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RESUMEN
En este trabajo se evalúa el efecto de retardo inducido en grietas creciendo a fatiga bajo diferentes sobrecargas a partir
del análisis de los factores de intensidad de tensiones (SIFs). Las técnicas ópticas de campo completo de fotoelasticidad
en transmisión y correlación digital de imágenes se emplean para calcular los SIFs a partir del análisis de los campos de
tensiones y desplazamientos en las inmediaciones del vértice de grieta. Un novedoso modelo matemático que incorpora
los efectos de la plasticidad durante el crecimiento de grieta a fatiga es implementado para caracterizar los campos de
tensiones y desplazamientos alrededor del vértice de grieta. Las grietas a fatiga fueron generadas en probetas compact
tension fabricadas de policarbonato (para fotoelasticidad) y aluminio 2024-T3 (para DIC). Además, se aplicaron
diferentes niveles de sobrecarga durante la propagación de las distintas grietas. El efecto de retardo inducido por las
sobrecargas fue cuantificado a partir de la estimación de las cargas de apertura de grieta. Los resultados presentados
intentan contribuir a un mejor entendimiento de los efectos de protección de la plasticidad durante el crecimiento de
grieta a fatiga.
PALABRAS CLAVE: Fatiga, sobrecarga, factor de intensidad de tensiones, fotoelasticidad, DIC.

ABSTRACT
In this work, the retardation effect induced on growing fatigue cracks under different overloads is evaluated from the
analysis of stress intensity factors. Full-field optical techniques, namely transmission photoelasticity and digital image
correlation, are used to calculate SIFs from the analysis of stress and displacement crack tip fields. A novel
mathematical model, that incorporates the effects of plasticity during fatigue crack growth, is implemented to
characterise stress/displacement fields at the vicinity of the crack tip. Fatigue cracks were grown incompact tension
specimens made from polycarbonate (for photoelasticity) and 2024-T3 aluminium alloy (for digital image correlation).
In addition, different single overload levels were applied during the crack propagation. The retardation effect induced
by overloads was quantified from the estimation of the crack opening loads. Results presented intend to contribute to a
better understanding of the shielding effects of plasticity during fatigue crack growth.
KEYWORDS: Fatigue, overload, stress intensity factor, photoelasticity, DIC.

1. INTRODUCTION
Fatigue crack growth due to constant amplitude loading
is relatively well-understood and there has been
significant work reported on crack shielding
mechanisms. However, for variable amplitude loading
(e.g. due to the application of overloads), there is
controversy about the possible mechanisms responsible
for observed retardations in fatigue crack growth. In the
literature, three mechanisms are proposed to explain
retardation following an overload, namely: plasticityinduced crack closure [1], blunting [3] and residual
compressive stresses [4]. These are described briefly in
the next paragraphs.

Plasticity-induced crack closure [1] is a crack tip
shielding mechanism which is believed to lead to a
decrease in fatigue crack growth rate as a consequence
of a reduction in the stress intensity factor range. This
phenomenon I a result of plasticity generated both at the
crack tip and along the crack flanks of fatigue cracks.
However, there are still some unresolved or
misunderstood issues relating to plasticity-induced
fatigue crack closure. These misunderstandings or
controversies arise mainly from problems in its
measurement and interpretation [2].
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Perhaps the most compelling evidence in favour of the
closure argument is the phenomenon of delay
retardation. In many instances retardation does not
occur immediately on application of the overload, but
occurs following an overload. Thus, it can be postulated
that prior to the overload, the plastic zone size grows
steadily as a function of crack length, but the application
of an overload produces a significant step increase in
the size of the plastic zone. During an overload there is
an initial extension of the crack that is greater than the
constant amplitude crack growth and subsequently, a
retardation effect occurs as the crack propagates through
the enlarged plastic zone produced by the overload [5].

account explicitly for shielding effects induced by
plasticity generated during fatigue crack growth. It is a
novel mathematical model developed by Christopher,
James and Patterson [6] based on Muskhelishvili’s
complex potentials and postulates that the plastic
enclave that exists around a fatigue crack tip and along
the crack flanks will shield the crack from the full
influence of the elastic stress field that drives fatigue
crack growth.

Experimental evidence is essential to establishing
credibility and confidence in the veracity of proposed
mechanisms outlined above. However, since the concept
of crack closure was first documented by Elber in 1970
[1], a large amount of research has been performed on
its measurement using a variety of methods and on the
interpretation of the resultant data [5] without reaching a
universally accepted consensus. In recent years, the use
of optical techniques for the evaluation of fatigue crack
closure has been notably increased, including
photoelasticity [6, 7] and digital image correlation
(DIC) [8, 9].
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According to this model, the stress fields can be related
with the stress-optic law, which constitutes the
fundamental equation in photoelasticity, as follows

where N is the fringe order, fσ is the material stress
fringe value, t is the thickness of the material, i is the
square root of –1, A, B, C, D, E and F are known
coefficients that need to be determined, z is the complex
coordinate with the origin in the crack tip.
In a similar way, the CJP model defines the horizontal u
and vertical v displacements around the crack tip area as
follows
1
1
1
C'  F'

2G u  iv     2B' 2 E' z 2  4 E' z 2  2 E' z 2 lnz  
4

C'  H ' 
 12
 12

 z  B' 2 E' z  E' z lnz  
4 

1
1
1
C'  F' 

  A' z 2  D' z 2 lnz   2 D' z 2 
z
2



Recently, new methodologies for the calculation of
stress intensity factors (SIFs) from the analysis of crack
tip stress/displacement fields have been developed
which use sophisticated descriptions of the singularity
dominated field around the crack tip. For instance, some
researchers have used Williams’ expansion series [10,
12] and others Muskhelishvili’s complex potentials [8,
10]. More recently, some focus has been on the use of a
novel mathematical model, known as CJP model [6].
This model accounts for impact of the plastic zone
associated with the crack tip and flanks on the elastic
stress field and results in a series of parameters that
characterise the crack driving and retarding effects.


z


(2)

where G is the shear modulus of the material and κ = (3ν)/(1+ν) for plane stress or κ = 3-4ν for plane strain,
where ν is the Poison’s ratio of the material.
This new model defines four parameters to characterise
crack tip fields. An opening mode stress intensity factor
KF, a retardation stress intensity factor KR, a shear stress
intensity factor KS and the T-stress T. KF characterises
the driving crack growth force generated by the remote
load, which generates the crack tip stress fields
traditionally characterised by KI so that KF and KI are
equal in the absence of retardation effects, leading to

In this work, the shielding effect on fatigue crack
growth during the application of overloads has been
investigated in polycarbonate and 2024 aluminium alloy
specimens using transmission photoelasticity and digital
image correlation. The experimental methodology
developed by Vasco-Olmo et al. [7, 9] for estimating
crack opening/closing stress intensity factors has been
extrapolated to quantify fatigue crack shielding by
analysing the crack tip stress/displacement fields
defined by the CJP model. DIC results have been
compared with those obtained by using a method based
on compliance from the COD data measured by an
extensometer.
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KR characterises the elastic field that originates from the
normal forces arising from the interaction between the
material that becomes permanently deformed at the
crack tip and along the flanks with the surrounding
elastic material, such that

2. DESCRIPTION
OF
THE
MODEL
CHARACTERISING CRACK TIP FIELDS
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In the current work, the CJP model has been adopted to
characterise crack tip fields because it attempts to
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KS characterises the shear stresses at the boundary
between the crack tip and flank plastic zones and the
surrounding elastic field, so that





K S  lim 2r xy 
r 0
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For the correct implementation of transmission
photoelasticity, a circular polariscope was used to
observe the fringe patterns on the polycarbonate
specimen, illuminating it with a monochromatic light
source (Fig. 1a). Images were captured using a CCD
camera (AVT, model Marlin F-146) placed
perpendicularly to the specimen surface with a macrozoom lens (MLH-10X EO) to increase the spatial
resolution at the region around the crack tip. For fringe
analysis, the phase-stepping method developed by
Patterson and Wang [13] was adopted. Fig. 2a shows a
typical example of fringe order map obtained at a crack
length of 25.93 mm under an applied load of 20 N.
Moreover, the crack length was measured from the
tracking of the crack tip through the direct observation
of the fringe patterns.

(5)

Finally, the T-stress characterises the remote loading
caused by constraint in the specimen and is given by
Tx  C ,

Ty  F

(6)

3. EXPERIMENTAL WORK
Several compact tension (CT) specimens (W = 72.5
mm) manufactured from sheets of polycarbonate (in the
case of photoelasticity) and 2024-T3 aluminium alloy
(in the case of DIC) with a thickness of 2 mm were
employed in a series of fatigue tests which are defined
in Table 1. Tests were conducted at constant amplitude
employing a low R-ratio (R = 0). In the case of the
overload conditions, it has been detailed the overload
percentage respect to the maximum applied load, the
overload value and the crack length and number of
cycles at which the overload was applied.

In the case of DIC, the image acquisition was made by a
CCD camera (AVT, model Stingray F-504B/C) placed
perpendicularly to the speckled specimen surface with a
75 mm lens. In addition, an extra camera (AVT, model
Pike F-032B/C) with a 25 mm lens was employed to
track the crack tip and monitor the crack growth during
fatigue tests. The in-plane displacements were obtained
by processing the captured images using the commercial
software package Vic-2D. A typical example of vertical
displacement map for a crack length of 34.10 mm under
an applied load of 600 N is shown in Fig. 2b.

Table 1. Experimental conditions defined for fatigue
tests.
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Figure 2. (a) Fringe order map at a crack length of
25.93 mm under an applied load of 20 N and (b)
vertical displacement field at a crack length of 34.10
mm for a load level of 600 N.

Fatigue tests were conducted on servohydraulic
machines, the polycarbonate specimen was tested on a
machine with a loading capacity of 25 kN at a frequency
of 2 Hz (Fig. 1a), while a machine with a loading
capacity of 100 kN at a frequency of 10 Hz was used for
testing the aluminium specimens (Fig. 1b). During
fatigue testing, the cycling was periodically paused to
allow acquisition of a sequence of images at uniform
increments through a complete loading and unloading
cycle.
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4. DETERMINATION OF STRESS INTENSITY
FACTORS
In this work the stress intensity factors are analysed to
evaluate the induced effect on fatigue crack growth by
the application of overloads. Therefore, in this section
the methodology adopted for them calculation is
described. The multi-point over-deterministic method
developed by Sanford and Dally [14] formed the basis
for the calculation of the stress intensity factors. Unlike
Sanford and Dally, the CJP model was used as the
source of the stress and displacement field equations.
The CJP model is valid for the elastic field dominated
by the singularity of the crack tip and hence it was
necessary to define a set of experimental data which
satisfied this validity requirement. For ease of
processing, an annular region at the vicinity of the crack
tip was defined for the data point collection (Fig. 2).
This region was defined from two parameters, an inner

(b)

Figure 1. Experimental setup employed durign fatigue
testing: (a) photoelasticity and (b) DIC.
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effect on crack propagation. The influence of the
overload remained during 22000 cycles, which
corresponds to a crack growth of 1.28 mm. However,
this effect was not observed for overloads
corresponding to a 50 and 100 % of the maximum
applied load. In the case of aluminium specimens, as
observed in Fig. 3b the retardation effect remained
during 135000 cycles (Δa ≈ 2.11 mm) for the case of
100 % overload; while the retardation effect was about
220000 cycles (Δa ≈ 3.42 mm) for the case of 125 %
overload.

radius and another outer. In this way, 450 data points
were collected to determine SIFs.
In the CJP model, the crack tip fields are described by a
set of unknown coefficients from which the stress
intensity factors can be determined. Thus, the unknown
coefficients can be found by fitting the stress and
displacement fields predicted by the CJP model given in
Eq. (1) and (2) to the fringe order and displacements
experimentally obtained by photoelasticity and DIC,
respectively. This was achieved by defining an error
function as the difference between the experimental data
fields and the predicted fields.
5. CALCULATION OF OPENING/CLOSING
LOADS FROM COMPLIANCE TRACES

(a)

To support the idea that DIC can provide information
about real predictions of fatigue crack growth rates, in
this section the experimental methodology for the
calculation of the opening and closing loads from the
analysis of compliance traces is described.

(b)

Figure 3. Evolution of the crack length with the number
of cycles for specimens subjected to an overload. (a)
Polycarbonate and (b) aluminium specimens.

The method adopted in this work is the strain offset
calculation [15], which estimates the opening and
closing loads by recording COD data as a function of
the applied load using an extensometer. According to
this method, the signal collected from the extensometer
was divided into two data sets corresponding to the
loading and unloading branches of the applied cycle.
The two branches were represented on a COD versus
load plot, and a least squares straight line was fitted to
the experimental data at the part of the loading cycle at
which the crack is fully open. For this purpose, a
segment spanning a range of the 50 % of the loading
range starting just below the maximum load was
selected to represent the fully open crack configuration.
The fitted straight line was employed to estimate the
theoretical COD values for a particular load value.
Therefore, the strain offset was obtained as the
difference between theoretical and experimental COD
values. Finally, the strain offset was presented as a
function of the applied load, estimating the opening and
closing loads from the loading and unloading branches
respectively, as the load value at which the strain offset
starts deviating from zero value.

After the study of the overload influence along the
number of cycles, an important aspect investigated was
the ability to evaluate the retardation effect on fatigue
crack growth from the analysis of KF and KR SIFs
according to the reported methodology in [9] for the
estimation of opening and closing loads. Thus, the
evaluation of these SIFs along the loading cycle for the
previous and subsequent cycles to the application of 125
% overload has been represented in Fig. 4. From the
analysis of KF, it is observed a change in the trend of the
values for the lower part of the loading cycle from a
particular load value for both the loading and unloading
branches. According to this, Kop and Kcl can be inferred
from KF trend as that value corresponding to the
minimum load. In this way, it is observed that Kop and
Kcl values are higher after the application of the
overload as illustrated in Fig. 4b from the observation of
a more evident change in KF values. Moreover, from the
analysis of KR, a change in its sign is observed for the
same portion of the cycle above analysed from KF. This
change in the trends of KF and KR highlights the
existence of shielding effect at low load levels. These
results also highlight that the application of an overload
increases the shielding effect on crack tip, and hence an
increase in the fatigue life of the analysed component.

6. RESULTS AND DISCUSSION
The overload effect was investigated during different
fatigue tests at constant amplitude loading interrupted
by a single overload application at different crack
lengths. The first way to study the influence originated
by the application of overloads was from the analysis of
the variation of the crack length with the number of
cycles. In Fig. 3 it can be observed the retardation effect
on crack growth rate induced by the application of
different overloads. It observes in Fig. 3a that for the
polycarbonate specimen only the third applied overload
(200 % of the maximum load) induced a retardation

(a)

(b)

Figure 4. Experimental KF and KR SIFs for the previous
and the subsequent cycles to the application of 125 %
overload.
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the polycarbonate specimen an increase until 17.50 N
was experienced, which corresponds to a 35 % with
respect to the applied loading range. On the other hand,
for aluminium specimens, in the case of a 100 %
overload an increase until 194.40 N was experienced,
which corresponds to a 32.7 % of the applied loading
range; while in the case of a 125 % overload Pop
increased until 256.40 N, which supposes a 43.1 % with
respect to the applied loading range. All results indicate
that the crack opens at load levels above the minimum
applied load throughout the crack length, while for the
overload affected zones the crack opens at higher loads
than those corresponding to the zones not affected by
the overloads.

Once KF and KR have been evaluated prior and after the
application of an overload, Kop and ΔKeff are calculated.
ΔKeff is calculated as the difference between KF at
maximum load and Kop. Fig. 5 shows the variation of
Kop and ΔKeff for the three conducted tests. It can be
observed that Kop shows a gradual increase with the
crack length, with values always above Kmin. This
behaviour highlights that the crack opens at a load value
higher than the minimum applied load, illustrating
evidence of crack shielding effect. In addition, the
evidence of plasticity-induced crack shielding is also
observed from the analysis of ΔKeff, with values always
below ΔKnom that highlights a decrease in the fatigue
crack growth rate. Moreover, it is observed an increase
in Kop in the subsequent cycle to the application of the
overloads, decreasing gradually until it approaches
again the trend prior to the application of the overload.
It is believed that this increase in Kop is due to the
plasticity increase after the overload which has as
consequence that the required applied load to open the
crack was higher. In addition, an opposite behaviour is
observed for ΔKeff, decreasing immediately after the
application of the overload to subsequently increase
until it approaches the trend prior to the overload. Thus,
a higher retardation effect was observed for the higher
applied overload in the case of the conducted tests for
DIC. Therefore, these behaviours highlight an increase
in the retardation effect in the zones affected by
overloads as a direct consequence of the plasticity
increase at the crack tip due to the applied overload.

(a)

(a)

(b)

Figure 6. Plots showing Pop variation with the crack
length for the conducted tests. Using (a) transmission
photoelasticity and (b) DIC.
Once the influence due to the application of overloads
on fatigue crack growth has been evaluated from the
analysis of the SIFs, results obtained by DIC were
compared with those obtained from the analysis of the
compliance traces plotted by using COD data recorded
with an extensometer. The strain offset calculation
method has been implemented to obtain opening load as
a function of the crack length. Fig. 7 shows the variation
of Pop with the crack length for the two overload levels
studied using both DIC and the strain offset calculation
method. It can be observed that a good level of
agreement between results was achieved. Therefore, this
comparative study highlights that the proposed
methodology to estimate Kop from the analysis of KF
constitutes a real alternative to evaluate the effect
induced on fatigue crack growth by the application of
overloads.

(b)

Figure 5. Variation of Kop and ΔKeff with the crack
length for the conducted tests with overload application.
Using (a) transmission photoelasticity and (b) DIC.
The shielding effect can be more clearly quantified from
the calculation of the crack opening load and its
subsequent analysis. Hence, Pop was calculated from Kop
using Eq. (7). Fig. 6 shows the variation of Pop along the
crack length for the conducted tests. It is observed that
Pop values are always above the minimum applied load,
taking a value around 10 N (for photoelasticity, Fig. 6a)
and 100 N (for DIC, Fig. 6b) in the regions before and
after the zone affected by the applied overload. This
behaviour was previously observed for Kop, which
highlights that a shielding effect due to plasticity was
induced during crack growth. In addition, Pop values
experienced an increase immediately after the
application of the overloads, decreasing later
progressively until it reaches the trend prior to the
overload. Thus, the increase experienced by Pop was
different depending on the overload level. In the case of

Figure 7. Variation of Pop with the crack length for the
two overload levels studied using DIC and the strain
offset calculation method.
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Patterson. Local crack plasticity and its influences
on the global elastic stress field, Int. J. Fatigue, 46,
4-15, 2013.

7. CONCLUSIONS
In this work the effect induced on fatigue crack growth
by the application of different overloads has been
evaluated by analysing the stress intensity factors using
two optical techniques, namely transmission
photoelasticity and DIC. Plasticity-induced crack
shielding and the consequent retardation effect on
fatigue crack growth have been successfully quantified
in two different ways: that induced by the natural
propagation of the crack and that induced by the
application of overloads. The CJP model has been
implemented for the characterisation of crack tip fields,
showing an enormous potential for the evaluation of
plasticity-induced crack shielding on growing fatigue
cracks due to the application of overloads. The crack
opening load has been estimated from the analysis of
KF. Several fatigue tests at constant amplitude loading
on polycarbonate (in the case of photoelasticity) and
2024-T3 aluminium alloy (in the case of DIC) CT
specimens subjected to different overload levels were
conducted. Results obtained from DIC have been
compared with those obtained from the analysis of the
compliance traces. Results show a high level of
agreement, highlighting that the CJP model constitutes a
real alternative for the evaluation of fracture mechanics
problems such as plasticity-induced crack shielding and
the retardation effect induced by overloads.
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