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THE NASGRO STRIP YIELD MODEL PREDICTIONS ON FATIGUE
CRACK GROWTH FOR AIRCRAFT ALUMINIUM ALLOYS UNDER
CONSTANT AMPLITUDE AND VARIABLE AMPLITUDE
PROGRAMMED AND RANDOM LOADING

The strip yield model from the NASGRO computer software has been applied to
predict fatigue crack growth in two different aircraft aluminium alloys under constant
amplitude loading and programmed and random variable amplitude load histories.
The computation options realized included either of the two different strip yield model
implementations available in NASGRO and two types of the input material data
description. The model performance has been evaluated based on comparisons
between the predicted and observed results. It is concluded that altogether unsatisfac-
tory prediction quality stems from an inadequate constraint factor conception
incorporated in the NASGRO models.

1. Introduction

For a successful implementation of the damage tolerance philosophy to
the design and in-service operation of structures subjected to fatigue loading it
is crucial to have reliable crack growth prediction tools. Elber’s [1] discovery
of plasticity-induced crack closure and subsequent recognizing its utility in
explaining such fatigue crack growth characteristics as the load interaction
phenomena occurring under variable amplitude (VA) loading or the stress
ratio (R) and thickness effects, stimulated a generation of crack growth
prediction models which incorporated plasticity-induced crack closure.
Among such concepts extensively reviewed elsewhere [2], the
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so-called strip yield (SY) model based on the Dugdale conception of crack tip
plasticity, but modified to allow forming a wedge of plastically deformed
material on the surfaces of an advancing crack, remains a particularly
versatile predictive tool convenient to use in the case of mode I fatigue crack
growth under arbitrary VA loading histories.

According to the crack closure concept, the crack opening stress (S,,) in
a current load cycle depends on the plastic deformations in the crack wake,
which result from the loads experienced previously. With the SY model, all
plastic deformation is confined within an infinitely thin strip located along the
crack line and embedded in perfectly elastic material. The strip stresses and
deformations are solved using numerical methods by considering com-
patibility conditions along the fictitious crack surface, Fig. 1. To this end, the
plastic strip is divided into a number of bar elements. The elements in the
plastic zone can carry both tensile and compressive stresses, whilst the broken
elements in the crack wake can only undergo compressive stresses referred to
as the contact stresses. The S, level for a given load cycle is determined from
the contact stress distribution at the minimum load.
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Fig. 1. Schematic illustration of the discretized plastic strip

A number of SY model implementations have been proposed, which
differ in various respects. Typically, strip material is assumed to be
rigid-perfectly plastic, e.g. [3], [4], or elastic-perfectly plastic, e.g. [5], but
attempts to account for strain hardening have also been reported, e.g. [6], [7].
The S,, value can be computed either from the condition of equilibrium
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between the stress intensity factor due to an applied stress increment
(Sop-Smin) and the (artificial) stress intensity factor due to the contact stresses,
as first proposed by Newman [3], or alternatively from the so-called
displacement method, also postulated by Newman [8], which defines S,, as
a level at which the last element in contact opens. The SY model can be
activated in every load cycle, e.g. [9], or it may be triggered by the occurrence
of some specified events, e.g. [3], the latter option involving reduced
computer run times at the expense of computation accuracy. Obviously,
aspects of the strip discretization, like the element sizing, rules for the element
merging and splitting, etc., otherwise known to considerably affect the
computed So, levels, can be very distinct for various SY model imple-
mentations.

As it is well known, the original concept of Dugdale assumes plane stress
conditions at the crack tip. In order to accommodate in the SY model a more
general case of triaxial stress state, constraints on yielding the strip elements
are imposed, as first proposed by Newman [3] and subsequently applied by
others [4], [6], [7], [9], [10], [11], [12]. An equally important role of the
associated constraint factors is, however, calibrating the model for a given
material. In this way, various processes, which can influence crack growth but
cannot be treated in a rigorous way, are covered indirectly. Because, as
demonstrated elsewhere [12], SY model results are dramatically affected by
the assumed constraints on local yielding, the selection of an appropriate
constraint concept is of key importance.

A well known and most widely used SY model implementation is that
included in the NASGRO software [13], currently commercially available.
The user may choose between two different versions of the model, either one
featuring a distinct constraint factor concept, and between several options of
feeding the material data into the model. Reported by independent authors
comparisons between observed crack growth and the NASGRO model
predictions are confusing showing either a satisfactory, e.g. [14], or poor, e.g.
[15], correlation between both type results. Typically, the authors confine
themselves to applying only a single combination of the model type and the
material data input option. Also, a limited scope of experimental results on
crack growth considered in particular works does not enable to judge whether
the model correctly predicts various empirical trends. For the above-
mentioned reasons, the literature evidence is not very conclusive regarding
the NASGRO SY model performance.

The goal of the present paper is to systematically evaluate the predictive
capabilities of the NASGRO SY model. This is achieved through comparing
the computed results obtained for a variety of analysis options available in the
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NASGRO 3.0.21 software with the experimental data on crack growth
generated for two different aluminium alloys under constant amplitude (CA)
loading at several R-ratio values and under programmed and random VA load
histories.

2. SY models in the NASGRO software

As said earlier, the NASGRO software contains two distinct implemen-
tations of the SY model termed in the NASGRO 3.0.21 manual [13] the
constant constraint-loss (CCL) option and the variable constraint-loss (VCL)
option. The CCL model developed by NASA and described in numerous
publications by Newman (e.g. [3], [8], [16], [17]) employs a constraint factor
on tensile yielding only, whilst constraint factors on compressive yielding are
assumed to be unity both in the plastic zone and in the crack wake. The
constraint factor value is the same for all elements in the tensile plastic zone
and it is related to the fatigue crack growth rate (da/dN) according to Fig. 2,
where (da/dN), and (da/dN), correspond to the beginning and end respec-
tively of the transition from tensile mode crack growth to shear mode crack
growth under CA loading. This concept stems from Newman’s assumption
that under CA loading the transformation of the fracture surface morphology
is a manifestation of changing stress conditions at the crack tip from plane
strain to plane stress, and hence of changing constraint [17]. Another premise
for relating the constraint factor to da/dN have been experimental results
indicating that for a given material under CA loading conditions the
transformation is completed at approximately the same crack growth rate,
irrespective of the R-ratio value [18]. In terms of the crack closure concept,
such observations imply that the transition behaviour is controlled by the
effective stress intensity factor range (AK.) defined as the difference
between the maximum (K .,) and the crack opening level (K,,) of the stress
intensity factor in a fatigue cycle. With the CCL model, the constraint factor
on tensile yielding varies linearly from its plane strain value (¢ ;) correspon-
ding to fully tensile crack growth to the plane stress value («,) associated with
fully shear crack growth, Fig. 2. The «, value is assumed to be 1.2 for all
metals, whilst &, must be chosen by the user. The transition region spans 1.5
decades of da/dN and its central point (da/dN),.., s defined as a rate at which

the cyclic plastic zone (computed from AK.y) reaches a percentage of the
specimen thickness.
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Fig. 2. Variations of the constraint factor on tensile yielding assumed in the CCL model

With the VCL model developed by National Aerospace Laboratory in the
Netherlands [10], the constraint factor within the tensile plastic zone is
assumed to decay from an &, value at the crack tip to a plane stress value of
1.15 at the plastic zone boundary, as shown in Fig. 3, where r, is the tensile
plastic zone size. The ¢y, value is chosen by the program depending on the
ratio of the plane stress plastic zone size to the specimen thickness (D/1).
O p 1s set to its plane strain value of 2.35 for D/t < 0.1 and to its plane stress
value of 1.15 if D/t > 1.5. Intermediate o, values are determined through
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a piece-wise linear interpolation. Slightly different rules are used for the
constraint factor distribution within the tensile primary and secondary plastic
zone '. The values of constraint factors in the compressive plastic zone ()
and in the crack wake (&) are given by o p/ e and 1/ ye, respectively,
where « ., is a material parameter declared by the user. As shown in Fig. 3,
both constraint factors on compressive yielding are spatially constant. The
available literature sources, e.g. [3], [10], suggest that the VCL model is
numerically more complicated than the CCL model. The dependence of the
constraint factor on the strip element position in the tensile plastic zone
assumed in the VCL model requires iteration procedure to determine the
primary plastic zone size. The influence function for an element due to the
crack surface load acting on the same element is computed by numerical
integration of the Westergaard solution because a distributed load over the
element is assumed in that case. With the CCL model, all influence functions
corresponding to the crack surface load can be solved analytically because
a point force acting in the centre of an element is always assumed. Compared
to the CCL model, the element sizes in the VCL model are smaller, which
yields solving a larger number of compatibility equations at each load step.
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Fig. 3. Constraint factors in tension and compression assumed in the VCL model

! The tensile plastic zone developed in material that has not been plastically deformed before
is termed primary. Otherwise it is termed secondary.
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Torun the SY model computations the material crack growth data must be
defined in the input part of the program. The crack growth description can be
available in the form of equations or in a discrete form as the the da/dN
vs. AK jrdata. In either case, the material parameters may come from the user
data base or from the NASGRO data base (NASMAT).

According to the NASGRO manual [13], the curve-fitting option utilizes
the so-called NASGRO equation and the NLR equation, the latter employing
the incremental crack growth concept [19]. However, only the NASGRO
equation is considered below because with the NASGRO 3.0.21 software
applied in the present study the NLR equation cannot be used for a new
material, and because this equation parameters are not available for
2024 T3.

The NASGRO equation reads:

(1)

da _ CHI —f)AKT(l <5

W (1 - Kmﬂqu
K.

where f = AK.#/AK represents the crack closure contribution, C, n, p and g
are experimentally derived material parameters, AKy, is the threshold stress
intensity factor range (a function of R) and K. is the critical stress intensity
factor.

For CA loading the f~function can be expressed according to Newman
as [16]
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A3:2A0+A1 - 1 (26)

where the fitting parameters Su./0o and « should be chosen by the
user.

For a material not included in the NASGRO data base, a matgui program
available in the NASGRO software, which utilizes eqs (2a-e) can be used to
curve fit to eq. (1) the user-declared da/dN vs. AK data obtained from tests
under CA loading, preferably at several R-ratios. The user should also enter
the aforementioned S,.x/0o and « parameters. The critical stress intensity
factor K. in Eq.(1) corresponding to the specific thickness can be declared by
the user. Alternatively, the user may specify the fracture toughness value
(K1), thus enabling the matgui program to determine K. from an empirical
equation produced in the Manual [13]. AK, in Eq.(1) is determined by matgui
as a function of R and material parameters AK,, Cy" and Cy,~ using an
empirical relationship givenin [13]. AK,, Cy," and Cy, can be directly entered
by the user or automatically chosen by the program from user declared data on
the threshold stress intensity range at several R-ratios. It is assumed that if
R > R, where R is the so-called cutoff stress ratio defined by the user, the
AK, value is constant, i.e. independent of R. The p and g exponents, which
control the ‘‘knees” of the crack propagation curve in the lower and upper
region respectively must be chosen by trial and error to fit the corresponding
da/dN vs. AK data. The C and n constants can be chosen either in the same
way or automatically by the matgui program.

The a parameter represents the o, value for the CCL model and the & yew
value when the VCL model is used. Thus, ¢ serves to scale the constraint
factors values for either model and, as such, it has a profound effect on the
computation results. It is suggested in the NASGRO manual [13] that
irrespective of how the material crack growth data are described, i.e. using the
NASGRO equation or in a discrete form, a number of SY model predictions
on crack growth should be run for CA loading in order to fix the & value which
produces the best fit to the observed results. This implies that if the NASGRO
equation is used, the curve-fitting procedure according to the matgui program
enables to choose a preliminary ¢ value only. To apply the SY model, the
monotonic material properties (yield stress Sy and ultimate strength S,) must
be specified in addition to the material data entered earlier.

When the NASGRO equation is used, the constraint factor incorporated in
the CCL model is assigned a constant value of «,. Executing the CCL model
with the constraint factor varying according to Fig. 2 is only possible when the
crack growth rates are described in a discrete form as the da/dN vs. AK ., data
(the so-called 1-D table).
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In NASGRO, a load time history is in the form of discrete sequence of the
load minima and maxima and can be entered from keyboard or from a file. Itis
defined as a schedule of blocks, where each block may contain a number of
steps. A load step consists of one or more CA cycles. The SY model can be run
in two computation speed modes. The “‘fast” mode is suitable when it is
known that the crack opening stress will stabilize at some point in the load
history. The model is used only until that stable S, level is attained. With the
“full” mode, the model is used to compute S,, throughout the entire load
history. However, because the SY model solution is very time consuming,
even in the case of the “‘full” mode provisions are made in the software to
avoid triggering the S, calculations cycle-by-cycle. S, is always determined
for the first cycle of any load step and it is computed at least five times if the
step contains more than 5 cycles. For CA loading, it implies that increasing
the number of cycles in a load step yields less frequent S, calculations and,
hence, a declined accuracy of the predictions. For VA spectra it is possible to
consider only most significant cycles for the SY model solution. The
difference in the applied stress AS... from one ‘‘significant” maximum
(minimum) load to the next required to trigger the S,, calculations and the
maximum number of cycles AN, that can be spent in a crack growth
increment between the calculations are declared by the user.

3. Experimental program

The sheet materials used are two aluminium alloys, namely the Russian
alloy D16CZATWH with a nominal thickness of 4 mm delivered in the
clad condition, the thickness of the cladding layers being approximately
of 0.1 mm, and the 2 mm thick bare 2024-T3 material. The measured
mechanical properties of both metals are S, = 335 and 394 MPa, S, =457 and
502 MPa, elongation 22 and 19% for D16 and 2024-T3 respectively. As
specified elsewhere [20], the chemical composition of both materials are alike
except that the Russian alloy shows a lower content of Fe and Si, thus
appearing a higher purity metal. Consequently, the crack growth behaviour of
D16 is in good agreement with that noted for 2024-T3 under similar loading
conditions [20].

The fatigue crack growth tests were carried out on middle cracked tension
specimens with a central starter notch provided as a narrow saw cut. The
specimen width was 100 mm for both D16 and 2024-T3. The loading
conditions for all tests are specified in Table 1. The VA Type [-III tests with
periodic overloads and underloads are considered to be simplified service-
simulating tests representing stresses on the wing structure due to bending.
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Table 1.
Loading conditions in the crack growth tests (stress levels in MPa)
Material T floadi Baseline cycles S s 5o
Materia ype of loading S St AS R m OL UL | (miniFALSTAFF)
-26.7 53.3 80 -0.5
0 64 64 "
= CA 0 140 140 - - - N
= 32 96 64 0.33
> 35 | 140 | 105 | 0.75
O Single OL 0 64 64 0 - 128 - -
O
a Type | - 0 -
Type I1 32 96 64 0.33 10 128 = s
Type 111 128 0 =
e - ) = . - i 5 2475
mini
, - ; i § - - 5 230
FALSTAFF |— - - - - - - —
40 80 | 033 - » - 3
2 o - - -
0 120 120 0
-40 160 -0.33 - = “ .
- 80 200 -0.67 - - - -
40 120 0.25 - - - -
0 160 0 - - - -
eA -40 150 200 -0.25 - - - -
- 80 240 -0.5 - - - -
40 160 0.2 - - - -
0 200 0 - - - -
- 20 | 2% 240 [0z . . - -
N - 80 280 | -0.4 - - - -
<
N B 0 P
& 5 = — s
Type | 40 120 80 0.33
100 - . -
. 80 _
160 0 -
160 -80 -
e 3 200 0 -
200 -80 -
Type 11 40 120 80 0.33 160 0 -
160 -80 -
10 200 0 -
200 -80 -
SOL'
U 1 O
R ALLLL L - B
SUL'Q,A—H ____________ ey [
m cycles m cycles m cycles
CA Single OL Tvpel Type I Type I

Here, the larger cycle should simulate the so-called air-ground-air transition,
whilst the smaller CA cycles should represent the loads due to air turbulence.
For the D16 material, tests under a more realistic service-simulating loading,
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namely the miniFALSTAFF sequence, were also executed. As specified
in Table 1, three levels of the maximum stress (Smax), Which characterizes
the spectrum severity, have been considered in the latter experiments. The
fatigue crack growth responses observed in the tests listed in Table 1 are
presented and discussed in detail in refs [20] and [21] for D16 and 2024-T3,
respectively. These works revealed that retarded crack growth always
occurred for the load histories of Type II and III and for miniFALSTAFF,
as indicated by the conservative non-interaction, i.e. based on the CA test
data, predictions on crack growth rates. The most significant load inter-
action effects were exhibited under the miniFALSTAFF history, for which
the predicted rates exceeded about three times the measured values.
Perhaps a most surprising observation for D16 was that the crack growth life
under the Type III sequence was about 27% longer than under the Type II
sequence. Consistent with the plasticity-induced crack closure based inter-
pretation, the reported literature data indicate that a single underload-
overload excursion typically yields a larger retardation effect during the
subsequent smaller amplitude cycles than an overload-underload sequen-
ce [22]. The present results demonstrate that, if the larger cycles are applied
periodically, an opposite behaviour may occur for a certain combination
of the loading parameters and material. The experimental trends revealed
in the VA tests on 2024-T3 are discussed in more detail in section 5.
Altogether, the present VA test results imply a complex nature of the load
interaction phenomena which is a challenge for crack growth prediction
models.

4. Prediction results for the D16 alloy

Only the user experimental results are the source of the material data for
D16, because this material is not included in the NASMAT data base. The
predictions have been made for the CCL model and the VCL model, in either
case considering the material data input through the NASGRO equation and
in the form of the discrete da/dN vs. AK . data.

All computations have been run in the “‘full” mode. With the CA loading,
the simulation results indicate an insignificant effect of the number of cycles
set for one load step. For example, in the case of the R = 0.33 test, a 3 per cent
difference was found in the fatigue lives estimated for 10 and 1000 cycles per
load step. For the programmed VA loading, 10 cycles per step have been set in
all analyses. With the miniFALSTAFF sequence, AS.. = 3 MPa and
AN . = 20 cycles have been taken, which for this type load history actually
implies the cycle-by-cycle S, computations.































































