-safe
design modifications to enhance the residual strength of cracked
sections of the floating-frame fuselages that are similar to those
employed on the KC-135 and 707 aircraft. Of course, other factors
such as ease and cost of installation,weight penalty, etc.,must also be
considered to fully assess the proposed structural modifications.
Nonetheless, numerical simulations such as those implemented in
this study may be used to provide valuable insight into the nonlinear
fracture behavior of complex mechanically fastened metallic
fuselage structures.

Using a methodology similar to that presented in this work, it may
be possible to develop robust residual-strength estimates for complex
fuselage structural components with varying levels of in-service
damage and MSD/WFD. To fully develop the concepts outlined
here, further investigations involving other classes of mechanical
joints (double-shear lap joints, butt joints, bonded joints, etc.),
optimal modeling of mechanical fasteners, repair assessment,
different crack configurations, and other loading cases arewarranted.
In addition, it will be necessary to consider the effect of crack turning
and cyclic loading on the damage-tolerance properties of metallic
fuselage structures. Such studies may facilitate optimal fuselage
design by providing insight into relationships between material

behavior, structural configuration, and crack extension/residual
strength that help reduce the risk of catastrophic failure.
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