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Abstract: Adhesively bonded doublers and adhesively bonded repairs are extensively used to
extend the operational life of metallic aircraft structures. Consequently, this paper focuses on the
tools needed to address sustainment issues associated with both adhesively bonded doublers and
adhesively bonded repairs to (metallic) aircraft structures, in a fashion that is consistent with the
building-block approach mandated in the United States Air Force (USAF) airworthiness certification
standard MIL-STD-1530D and also in the United States (US) Joint Services Structural Guidelines
JSSG-2006. In this context, it is shown that the effect of biaxial loads on cohesive crack growth in a
bonded doubler under both constant amplitude fatigue loads and operational flight loads can be
significant. It is also suggested that as a result, for uniaxial tests to replicate the cohesive crack growth
seen in adhesively bonded doublers and adhesively bonded repairs under operational flight loads,
the magnitude of the applied load spectrum may need to be continuously modified so as to ensure
that the crack tip similitude parameter in the laboratory tests reflects that seen in the full-scale aircraft.

Keywords: bonded structures; bonded repairs; flight loads; sustainment; crack growth; Zencrack

1. Introduction

The United States Air Force (USAF) airworthiness certification standard MIL-STD-
1530D [1] explains that durability and damage tolerance (DADT) analysis plays a central
role in the airworthiness certification of a military aircraft and that the role of testing is
to validate/correct the analysis. MIL-STD-1530D also explains that the DADT analysis
should be based on linear-elastic fracture-mechanics (LEFM) [2–4]. Furthermore, both
the United States (US) Joint Services Structural Guidelines JSSG-2006 [5] and MIL-STD-
1530D [1] explain that the analysis should be based on a building-block approach, which
involves tests and analyses on coupons, elements, sub-components and full-scale structures,
see Figure 1. The USAF Damage Tolerance Design Handbook [6] notes that similitude
is essential to the design/airworthiness assessment of military aircraft. Furthermore, as
discussed in [7], it is important that the safety of bonded airframes be ensured in some
way with respect to the possibility of sudden failure of the bonded joint due to long-term
operation of the bond-line and/or the effect of hail or impact damage to the bond.
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Similitude can be defined as: if two cracks growing in the same material have the 
same crack tip similitude parameter then their crack growth rates will be the same. A more 
detailed discussion on the requirement for a valid crack-tip similitude parameter is high-
lighted in a review paper on the topic of the durability and the damage tolerance of com-
posite and bonded structures [8], as well as in [9] and in Figure 1, where it is noted that 
without a valid similitude parameter, it is not possible to relate coupon test analysis and 
data to operational aircraft. In other words, for laboratory tests to yield information that 
can be directly applicable to operational aircraft, the crack tip similitude parameter in both 
the aircraft and the laboratory test must be the same. This concept is clarified in Figure 2 
via an example of cracking in a Royal Australian Air Force (RAAF) F/A-18 (Classic Hornet) 
Y488 bulkhead. 

 
Figure 1. Testing pyramid required for the certification of aircraft structures. 

 
Figure 2. Clarification of similitude via an example of cracking in an F/A-18 Y488 bulkhead. 

Figure 1. Testing pyramid required for the certification of aircraft structures.

Similitude can be defined as: if two cracks growing in the same material have the
same crack tip similitude parameter then their crack growth rates will be the same. A
more detailed discussion on the requirement for a valid crack-tip similitude parameter is
highlighted in a review paper on the topic of the durability and the damage tolerance of
composite and bonded structures [8], as well as in [9] and in Figure 1, where it is noted that
without a valid similitude parameter, it is not possible to relate coupon test analysis and
data to operational aircraft. In other words, for laboratory tests to yield information that
can be directly applicable to operational aircraft, the crack tip similitude parameter in both
the aircraft and the laboratory test must be the same. This concept is clarified in Figure 2
via an example of cracking in a Royal Australian Air Force (RAAF) F/A-18 (Classic Hornet)
Y488 bulkhead.
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Consequently, if an adhesively bonded airframe, e.g., a bonded doubler or an ad-
hesively bonded repair to an airframe, is found to have a crack in the adhesive then the
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remaining life of the structure, and/or the repair, needs to be assessed in accordance with
the building-block approach shown in Figure 1. As briefly outlined above, this often
involves an analytical assessment of the problem/repair coupled with laboratory tests
and, dependent on the airworthiness implications, either full-scale testing or tests using
representative sub-components are used. The boron-fiber/epoxy composite repair to crack-
ing in the wing pivot fitting of a F-111 aircraft in service with the Royal Australian Air
Force (RAAF) [9,10] and the boron-fiber/epoxy composite repair to cracking in a Mirage
III fighter aircraft, also in service with the RAAF [11], are examples of where this process
was followed. Other examples can be found in [12–17] that outline the history and the
current status of adhesively bonded doublers/repairs to operational civil and military
metallic aircraft. However, as documented in [9–17], the laboratory test coupons used to
evaluate the effectiveness of bonded repairs are generally limited to uniaxial loads. This is
aptly illustrated in Figure 3, which presents a picture of the uniaxial laboratory fatigue test
specimen that was used to evaluate the durability of externally bonded boron-fiber/epoxy
doublers to the RAAF Mirage III fleet [11], and in Figure 4, which presents a schematic
diagram of the uniaxial test specimens [13] is used to assess both the durability of the
F/A-18 A-D wing-root step-lap joint for aircraft in service with the US Navy and the static
strength of the F/A-18 A-D wing-root step-lap joint for aircraft in service with the RAAF. A
range of other examples where uniaxial test specimens were used to evaluate the durability
of bonded doublers to the USAF C-141 fleet, the RAAF F-111 fleet, the Canadian CF116,
the Federal Express DC-10 and Lockheed Tristar aircraft, and the Airbus A330 fuselage lap
joints are given for an example in [12,14,16,17].

With this in mind, the focus of the present paper is to investigate if: For a sustainment
analysis of an adhesively bonded joint containing cracking in the adhesive, such as in [13,18],
or for the sustainment assessment of a bonded repair the laboratory test program can use
simple uniaxial fatigue tests, or whether tests under representative multi-axial operational
flight loads are needed. It should be noted that, whilst this paper specifically focuses on
adhesively bonded doublers and repairs it also has implications for assessing delamination
in operational composite airframes, such as that seen in US Navy F/A-18 Hornet [13,18].
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2. Materials and Methods

As discussed above, and further illustrated in [19,20], it is standard practice to use
uniaxially loaded test specimens, rather than specimens subjected to multi-axial loads
which are representative of those seen in operational aircraft, to evaluate crack growth
in aircraft structures. Similarly, it is also standard practice [10–12,14–16,19–21] to use
uniaxially loaded specimens, rather than specimens subjected to multi-axial loads, to
evaluate the durability of bonded doublers and bonded repairs. Similarly, as outlined in
the US Composite Materials Handbook CMH-17-3G [22] bonded joints in both military
and civil aircraft are generally designed using the Boeing computer code A4EI [23] that
assumes that the joint is only subjected to uniaxial loads. An example of this, and how
the design process was validated using uniaxial testing, rather than the actual multi-axial
stress states, for the bonded joint in USAF F-15 aircraft is given in [24].

It should also be noted that it has long been known [25–27] that the durability analysis
of operational aircraft requires a linear-elastic fracture-mechanics analysis that uses the
small-crack growth curve, as distinct from curves obtained from tests on long cracks. In this
context, it has previously been shown [27–37] that the growth of both long and small cracks
in a range of both conventionally and additively manufactured materials subjected to both
constant and variable loads can often be accurately modeled using the Hartman–Schijve
crack growth equation, viz:

da/dN = D (∆κ)p, (1)

where p and D are material constants, a is the crack length, N is the number of cycles and
∆κ is Schwalbe’s crack driving force [38]:

∆κ = (∆K − ∆Kthr)/(1 − Kmax/A)1/2. (2)

The term Kmax in Equation (2) is the maximum value of the stress intensity factor seen
in a load cycle, ∆K = (Kmax − Kmin), Kmin is the minimum value of the stress intensity factor
seen in the cycle, Kmax is the maximum value of stress intensity factor seen in the cycle and
A is the cyclic fracture toughness. The term ∆Kthr in Equation (2) represents the “fatigue
threshold” below which a crack will not grow, i.e., the value of ∆K for which da/dN = 0.

For the aluminum-alloy, AA7050-T7451 component studied in this paper, when the
units of da/dN are in m/cycle and the units of ∆K are MPa

√
m, the values of D and p used in

the analysis presented in this paper, viz: D = 7.0× 10−10 and p = 2, are taken from [27–29,36].
Furthermore, as per [27–29,36] when computing the durability of an AA7050-T7451 compo-
nent the threshold term ∆Kthr was taken to be 0.1 MPa

√
m. Examples of how this approach
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has been shown to be able to compute the durability of a range of other materials are given
in [27–34,36,37].

At this stage, it should be noted that, to the best of the authors’ knowledge, there are
no papers in the open literature where the effect of load biaxiality on the growth of small
cracks in a metallic component has been studied using a methodology that had previously
been shown to accurately represent the growth of small cracks, in the same metal, subjected
to uniaxial loads only.

Having investigated the effect of load biaxiality of a simple metallic part, Equation (1)
is then modified to investigate its effect on cohesive crack growth in bonded joints, where
the adhesive is taken to be a rubber-toughened epoxy film adhesive, i.e., Cytec (Woodland
Park, NJ, USA) FM73. In this context, it is known [8,39] that, for cohesive cracking in an
adhesive joint, i.e., when crack growth is entirely contained in the adhesive layer, then the
square root of the energy release rate,

√
G, is proportional to K. Consequently, rewriting

Equation (2) in terms of
√

G we obtain:

∆κ′ = (∆
√

G − ∆
√

Gthr)/(1 −
√

Gmax/
√

A′)1/2. (3)

The term Gmax in Equation (3) is the maximum value of energy release rate seen in a
fatigue (load) cycle and ∆

√
G is defined as:

∆
√

G =
√

Gmax −
√

Gmin, (4)

where Gmin is the minimum value of the energy release rate in the load cycle, and A’ is
the cyclic fracture toughness. The term ∆

√
Gthr in Equation (3) represents the “fatigue

threshold” below which a crack will not grow, i.e., the value of ∆
√

G for which da/dN = 0.
Equations (3) and (4) are used since, as has been established in previous papers [8,39],

unlike crack growth equations that relate da/dN to simple power law functions of ∆G or
Gmax, the term ∆κ′ is a valid similitude parameter for representing/modelling the growth
of cohesive cracking in adhesive joints.

As such the specific form of the Hartman–Schijve equation used to compute cohesive
crack growth in the thin film structural adhesive FM73 is taken from [39], viz:

da
dN

= D

 ∆
√

G− ∆
√

Gthr
√{

1−
√

Gmax/
√

A′
}
p

(5)

This formulation has been shown to be able to represent the growth of both long and
small naturally occurring cohesive cracks. The values of the constants given in [39] for
the growth of small naturally occurring cracks in FM73 are given in Table 1. These values
are used in the present analysis. Additional studies that illustrate the applicability of this
formulation to represent cohesive cracking in adhesives, both Mode I and Mode II, and
mixed Modes I and II, and in the nanocomposites that are given in [40–43].

Table 1. Values of the Hartman-Schijve constants used for the ‘FM73’ adhesive, from [39].

D (m/cycle) p A′ (J/m2) ∆
√

Gthr (
√

(J/m2))

1.9 × 10−10 2.7 2000 7.1

A key feature of this paper is that, to the best of the authors’ knowledge, there are no
papers in the open literature where the effect of load biaxiality on the growth of (cohesive)
cracks in the adhesive of an externally bond doubler has been studied using a methodology
that had previously been shown to represent the growth of small (cohesive) cracks in a
bonded joint, which utilizes the same adhesive, subjected to uniaxial loads.



Aerospace 2023, 10, 946 6 of 20

3. The Importance of Fatigue Testing under the True Operational Multi-Axial Stress State
3.1. Introduction

Let us first illustrate the importance of testing under the true multi-axial stress state,
rather than simply testing under uniaxial loads. To this end, noting that in the Lockheed
study into the durability and damage tolerance of the C-130J [20] the open hole coupon
tests were only tested under uniaxial loads, rather than the true multi-axial stress state, let
us first consider a large metal panel with a centrally located circular hole where the flight
stresses state is biaxial with principal stresses that we will denote as σ1 and σ2, see Figure 5.
Let us further assume that the panel contains a small crack of length l emanating from one
edge of the hole, see Figure 5. The stress state σ(r), at an arbitrary point along the line of
the crack, in the direction perpendicular to the line of the crack in the uncracked panel is
given in [44] by the expression:

σ(r) = σ1 (2 + a2/r2 + 3a4/r4)/2 + σ2 (a2/r2 − 3a4/r4)/2. (6)
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Figure 5. Schematic representation of a small, sub-mm, crack that emanates from one side of a small
hole in a large plate subjected to arbitrary remote biaxial stresses.

Here, r is the distance from the center of the hole, a is the radius of the hole and l is
the length of the crack as measured from the edge of the hole. It follows from Equation (6)
that, for small cracks where l < r, the stress state perpendicular to the line of the crack in
the uncracked panel is dependent on both the stress parallel to the crack, σ2, and the stress
state perpendicular to the crack, σ1.

3.2. A Simple Worked Example

Now, to evaluate the effect that ignoring σ2 has on crack growth let us consider the
case of a centrally located 6 mm diameter hole in an AA7050-T7451 aluminum-alloy panel
subjected to maximum remote stresses of σ1 = 150 MPa, σ2 = −150 MPa and R = 0.1. The
stress state of σ2 = −σ1 has been chosen so as to mimic that seen by cracks that arose from
the fuel-drain hole in Mirage III aircraft in service with the RAAF [11]. For simplicity, the
panel was assumed to have an initial crack length of l = 0.01 mm emanating from one side of
the central hole, see Figure 5. This crack length was chosen as it is the length recommended
in [45] for performing a durability analysis of AA7050-T7451 structural components.

Equations (1) and (2), with the constants D and p as given in Section 2, namely
D = 7 × 10−10 and p = 2, were used to study the effect of load biaxiality on the panel shown
in Figure 5. (In this analysis the stress intensity factor associated with a given crack length
was computed using the stress field given in Equation (6) and the weight function solution
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for this class of problems that is given in [46]). As in previous studies in [27–29,34] involving
the growth of small cracks in metallic structures, the term ∆Kthr in Equation (2) was set to a
small value, i.e., ∆Kthr = 0.1 MPa

√
m. Furthermore, as per [27], the cyclic fracture toughness

term was set to be A = 39 MPa
√

m. The resultant computed crack growth histories for the
case of biaxial loading (σ1 = 150 MPa, σ2 = −150 MPa and R = 0.1), and the case when only
the uniaxial load (σ1 = 150 MPa and R = 0.1) was considered and are shown in Figure 6.
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Figure 6 illustrates that, in this instance, neglecting σ2 (as was conducted in the
coupon tests performed by Lockheed to assess the DADT of the Lockheed C-130J wing [20])
results in an erroneous estimate of the crack growth history. Figure 6 also suggests that
to ensure that uniaxial coupon tests yield a crack growth history that is consistent with
that seen under a multi-axial stress state representative of an operational aircraft, it would
be necessary to adjust the applied loads, in the uniaxial test, so that at each crack length
the similitude parameter, ∆κ, corresponded to that under the multi-axial stress state. To
achieve this objective, it requires a valid similitude parameter. As discussed in Section 2,
∆κ is one parameter that could be used to achieve this goal.

Noting that the advance of science involves the interplay between theory and obser-
vation and that this novel conclusion had never before been hypothesized, the research
community is challenged to investigate if this hypothesis can be confirmed.

3.3. Adhesively-Bonded Joints

Whilst the discussion in Section 3.2 has primarily dealt with crack growth in metallic
structures it should be noted that, as shown in [47], the load-carrying capacity of a four-step
bonded lap joint under combined axial and shear loads, where the shear load was 1/3rd
of the axial load, is approximately twenty per cent lower than the same joint subjected to
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axial loads only. It follows from this finding that the load-bearing capacity of bonded joints
subjected to solely uniaxial loads does not necessarily reflect the load-bearing capacity
of the joint under representative multi-axial flight loads. When this observation is taken
together with the discussion on the durability of a fastener hole under both uniaxial and
biaxial loads given in Section 3.2, it also follows that the conclusions drawn from durability
tests on bonded joints under uniaxial loads may not necessarily reflect the durability of the
joint under representative multi-axial stresses.

The conclusions drawn from the development program [9,10] on the F-111 composite
adhesively bonded doubler, where the composite was a boron-fiber reinforced plastic
(BFRP), is an excellent example of this phenomenon. In this instance, whilst the uniaxial
fatigue tests suggested that the adhesive joint had an excellent durability, of the seventy-
eight doublers that were fitted to the RAAF fleet of twenty F-111C aircraft, disbonding
in the joint and delamination in the BFRP was found in seven wings. In some instances,
the disbonds and delaminations arose between 729 and 1233 flight hours, after being
fitted. Furthermore, when detected, the disbonds and delaminations were often fairly
extensive [9,10].

Based on above the analysis, it is suggested that to account for not testing under the
actual flight stresses it may have been possible to modify the magnitude of the applied
fatigue load spectrum. The purpose of this modified approach would be to ensure that,
at each stage in the test, the crack tip similitude parameter, ∆κ′, see Equation (3), in the
adhesive layer in the uniaxial fatigue test was close to that seen in the aircraft. As previously
stated, this would require a valid similitude parameter to be identified for the adhesive.
Fortunately, as discussed in Section 2, and especially in [8], it is now known that ∆κ′ is a
valid similitude parameter for representing/modelling the growth of cohesive cracking in
adhesive joints.

4. Cohesive Crack Growth in Adhesively-Bonded Double Lap Joints under Uniaxial
Loads

As discussed below, both the methodology used to design bonded repairs to metallic
airframes and the methodology and coupon tests used to assess the durability of the bond
is generally based on uniaxial analyses and on uniaxial coupon tests. In other words,
the effect of the true multi-axial stress state is ignored. Furthermore, as per [13,18,20–23],
the design, the durability analysis and the associated test coupons make extensive use of
double overlap joint specimens. Consequently, before we examine the effect of multi-axial
stresses on cohesive crack growth in an adhesively bonded doubler, let us first establish that
the methodology can accurately compute crack growth in a double overlap joint. To this
end, let us first consider the symmetrical over-lap adhesively bonded specimen discussed
in [39,48] and shown in Figure 7 where only a uniaxial load is applied. The inner and
outer substrates were an AA2024-T3 aluminum-alloy and the adhesive was the hot-cured
rubber-toughened film epoxy FM73 (Cytec, USA). Reference [48] reported that a fatigue
crack was observed to nucleate, and grow cohesively, in the adhesive layer from naturally
occurring defects which were present in the adhesive layer.

The Young’s modulus and Poisson’s ratio associated with both the FM73 adhesive and
the AA2024-T3 plate and doublers are listed in Table 2. These values are taken from [39,48].
The inner aluminum-alloy substrate was 400 mm long and 6.4 mm thick, see Figure 7. The
outer aluminum-alloy substrates were 200 mm long and 3.05 mm thick. The FM73 adhesive
layer was 0.4 mm thick. The specimen was symmetrical with a width of 20 mm. The test
spectrum consisted of 93,000 cycles, at a frequency of 3 Hz, of constant amplitude loading,
where the remote stress in the aluminum alloy was varied from 0 to 193 MPa.
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Figure 7. Schematic of the right-hand side of the symmetrical double over-lap adhesively-bonded
specimen discussed in [39,48].

Table 2. The Young’s modulus, E, and Poisson’s ratio, υ, of AA2024-T3, and the adhesive FM73,
from [39,48].

AA2024-T3 FM73

Young’s modulus, E, in MPa 72,000 2295

Poisson’s ratio, υ 0.33 0.35

This problem is now analyzed using the Zencrack software version 9.3-1 (e.g., [49–55])
added to the ABAQUS® finite element computer code, see Appendix A for more details. A
comparison between the computed, by Zencack using Equation (5) using the values of D, p,
A′ and ∆

√
Gthr given in Table 1, and measured crack growth histories is shown in Figure 8

where we see excellent agreement. The initial crack size in this analysis is approximately
0.2 mm.
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5. Cohesive Crack Growth in Adhesively-Bonded Doublers under Uniaxial and
Biaxial Loads

Having established the ability to accurately compute the growth of small sub mm
cohesive cracks in this adhesive using Zencrack and the Hartman–Schijve crack growth
equation for this adhesive, and thereby validated our theoretical methodology, let us next
consider the problem of the growth of small three-dimensional (3D), cohesive quadrant
cracks with a 0.5 mm radius in the adhesively bonded doubler specimen shown in Figure 9.
Furthermore, as noted above, having established the ability of Zencrack to accurately model
the cohesive crack growth under uniaxial loads, let us next assess the effect of multi-axial
loads on the life of a bonded joint that contains such 3D disbonds.
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Figure 9. Plan view of the specimen which is a plate with adhesively bonded doublers showing the
location of the edge cracks (disbonds) in the adhesive bonds. (The lower and upper doublers bonded
to the “inner” AA2024-T3 plate both contain identical disbonds at each of their corners.).

One reason for studying this particular problem is that the laboratory tests commonly
used to evaluate the effect of an adhesive disbond on the remaining life of a bonded joint
are generally restricted to specimens tested under uniaxial loads. However, the stress state
seen by a bonded joint on an operational aircraft is generally multi-axial. This raises the
question:

‘How does the growth of sub mm cracks in an adhesive bond subjected to uniaxial loads
relate to growth under multi-axial loads?’

To address this question let us consider a large square AA2024-T3 aluminum-alloy
(6.4 mm thick) plate where the planar dimensions of the plate are 200 mm by 200 mm,
see Figures 9 and 10. The plate has two identical centrally located square AA2024-T3
aluminum-alloy 3.05 mm doublers, one is adhesively-bonded to its upper surface and the
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other is bonded to its lower surface, again see Figures 9 and 10. The doublers were bonded
using the 0.4 mm thick FM73 film adhesive.
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The analysis assumes that 0.5 mm radius quadrant fatigue cracks grow cohesively
through the adhesive layer and that these cracks arose from naturally occurring defects,
which were present in the adhesive layer at all of the edges in both the upper and lower
doublers, see Figures 9 and 10. (This size initial crack was chosen since it represents
a reasonable lower bound estimate of the size that could be realistically found in an
operational structure [27,39].) It is also assumed that the fatigue cracks in the specimen
were located in identical positions in both the upper- and the lower-doublers, and that the
growth of all of these corner cracks was identical. (This assumption allows the problem to
be analyzed using symmetry considerations, see Figure 10 which also shows the boundary
conditions used in the analyses.) It should also be noted that, as shown in Figure 11, away
from the adhesive was modeled using seven elements through its thickness. The mesh
used in the vicinity of the crack was significantly finer and this fine mesh moved as the
crack grew.
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Figure 11. Mesh details and the definition of crack tip locations A and B for the specimen which is a
plate with the adhesively bonded doublers, as shown in Figures 9 and 10.

The specimen was assumed to be subjected to three different R = 0.0 constant amplitude
load spectra, viz:

(i) Uniaxial constant amplitude fatigue stresses with the peak stresses in the spectrum
being σ1 = 193 MPa and σ2 = 0.

(ii) Biaxial constant amplitude fatigue stresses with the peak stresses in the spectrum
being σ1 = 193 MPa and σ2 = σ1/3.

(iii) Biaxial constant amplitude fatigue stresses with the peak stresses in the spectrum
being σ1 = 193 MPa and σ2 = −σ1/3.

The value of the remote stress σ1 = 193 MPa was chosen to coincide with that in
Section 3. As previously stated, the governing equation for the FM73 adhesive was taken
to be as given by Equation (5), with the values of the constants as given in Table 2.

Details of the mesh used in these analyses are shown in Figure 11. The resultant crack
growth histories for both the uniaxial and two biaxial load cases are shown in Figure 12.
(Here, it should be noted that the location of the crack tips labeled A and B in Figure 12 are
given in Figure 11. It should also be noted that in these analyses the shape of the (cohesive)
crack front was allowed to evolve naturally. To the best of the authors’ knowledge, this
level of complexity has not previously been attempted.) Here, we see that the three crack
growth histories differ significantly. Interestingly, in this example, the uniaxial loads would
appear to be more severe than the biaxial load case (ii), namely σ1 = 193 MPa and σ2 = σ1/3
and less severe than the biaxial load case (iii), i.e., σ1 = 193 MPa and σ2 = −σ1/3.
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Figure 12. The crack length versus cycles histories at the two ends of the crack for the plate with
the adhesively bonded doublers shown in Figures 9 and 10 for the various constant amplitude load
spectra.

6. Cohesive Crack Growth in Adhesively-Bonded Joints under a Combat Aircraft
Flight Load Spectrum

Whilst most bonded joints/doublers/repairs in current operational aircraft are based
on a “no crack growth” design approach [22], the results in [8,39,47] revealed that, when
subjected to operational flight loads, disbonding and disbond growth can nevertheless
occur in bonded structures. This raises the question of what is the effect of load biaxiality
on the remaining life of an adhesively bonded joint with a known existing disbond under
a representative flight load spectrum. To address this question, we now study the effect
of load biaxiality on the remaining life of the joint shown in Figures 9 and 10 subjected to
the industry standard combat aircraft flight load spectrum FALSTAFF [56–59], which is a
repeated load-block spectrum with each load block consisting of approximately 9000 cycles
and where each load block represents 200 flights.

Three different load cases were analyzed again using Zencrack and the Hartman–
Schijve crack growth equation for this adhesive, viz:

(i) The peak stresses in the spectrum are σ1 = 193 MPa and σ2 = 0.
(ii) The peak stresses in the spectrum are σ1 = 193 MPa and σ2 = σ1/3.
(iii) The peak stresses in the spectrum are σ1 = 193 MPa and σ2 = −σ1/3.

The resultant computed crack growth curves are shown in Figure 13.
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Figure 13 suggests that:

(i) The effect of biaxial loads on crack growth under operational flight loads can be
significant.

(ii) When comparing the results shown in Figures 12 and 13, we see that the relative effect
of the biaxial stresses on crack growth is similar regardless of whether the fatigue load
spectra is a constant amplitude spectrum, as in Figure 12, or a FALSTAFF flight load
spectrum, as in Figure 13. By this we mean that case (iii) had faster crack growth than
the uniaxial load case, i.e., case (i), and that case (ii) had slower crack growth than the
uniaxial load case. This observation reflects the way in which the various stress states
interact with the disbond, i.e., with the crack in the adhesive.

7. Conclusions

Roach et al. [12] presented guidelines for the design of laboratory test specimens for
assessing the airworthiness of adhesively bonded repairs/doublers to aging (metallic) air-
craft and for designing against disbonding of the repair/doubler. These design guidelines
were followed in [10,12] which present case studies associated with externally bonded
repairs/doublers to a range of operational aircraft. However, these guidelines are based on
the use of uniaxial test specimens. Indeed, such test specimens are commonly used to assess
the durability of both externally bonded doublers and bonded joints. However, the present
paper suggests that to obtain realistic estimates for the life of a bonded doubler/repair, and
hence determine the necessary inspection intervals, it is best to test under representative
multi-axial operational flight loads.

It should be stressed that this is not currently done. It should also be stressed that, as
noted in NASA Fracture Control Handbook NASA-HDBK-5010, even for aerospace-quality
metallic structures the variability in the crack growth curves is such that sufficient tests need
to be performed in order to obtain the worst-case crack growth curve. As a result, since full
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scale testing is generally confined to a single airframe, the laboratory coupon test program
should ensure that sufficient tests are performed so that the worst-case (performance) can
be captured.

In the present paper we have validated our proposed theoretical model for the case
of uniaxially loaded adhesively bonded joints, see Figure 8. However, to the authors’
knowledge no such experimental data exists for the case of bonded joints, doublers or
repairs under multi-axial loading, which is very difficult and lengthy to obtain, and which
needs very specialized test equipment. Therefore, in this context, we would make three
important points:

(i) Firstly, it should be noted that an essential requirement of any such laboratory test
program that is performed so as to determine inspection intervals/durability of
an adhesively bonded repair/doubler. Regardless of whether uniaxial or biaxial
laboratory tests are performed, it is necessary to establish that at each stage in the
testing regime the LEFM similitude parameter in the test specimen corresponds to
that in the (operational) airframe.

(ii) Secondly, the results of the present study have led to the hypothesis that: For uniaxial
coupon tests to yield a crack growth history that is consistent with that seen under a
multi-axial stress state representative of an operational aircraft, it may be necessary
to adjust the magnitude of the applied loads as the crack grows such that at each
crack length the similitude parameter, i.e., ∆κ′, in the uniaxial test corresponds to that
present under the true multi-axial stress state. The scientific community is challenged
to evaluate the potential/validity of this hypothesis.

(iii) Thirdly, a simpler, but possibly less desirable, approach, that is consistent with the
building block approach to certification delineated in MIL-STD-1530D and JSSG-
2006 and with the approaches outlined in [10,12,15], is to first establish that you can
compute both the uniaxial and the multi-axial test crack histories in specimens, albeit
with geometries and support conditions that may not be truly representative of the
operational structure, using the same input parameters in both cases. (By this it is
meant that the crack growth equation used in both studies would be identical, and
that there would be no disposable parameters that could be “tweaked” to improve
the fit to the experimental data.) Having thus validated the analysis methodology,
the engineer would then run the analysis using a finite element model that has the
actual geometry, boundary conditions, operational flight loads, etc., and compute the
in service performance, i.e., the remaining life, inspection intervals, etc.
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Appendix A

The above data was analyzed using the Zencrack® [49–55] software interface ver-
sion 9.3-1 to the ABAQUS® (version 9.3.1) finite element code. Zencrack is a fracture
mechanics-based 3D crack propagation simulation software which is interfaced to a num-
ber of commercial finite-element analysis (FEA) codes. It allows calculation of fracture
mechanics parameters such as energy release rate and stress intensity factors via automatic
generation of focused cracked meshes from uncracked finite element models.
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A high-level overview of the Zencrack® process is shown in the flowchart in Figure A1.
This iterative process continues to advance the crack until certain criteria are satisfied,
see [49–51] for details.

Zencrack inserts a crack of the given shape and size at a given location in the supplied
finite element model of the uncracked component. This process creates a finite element
mesh of the cracked component with rings of hexahedral elements providing a fully focused
mesh along the crack front. The re-meshing method in Zencrack® is able to perform this
process with minimal requirements placed on the meshing within the uncracked mesh.
Indeed, the initial crack definition is geometry based and, as such, is mesh independent.
Updates to loads and boundary conditions in the re-meshed region are carried out as
necessary.

An analysis is then performed by the finite element code and various fracture me-
chanics parameters calculated (e.g., stress intensity factors, energy release rates and/or
J-integral depending upon the analysis requirements). Loading cases applied in the FEA
can be a simple static load or a time-varying, load both with or without thermal variations.
For fatigue crack propagation, it is essential that the loads in the FEA are related to the load
sequence that will be used for crack growth integration. Zencrack performs this correlation
through a load system methodology with the simplest fatigue scenario being constant
amplitude loading. Having identified fracture mechanics parameters at each crack-front
node and a load sequence for integration, this information is combined with a crack growth
law to obtain an advanced position for each crack front node with all nodes having the
same time increment or number of load cycles. Since integration of each node is handled
separately in terms of both magnitude and direction of growth the process allows for
non-planar development of the crack front.

The allowed amount of crack growth at each step is monitored during the analysis
to prevent instability of the crack shape that can be caused by trying to use steps that are
too large. The new crack front is trimmed to the model surface, the mesh is updated with
the new crack front and analysed once again using the finite element code. This process
repeats to further advance the crack until certain criteria are satisfied.

Zencrack has a number of built-in crack growth equations/methods that can be used
when performing a fatigue-crack growth analysis, viz: Paris, Walker, Foreman, Hartman-
Schijve and tabular. The software also allows for other growth equations via a user subrou-
tine facility.
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In the present analysis, the crack is not constrained to propagate in any particular
direction. At each crack, the front node in the normal plane a series of virtual crack
extensions at different angles are tested and the direction in which the maximum energy
release rate is produced is selected for the virtual crack extension. This allows the crack to
grow in 3D space in the maximum energy release rate direction and is not constrained to
remain in the adhesive midplane. More details can be found in [49–51].
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