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Abstract 

Fatigue strength and fracture mechanics concepts are linked together by the so-called cyclic R-curve, i.e. the crack size dependence 
of the fatigue crack propagation threshold. The cyclic R-curve requires to identify experimentally the extension of a propagating 
crack in the mechanically short crack regime. One of the most used techniques adopted in experimental tests is the direct current 
potential drop (DCPD) method, according to which the electrical resistance of the tested specimen increases due to crack 
propagation and the resulting electric potential change is used to derive the crack length thanks to proper calibration curves. In this 
work, the DCPD technique was applied in fracture mechanics fatigue tests of carbon steel bars weakened by a single-edge, semi-
elliptical pre-crack. First, it was assumed that the semi-elliptical pre-crack propagates under fatigue axial loading in such a way to 
keep an iso-stress intensity factor (SIF) KI crack front. Accordingly, the corresponding crack pattern was derived by means of 3D 
structural FE analyses using the Peak Stress Method (PSM). Afterwards, the DCPD calibration curves were derived through 3D 
electrical FE analyses. The effects of the locations of the current and of the potential probes were investigated. Finally, a three-
probe dual channel DCPD technique was applied to compensate any temperature variation of the tested specimen. 
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Fatigue strength and fracture mechanics concepts are linked together by the so-called cyclic R-curve, i.e. the crack size dependence 
of the fatigue crack propagation threshold. The cyclic R-curve requires to identify experimentally the extension of a propagating 
crack in the mechanically short crack regime. One of the most used techniques adopted in experimental tests is the direct current 
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elliptical pre-crack. First, it was assumed that the semi-elliptical pre-crack propagates under fatigue axial loading in such a way to 
keep an iso-stress intensity factor (SIF) KI crack front. Accordingly, the corresponding crack pattern was derived by means of 3D 
structural FE analyses using the Peak Stress Method (PSM). Afterwards, the DCPD calibration curves were derived through 3D 
electrical FE analyses. The effects of the locations of the current and of the potential probes were investigated. Finally, a three-
probe dual channel DCPD technique was applied to compensate any temperature variation of the tested specimen. 
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Nomenclature 

a crack depth 
a/D normalized crack depth 
2c  major axis of the elliptical crack 
c/a crack aspect ratio 
D specimen net-section diameter 
F axial load 
I electrical current 
KI stress intensity factor of a crack under mode I loading 
ΔνPD potential drop geometrical factor of the active channel 
θI angular position of the current probes 
θPD angular position of the active channel potential probes  
θT angular position of the potential probes for temperature compensation 
ρ electrical resistivity 
S curvilinear coordinate along the semi-elliptical crack tip profile 
ΔVPD potential drop of the active channel 
ΔVT potential drop of the reference channel for temperature compensation 
YI distance of the current probe from crack plane 
YPD distance of the active channel potential probe from crack plane 
YT distance of the reference channel potential probe from crack plane 

1. Introduction  

Fatigue crack propagation threshold is a parameter that has a fundamental role in fatigue life assessment of cracked 
structural components, which makes use of a damage-tolerant approach (Zerbst et al. 2016). Its value depends on 
many parameters including the crack size itself (Frost et al. 1971). The latter dependency is quantitatively described 
by the so-called cyclic R-curve, whose definition was firstly given by Tanaka and Akiniwa (1988). The experimental 
determination of the cyclic R-curve requires that the size of the fatigue crack, defined in the mechanically short crack 
regime, is known. Moreover, this kind of experimental tests requires very high accuracy in the determination of the 
near-threshold crack growth rate, da/dN, whose value can be assumed equal to 10-10 m/cycle which is the one fixed 
for long cracks by the ASTM E647-15 standard. Therefore, to save time to perform measurements, a crack growth 
monitor method having high sensitivity is required. Many experimental techniques are available to estimate the size 
of a propagating crack and one of these is the direct current potential drop method (DCPD), where  the electrical 
resistance of the tested specimen increases due to crack growth; therefore, if the specimen is subjected to a constant 
electrical current flow, the increase of the electrical resistance translates in an increase of the potential drop. The crack 
depth, a, can be estimated by entering a proper calibration curve with the experimentally measured potential drop. 
Calibration curves can be derived either experimentally, analytically, or numerically. However, as highlighted by 
Campagnolo et al. (2018), the numerical calibration is preferable, since it is easier and less time-consuming and it 
allows to investigate the effects of both the crack shape and of the location of the potential and current probes on the 
calibration curves.  

In the past, several authors have investigated different solutions to enhance the DCPD sensitivity and, therefore, to 
reduce the minimum detectable crack size increment during fatigue tests. Among these, Ritchie and co-authors (1971, 
1979, 1979) analysed the effect of both current and potential probes locations on DCPD sensitivity dealing with flat 
specimens (CT, SEN). They concluded that the highest sensitivity can be obtained not only by injecting the current 
but also by measuring the potential drop as close as possible to the crack or notch tip. However, they also advised 
against this experimental configuration due to its strong sensitivity to positioning errors. Later on, also Saka e al. 
(1996) observed that current and potential probes localized at the crack tip can significantly enhance the DCPD 
sensitivity. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.prostr.2020.10.126&domain=pdf
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a/D normalized crack depth 
2c  major axis of the elliptical crack 
c/a crack aspect ratio 
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KI stress intensity factor of a crack under mode I loading 
ΔνPD potential drop geometrical factor of the active channel 
θI angular position of the current probes 
θPD angular position of the active channel potential probes  
θT angular position of the potential probes for temperature compensation 
ρ electrical resistivity 
S curvilinear coordinate along the semi-elliptical crack tip profile 
ΔVPD potential drop of the active channel 
ΔVT potential drop of the reference channel for temperature compensation 
YI distance of the current probe from crack plane 
YPD distance of the active channel potential probe from crack plane 
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1. Introduction  

Fatigue crack propagation threshold is a parameter that has a fundamental role in fatigue life assessment of cracked 
structural components, which makes use of a damage-tolerant approach (Zerbst et al. 2016). Its value depends on 
many parameters including the crack size itself (Frost et al. 1971). The latter dependency is quantitatively described 
by the so-called cyclic R-curve, whose definition was firstly given by Tanaka and Akiniwa (1988). The experimental 
determination of the cyclic R-curve requires that the size of the fatigue crack, defined in the mechanically short crack 
regime, is known. Moreover, this kind of experimental tests requires very high accuracy in the determination of the 
near-threshold crack growth rate, da/dN, whose value can be assumed equal to 10-10 m/cycle which is the one fixed 
for long cracks by the ASTM E647-15 standard. Therefore, to save time to perform measurements, a crack growth 
monitor method having high sensitivity is required. Many experimental techniques are available to estimate the size 
of a propagating crack and one of these is the direct current potential drop method (DCPD), where  the electrical 
resistance of the tested specimen increases due to crack growth; therefore, if the specimen is subjected to a constant 
electrical current flow, the increase of the electrical resistance translates in an increase of the potential drop. The crack 
depth, a, can be estimated by entering a proper calibration curve with the experimentally measured potential drop. 
Calibration curves can be derived either experimentally, analytically, or numerically. However, as highlighted by 
Campagnolo et al. (2018), the numerical calibration is preferable, since it is easier and less time-consuming and it 
allows to investigate the effects of both the crack shape and of the location of the potential and current probes on the 
calibration curves.  

In the past, several authors have investigated different solutions to enhance the DCPD sensitivity and, therefore, to 
reduce the minimum detectable crack size increment during fatigue tests. Among these, Ritchie and co-authors (1971, 
1979, 1979) analysed the effect of both current and potential probes locations on DCPD sensitivity dealing with flat 
specimens (CT, SEN). They concluded that the highest sensitivity can be obtained not only by injecting the current 
but also by measuring the potential drop as close as possible to the crack or notch tip. However, they also advised 
against this experimental configuration due to its strong sensitivity to positioning errors. Later on, also Saka e al. 
(1996) observed that current and potential probes localized at the crack tip can significantly enhance the DCPD 
sensitivity. 
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In this work, the application of DCPD to axial fatigue tests carbon steel round bars, weakened by a single-edge 
semi-elliptical pre-crack was investigated. In particular, the ultimate goal being the experimental derivation of the 
cyclic R-curve for the same specimen geometry, a numerical full-factorial design was performed to locate the potential 
and current probes in order to enhance the DCPD sensitivity. Indeed, the higher the DCPD sensitivity is, the smaller 
the detectable crack size increment and, therefore, the shorter the time to estimate a certain value of near-threshold 
crack growth rate, da/dN. Concerning the effect of the crack shape on the calibration curves, it was assumed that the 
semi-elliptical pre-crack propagates under axial fatigue loading by increasing its depth, a, and by changing its aspect 
ratio, c/a, in order to keep an iso-stress intensity factor (SIF) KI crack front. Accordingly, the iso-KI aspect ratio c/a 
was derived as a function of the crack depth a by means of 3D structural FE analyses using the Peak Stress Method 
(PSM), which is an engineering FE-oriented method to rapidly estimate the SIFs by using the singular linear elastic 
peak stresses calculated from coarse FE analyses (Meneghetti and Lazzarin, 2007). Once the iso-KI crack shape was 
found versus the crack size, the calibration curves were obtained from 3D electrical FE analyses, where the DCPD 
sensitivity to the location of both the current and potential probes were investigated. Finally, the location of a third 
potential probe was analysed to define the reference channel of a three-probe dual channel DCPD configuration for 
compensating any temperature variation of the tested specimen. 

2. DCPD calibration curves 

The DCPD calibration curves report the potential drop, ΔVPD, as a function of the crack depth, a. From a general 
point of view, there are two ways to enhance the sensitivity of a DCPD measurement:  

 the first one is based on the measurement of smaller potential drop changes and, to do this, an experimental 
device with a higher resolution is required, while keeping fixed the DCPD experimental setup, i.e. the 
location of both the current and potential probes;  

 on the other hand, the second one is based on a modification of the calibration curve, in order to detect 
smaller crack increments for the same value of the potential drop change. To do this, the DCPD 
experimental setup, should be optimised while keeping the same experimental device. 

The present paper is focused on the second approach to increase the sensitivity of a DCPD measurement. To do 
this, first Ohm's law allows to clarify which parameters should be changed to enhance the sensitivity of the DCPD 
calibration curves : 

PD PDV I      (1) 

Large values of the potential drop signal ΔVPD are preferable because they are more easily measurable. 
Furthermore, as proposed by Ritchie and Aronson (1979) and similarly to what was done by Van Minnebruggen 

et al. (2017), it is possible to estimate the DCPD sensitivity by evaluating the derivative of the potential drop ΔVPD 
with respect to the crack size a, i.e. by evaluating the slope of the DCPD calibration curve: 

 

PD PDd V dI
da da

 
   (2) 

 
Similarly to the potential drop ΔVPD, large values of its derivative are more desirable to discriminate between small 

differences in crack length. Therefore, equations (1) and (2) suggest the directions to increase the sensitivity to crack 
growth of the experimental set-up: 

 
 Electrical resistivity, ρ. This is a material property. Commonly the DCPD method is applied in fatigue 

testing of metal components, i.e. conductive materials. In such case, the values of the resistivity at room 
temperature are on the order of 10-5 Ωꞏmm. Equations (1) and (2) show that higher signals and sensitivity 
can be achieved with higher resistivity. For a given material, resistivity depends on variables like 
microstructure, plasticity and above all temperature. Concerning temperature variations, it is common 
practice in DCPD applications to compensate their effect by normalizing the potential drop signal ΔVPD 
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with a reference potential drop signal ΔVT measured on the same specimen (see next section 2.3). In this 
way, the calibration curve is independent of temperature changes. 

 Electrical current, I. A higher electrical current leads not only to a higher potential drop signal ΔVPD, but 
also to a higher sensitivity. Its value has to be chosen as high as possible to benefit the advantages 
described above but it has to be limited to avoid excessive overheating of the component due to Joule 
effect. Concerning this aspect, attention has to be paid to the electrical resistivity occurring in the contact 
area between the current probes and the specimen surface. Moreover, although the current value should 
be maintained as constant as possible without ripple and noise, the calibration curves can be made 
independent of the magnitude of the injected current by simply normalizing the potential drop signal ΔVPD 
with a reference potential drop signal ΔVT measured on the same specimen as discussed previously for 
the electrical resistivity.In standard in-field applications values of the applied current are commonly within 
0.5 A and 50 A but they can be even higher (for example Van Minnebruggen et al. (2017) imposed a value 
of 150 A) depending on the employed experimental device and on the experimental setup. 

 Potential drop geometrical factor, ΔνPD. This is a geometrical parameter including all the information 
about the shape of current density vector field; Therefore, it depends on the specimen geometry, the crack 
size and shape, the location of the current and potential probes. However, when considering a given 
specimen geometry, the propagating crack shape turns out to be dependent on both the specimen geometry 
and on the applied fatigue loading; this means that crack shape is not an input parameter, which  can be 
changed or optimized, but, on the other hand, it can be estimated assuming a propagation criterion. 
Therefore, the location of the current and of the potential probes are the sole parameters that can be 
optimised so as to increase sensitivity of the DCPD setup.  

 

2.1. Specimen geometry and iso-KI crack shape  

The considered specimen geometry is reported in Fig. 1 along with details of the single-edge semi-elliptical pre-
crack. The material is a medium carbon steel, i.e. AISI 1045, with elastic modulus, Poisson’s ratio and electrical 
resistivity (the latter evaluated at a reference temperature of 20°C) equal to 206000 MPa, 0.3 and 20∙10-5 Ω∙mm, 
respectively.  

It was assumed that the semi-elliptical pre-crack propagates under axial fatigue loading by increasing its depth, a, 
and by varying its aspect ratio, c/a, in order to keep an iso-stress intensity factor (SIF) KI crack front. To evaluate the 
aspect ratio c/a corresponding to an iso-KI crack front, 3D structural linear elastic FE analyses (Fig. 2) were carried 
out for different crack depths a. In particular, the normalized crack depth a/D was varied between 0.1 and 0.5, while 
the aspect ratio c/a was roughly included in the range from 1.0 to 2.5. Table 1 reports a summary of all structural FE 
analyses performed.  

The KI values along the crack tip were computed by taking advantage of the Peak Stress Method (Meneghetti and 
Lazzarin, 2007), which is an engineering FE-oriented method to rapidly estimate the SIFs on the basis of the singular, 
linear elastic, peak stresses calculated from coarse FE analyses. The mode I SIF was estimated according to PSM by 
applying the following expression (Meneghetti and Lazzarin, 2007): 

* 0.5
1 FE I,peakK K σ d                              (3) 

where d represents the so-called “global element size”, i.e. the average size of the FE elements adopted to generate a 
free mesh pattern; KFE

*  is a non-dimensional parameter, previously calibrated to take into account of: (i) element type 
and formulation, (ii) mesh pattern of finite elements and (iii) procedure to extrapolate stresses at FE nodes; while 
𝜎𝜎������  is the singular, linear elastic, opening peak stress component evaluated at the crack tip by a FE analysis 
according to the PSM (Meneghetti et al., 2018). All numerical models were analysed by using 3D, 10-node, 
tetrahedral, structural solid elements (SOLID187 of Ansys element library). The global element size was assumed 
equal to 1.5 mm, while close to the crack tip an element size of about 0.2 mm was obtained by applying a gradual 
mesh refinement. Such a refined FE mesh pattern was adopted to obtain a large number of KI values and, therefore, 
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In this work, the application of DCPD to axial fatigue tests carbon steel round bars, weakened by a single-edge 
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smaller crack increments for the same value of the potential drop change. To do this, the DCPD 
experimental setup, should be optimised while keeping the same experimental device. 

The present paper is focused on the second approach to increase the sensitivity of a DCPD measurement. To do 
this, first Ohm's law allows to clarify which parameters should be changed to enhance the sensitivity of the DCPD 
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PD PDV I      (1) 

Large values of the potential drop signal ΔVPD are preferable because they are more easily measurable. 
Furthermore, as proposed by Ritchie and Aronson (1979) and similarly to what was done by Van Minnebruggen 

et al. (2017), it is possible to estimate the DCPD sensitivity by evaluating the derivative of the potential drop ΔVPD 
with respect to the crack size a, i.e. by evaluating the slope of the DCPD calibration curve: 

 

PD PDd V dI
da da

 
   (2) 

 
Similarly to the potential drop ΔVPD, large values of its derivative are more desirable to discriminate between small 

differences in crack length. Therefore, equations (1) and (2) suggest the directions to increase the sensitivity to crack 
growth of the experimental set-up: 

 
 Electrical resistivity, ρ. This is a material property. Commonly the DCPD method is applied in fatigue 

testing of metal components, i.e. conductive materials. In such case, the values of the resistivity at room 
temperature are on the order of 10-5 Ωꞏmm. Equations (1) and (2) show that higher signals and sensitivity 
can be achieved with higher resistivity. For a given material, resistivity depends on variables like 
microstructure, plasticity and above all temperature. Concerning temperature variations, it is common 
practice in DCPD applications to compensate their effect by normalizing the potential drop signal ΔVPD 
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with a reference potential drop signal ΔVT measured on the same specimen (see next section 2.3). In this 
way, the calibration curve is independent of temperature changes. 

 Electrical current, I. A higher electrical current leads not only to a higher potential drop signal ΔVPD, but 
also to a higher sensitivity. Its value has to be chosen as high as possible to benefit the advantages 
described above but it has to be limited to avoid excessive overheating of the component due to Joule 
effect. Concerning this aspect, attention has to be paid to the electrical resistivity occurring in the contact 
area between the current probes and the specimen surface. Moreover, although the current value should 
be maintained as constant as possible without ripple and noise, the calibration curves can be made 
independent of the magnitude of the injected current by simply normalizing the potential drop signal ΔVPD 
with a reference potential drop signal ΔVT measured on the same specimen as discussed previously for 
the electrical resistivity.In standard in-field applications values of the applied current are commonly within 
0.5 A and 50 A but they can be even higher (for example Van Minnebruggen et al. (2017) imposed a value 
of 150 A) depending on the employed experimental device and on the experimental setup. 

 Potential drop geometrical factor, ΔνPD. This is a geometrical parameter including all the information 
about the shape of current density vector field; Therefore, it depends on the specimen geometry, the crack 
size and shape, the location of the current and potential probes. However, when considering a given 
specimen geometry, the propagating crack shape turns out to be dependent on both the specimen geometry 
and on the applied fatigue loading; this means that crack shape is not an input parameter, which  can be 
changed or optimized, but, on the other hand, it can be estimated assuming a propagation criterion. 
Therefore, the location of the current and of the potential probes are the sole parameters that can be 
optimised so as to increase sensitivity of the DCPD setup.  

 

2.1. Specimen geometry and iso-KI crack shape  

The considered specimen geometry is reported in Fig. 1 along with details of the single-edge semi-elliptical pre-
crack. The material is a medium carbon steel, i.e. AISI 1045, with elastic modulus, Poisson’s ratio and electrical 
resistivity (the latter evaluated at a reference temperature of 20°C) equal to 206000 MPa, 0.3 and 20∙10-5 Ω∙mm, 
respectively.  

It was assumed that the semi-elliptical pre-crack propagates under axial fatigue loading by increasing its depth, a, 
and by varying its aspect ratio, c/a, in order to keep an iso-stress intensity factor (SIF) KI crack front. To evaluate the 
aspect ratio c/a corresponding to an iso-KI crack front, 3D structural linear elastic FE analyses (Fig. 2) were carried 
out for different crack depths a. In particular, the normalized crack depth a/D was varied between 0.1 and 0.5, while 
the aspect ratio c/a was roughly included in the range from 1.0 to 2.5. Table 1 reports a summary of all structural FE 
analyses performed.  

The KI values along the crack tip were computed by taking advantage of the Peak Stress Method (Meneghetti and 
Lazzarin, 2007), which is an engineering FE-oriented method to rapidly estimate the SIFs on the basis of the singular, 
linear elastic, peak stresses calculated from coarse FE analyses. The mode I SIF was estimated according to PSM by 
applying the following expression (Meneghetti and Lazzarin, 2007): 

* 0.5
1 FE I,peakK K σ d                              (3) 

where d represents the so-called “global element size”, i.e. the average size of the FE elements adopted to generate a 
free mesh pattern; KFE

*  is a non-dimensional parameter, previously calibrated to take into account of: (i) element type 
and formulation, (ii) mesh pattern of finite elements and (iii) procedure to extrapolate stresses at FE nodes; while 
𝜎𝜎������  is the singular, linear elastic, opening peak stress component evaluated at the crack tip by a FE analysis 
according to the PSM (Meneghetti et al., 2018). All numerical models were analysed by using 3D, 10-node, 
tetrahedral, structural solid elements (SOLID187 of Ansys element library). The global element size was assumed 
equal to 1.5 mm, while close to the crack tip an element size of about 0.2 mm was obtained by applying a gradual 
mesh refinement. Such a refined FE mesh pattern was adopted to obtain a large number of KI values and, therefore, 
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to calculated accurately the KI distributions along the crack tip. It should be noted that significantly coarser FE meshes 
could have been adopted according to PSM. As an example, to estimate the KI distribution along the tip of the crack 
having minimum depth, i.e. a = 2.36 mm, the PSM would have required a mesh density ratio (a/d)min = 3 (valid for a 
crack analysed with 10-node tetra elements, as reported by Campagnolo et al., 2019), which corresponds to an element 
size at the crack tip of d = 2.36/3 ≈ 0.78 mm.  

 

Fig. 1. Geometry of single-edge semi-elliptical pre-cracked specimen (dimensions are in millimetres) 

Taking advantage of the XY and XZ symmetry planes only one-quarter of the specimen was modelled. Two 
different boundary conditions were simulated at the gripped sections. In the first case, the specimen gripped section 
was left free to translate and rotate so that machine grips were not simulated. Instead, in the second case, machine 
grips were simulated and all nodes belonging to the outer surface of the specimen gripped section were constrained to 
have fixed displacements in X and Z directions and the free displacement in the Y direction. 

 
                Table 1. Summary of the structural FE analyses carried out to derive the iso-KI crack propagation pattern 

a/D 
[-] 

D  
[mm] 

c/a 
[-] 

Boundary conditions 

0.1 23.6 1.0, 1.1, …, 1.5 Free, Simply supported 

0.2  1.0, 1.1, …, 2.0  

0.3  1.5, 1.6, …, 2.5  

0.4  1.5, 1.6, …, 2.5  

0.5  1.5, 1.6, …, 2.5  

 
To simulate the axial loading, a uniformly distributed pressure was applied at the specimen’s end, in order to 

generate a nominal stress of 1 MPa referred to the uncracked section having diameter of 23.6 mm (Fig. 1). 
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Fig. 2. 3D structural FE analyses to calculate the mode I SIF along the crack tip using the PSM. 

The results obtained by the 3D structural FE analyses are shown in Fig. 3, where SIF values are reported as a 
function of the normalized curvilinear coordinate (S in Fig. 2 or in Fig. 3) for different values of the normalized crack 
depth a/D, aspect ratio c/a and boundary conditions (‘Free’ on Fig. 3a. and ‘Simply Supported’ on Fig. 3b). Figure 3 
shows that the ‘Simply supported’ condition leads to even more reduced SIF values as compared to those relevant to 
‘Free’ condition, as the crack depth a/D increase, while SIF values are almost the same for both considered boundary 
conditions when small crack depth (a/D = 0.1) are analysed. 

 

 

Fig. 3. KI distributions derived by the PSM as a function of the normalized curvilinear coordinate, the aspect ratio c/a and the crack depth a/D. The 
KI profiles are reported according to a) ‘Free’ boundary conditions; b) ‘Simply supported’ boundary conditions. 
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to calculated accurately the KI distributions along the crack tip. It should be noted that significantly coarser FE meshes 
could have been adopted according to PSM. As an example, to estimate the KI distribution along the tip of the crack 
having minimum depth, i.e. a = 2.36 mm, the PSM would have required a mesh density ratio (a/d)min = 3 (valid for a 
crack analysed with 10-node tetra elements, as reported by Campagnolo et al., 2019), which corresponds to an element 
size at the crack tip of d = 2.36/3 ≈ 0.78 mm.  

 

Fig. 1. Geometry of single-edge semi-elliptical pre-cracked specimen (dimensions are in millimetres) 

Taking advantage of the XY and XZ symmetry planes only one-quarter of the specimen was modelled. Two 
different boundary conditions were simulated at the gripped sections. In the first case, the specimen gripped section 
was left free to translate and rotate so that machine grips were not simulated. Instead, in the second case, machine 
grips were simulated and all nodes belonging to the outer surface of the specimen gripped section were constrained to 
have fixed displacements in X and Z directions and the free displacement in the Y direction. 
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0.5  1.5, 1.6, …, 2.5  

 
To simulate the axial loading, a uniformly distributed pressure was applied at the specimen’s end, in order to 

generate a nominal stress of 1 MPa referred to the uncracked section having diameter of 23.6 mm (Fig. 1). 
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Fig. 2. 3D structural FE analyses to calculate the mode I SIF along the crack tip using the PSM. 
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shows that the ‘Simply supported’ condition leads to even more reduced SIF values as compared to those relevant to 
‘Free’ condition, as the crack depth a/D increase, while SIF values are almost the same for both considered boundary 
conditions when small crack depth (a/D = 0.1) are analysed. 

 

 

Fig. 3. KI distributions derived by the PSM as a function of the normalized curvilinear coordinate, the aspect ratio c/a and the crack depth a/D. The 
KI profiles are reported according to a) ‘Free’ boundary conditions; b) ‘Simply supported’ boundary conditions. 
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Moreover, for a given crack depth under both analysed boundary conditions, the SIFs profiles could assume higher 
values at the centre of the specimen (point A or S/Smax = 0) or at the surface of the specimen (point B or S/Smax = 
1) depending on the aspect ratio c/a. More in detail, for low values of c/a, i.e. for very curved-fronted crack, the SIF 
maximum value was located on the external cylindrical surface of the specimen (point B), while for high values of c/a 
the SIF maximum value was located on the symmetry plane, at the point A. By analysing this trend, it was possible to 
identify intermediate values of aspect ratio c/a that generated crack shapes such as to have a roughly constant SIF 
profile, therefore fulfilling the iso-KI criterion. 

By analysing the KI distributions derived by the PSM as a function of the normalized curvilinear coordinate 
reported in Fig. 3, the value of c/a corresponding to an iso-KI distribution was correlated to each considered crack 
depth a. This relationship is reported in Fig. 4. The aspect ratio c/a which guarantees an iso-KI crack profile was 
almost independent of the constraint condition applied to the specimens, i.e. ’Free’ or ‘Simply supported’. Moreover, 
a linear interpolation of the results seemed to be appropriate to describe the dependence of c/a on the normalized crack 
depth a/D, when an iso-KI crack profile was assumed.   

 

 

Fig. 4. Fatigue crack path according to iso-KI criterion applied to the cylindrical specimen of Fig. 1. 

 

2.2. Locations of current and potential probes  

As previously discussed, the DCPD calibration curves depend on three main parameters, i.e. the electrical 
resistivity, the electrical current and the geometrical factor. It has been previously observed that the latter depends 
only on the locations of both current and potential probes, for a given specimen geometry and crack shape.  

In the present paper, previous investigations performed in the literature dealing with flat specimens (Ritchie and 
co-authors, 1971, 1979, 1979) were extended to the cylindrical specimen shown in Fig. 1. To analyse the effects of 
the current and potential probe locations, the calibration curves were derived by means of 3D electrical FE analyses. 
All numerical analyses were performed using 3D, 10-node tetrahedral electric solid elements (SOLID232 of the Ansys 
element library). A global element size of 1.5 mm was adopted while an element size of about 0.7 mm was employed 
in the regions nearby the surface from which numerical results were extracted. Moreover, a mesh refinement leading 
to a local element size of about 0.3 mm was applied close to the crack plane. The current probe location was defined 
by the angular coordinate, θI, originating at the centre of the crack, and the axial coordinate, YI, i.e. the distance from 
the crack plane. Similarly, the potential probe location was defined by the angular coordinate θPD and axial distance 
YPD. Both current and potential probes were assumed to be symmetrically positioned with respect to the crack plane. 
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In order to investigate the effect of the current probe position on DCPD sensitivity in cylindrical specimens, four 
different current injection positions were considered.  

Firstly, a remote current input was modelled (Fig. 5). In this case, the current probes were located far from crack 
surface (YI = ∞) to generate a uniform distribution of the current density upstream and downstream of it. The second 
configuration was dedicated to analyse the effect of a local current input, the probes being located at the XY symmetry 
plane (θI = 0°) and at an axial distance from the crack plane YI = 11.5 mm (Fig. 6). 

 
 

 
 

Fig. 5. 3D electrical FE analyses for calibrating the potential drop method: remote current input (YI = ∞). 

 
 

 
 

Fig. 6. 3D electrical FE analyses for calibrating the potential drop method: local current input (YI = 11.5 mm, θI = 0°). 
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Moreover, for a given crack depth under both analysed boundary conditions, the SIFs profiles could assume higher 
values at the centre of the specimen (point A or S/Smax = 0) or at the surface of the specimen (point B or S/Smax = 
1) depending on the aspect ratio c/a. More in detail, for low values of c/a, i.e. for very curved-fronted crack, the SIF 
maximum value was located on the external cylindrical surface of the specimen (point B), while for high values of c/a 
the SIF maximum value was located on the symmetry plane, at the point A. By analysing this trend, it was possible to 
identify intermediate values of aspect ratio c/a that generated crack shapes such as to have a roughly constant SIF 
profile, therefore fulfilling the iso-KI criterion. 

By analysing the KI distributions derived by the PSM as a function of the normalized curvilinear coordinate 
reported in Fig. 3, the value of c/a corresponding to an iso-KI distribution was correlated to each considered crack 
depth a. This relationship is reported in Fig. 4. The aspect ratio c/a which guarantees an iso-KI crack profile was 
almost independent of the constraint condition applied to the specimens, i.e. ’Free’ or ‘Simply supported’. Moreover, 
a linear interpolation of the results seemed to be appropriate to describe the dependence of c/a on the normalized crack 
depth a/D, when an iso-KI crack profile was assumed.   

 

 

Fig. 4. Fatigue crack path according to iso-KI criterion applied to the cylindrical specimen of Fig. 1. 
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In order to investigate the effect of the current probe position on DCPD sensitivity in cylindrical specimens, four 
different current injection positions were considered.  

Firstly, a remote current input was modelled (Fig. 5). In this case, the current probes were located far from crack 
surface (YI = ∞) to generate a uniform distribution of the current density upstream and downstream of it. The second 
configuration was dedicated to analyse the effect of a local current input, the probes being located at the XY symmetry 
plane (θI = 0°) and at an axial distance from the crack plane YI = 11.5 mm (Fig. 6). 

 
 

 
 

Fig. 5. 3D electrical FE analyses for calibrating the potential drop method: remote current input (YI = ∞). 

 
 

 
 

Fig. 6. 3D electrical FE analyses for calibrating the potential drop method: local current input (YI = 11.5 mm, θI = 0°). 
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Finally, the last two configurations were designed to understand the effects of the axial distance (third configuration 
with YI = 4 mm and θI = 0°, Fig. 7) or angular position (fourth configuration with YI = 11.5 mm and θI = 50°, Fig. 8) 
of the current probes. Noteworthily, the configurations providing a local current input (second, third and fourth) were 
simulated by assuming that the current was injected through a cylindrical pin with a diameter of 3 mm, made of the 
same material of the specimen and without contact electrical resistance . In all cases, a constant direct current, I, of 50 
A was injected in the specimen. 
 

 
 

Fig. 7. 3D electrical FE analyses for calibrating the potential drop method: local current input (YI = 4 mm, θI = 0°). 

 

 
 

Fig. 8. 3D electrical FE analyses for calibrating the potential drop method: local current input (YI = 11.5 mm, θI = 50°). 
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To analyse the effect of the potential probes location in all previous current configurations, the outer cylindrical 
surface of the specimen was mapped to obtain the electrical potential drop at different positions all over it. More in 
detail, the axial coordinate of the potential probes was varied between 0.5 mm and 18 mm stepped by 0.5 mm and the 
angular coordinate between -180° and +180° stepped by 5°.  

Moreover, to reduce the computational effort, all geometries were modelled by considering the XZ anti-symmetry 
plane on the specimen net-section. Accordingly, a 0-V-electric-potential was imposed to all the nodes lying on the 
ligament section area. In addition, no electric contact was assumed between the cracked surfaces. All models except 
the one with current input located at 50° (see Fig. 8) were modelled taking advantage also of the XY symmetry plane.  

Afterwards, several FE analyses were performed by varying the crack depth, a, from 7 mm to 10 mm with step of  
0.1 mm. The semi-elliptical crack shape having an iso-KI profile was modelled in all FE analyses. Therefore, the crack 
path was mono-parametric, i.e. fully defined by the crack depth a, the aspect ratio c/a being reported in Fig. 4. The 
electrical potential VPD was computed from the FE analyses as a function of the crack depth a, the current injection 
conditions (YI, θI) and the position of the potential probes (YPD, θPD). Finally, the corresponding potential drop ΔVPD 
was obtained as ΔVPD = 2∙VPD. Table 2 report a summary of all electrical FE analyses performed. 

 

     Table 2. Summary of the electrical FE analyses carried out to derive the calibration curves of the potential drop method 
a  
[mm] 

D  
[mm] 

c/a 
[-] 

I  
[A] 

ρ at 20°C 
[Ωmm] 

YI  
[mm] 

θI  
[°] 

YPD  
[mm] 

θPD  
[°] 

7, 7.1, …, 10 23.6 iso-KIfrom Fig. 4 50 20∙10-5 ∞ 0 0.5, 1.0, …, 18 -180, -175, …, +180 

     11.5 0   

     4 0   

     11.5 50   

 
 
After having solved all FE models, the numerical results were post-processed to calculate the derivative of the 

potential drop with respect to the crack size (Eq. (2)), i.e. the DCPD sensitivity. To do so, the forward difference 
method was applied. 

Fig. 9 reports the DCPD sensitivity as a function of the potential probes position (YPD, θPD) with reference to two 
different crack size (a/D = 0.3 and 0.4) and the four considered current injection configurations.  

Dealing with the potential probe location, as shown in Fig. 9, independently from the position of the current probes, 
the maximum sensitivity occurred when the potential probe was located as close as possible to the crack plane (YPD 

→ 0) and at an angle slightly smaller than that corresponding to the crack tip lying on the outer cylindrical surface 
(θPD → θB or θB’). Accordingly, to keep the maximum sensitivity during fatigue crack growth, the potential probe 
should move to follow the crack tip propagating along the cylindrical surface of the specimen. Similarly, Ritchie et 
al. (1971), dealing with SEN and CT specimens, observed that locating the potential probes as close as possible to the 
crack tip would increase the DCPD sensitivity. Results presented in Fig. 9 also showed that, independently from the 
current injection mode, the sensitivity increased as the distance of the potential probe YPD decreased, provided that 
the angular position θPD is inside the range defined by the crack surface, that is within θB’ and θB. On the other hand, 
when the potential probe angle θPD was outside the range defined by the crack surface, i.e. between -180° and θB’ or 
between θB and +180°, the DCPD sensitivity decreased with decreasing the distance YPD. 

Concerning the current probe location, the DCPD sensitivity increased if the current was injected as close as 
possible to the crack tip lying on the outer cylindrical surface of the specimen (Fig. 9). This situation  could be reached 
by reducing the distance YI of the current probe from the crack plane (see in comparison Fig. 9a, i.e. remote current 
input, and Figs. 9b and 9c, i.e. local current input) and also by setting the angular position θI equal to θB or θB’, (see in 
comparison Fig. 9b and Fig. 9d), as previously observed for the potential probe. Finally, it should be noted that in the 
case of Fig. 9d, the distribution of electrical potential was non-symmetric, so that the DCPD sensitivity was maximum 
at the crack tip side where the current was injected (point B), while it was lower on the opposite side (point B’). 
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Finally, the last two configurations were designed to understand the effects of the axial distance (third configuration 
with YI = 4 mm and θI = 0°, Fig. 7) or angular position (fourth configuration with YI = 11.5 mm and θI = 50°, Fig. 8) 
of the current probes. Noteworthily, the configurations providing a local current input (second, third and fourth) were 
simulated by assuming that the current was injected through a cylindrical pin with a diameter of 3 mm, made of the 
same material of the specimen and without contact electrical resistance . In all cases, a constant direct current, I, of 50 
A was injected in the specimen. 
 

 
 

Fig. 7. 3D electrical FE analyses for calibrating the potential drop method: local current input (YI = 4 mm, θI = 0°). 

 

 
 

Fig. 8. 3D electrical FE analyses for calibrating the potential drop method: local current input (YI = 11.5 mm, θI = 50°). 
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To analyse the effect of the potential probes location in all previous current configurations, the outer cylindrical 
surface of the specimen was mapped to obtain the electrical potential drop at different positions all over it. More in 
detail, the axial coordinate of the potential probes was varied between 0.5 mm and 18 mm stepped by 0.5 mm and the 
angular coordinate between -180° and +180° stepped by 5°.  

Moreover, to reduce the computational effort, all geometries were modelled by considering the XZ anti-symmetry 
plane on the specimen net-section. Accordingly, a 0-V-electric-potential was imposed to all the nodes lying on the 
ligament section area. In addition, no electric contact was assumed between the cracked surfaces. All models except 
the one with current input located at 50° (see Fig. 8) were modelled taking advantage also of the XY symmetry plane.  

Afterwards, several FE analyses were performed by varying the crack depth, a, from 7 mm to 10 mm with step of  
0.1 mm. The semi-elliptical crack shape having an iso-KI profile was modelled in all FE analyses. Therefore, the crack 
path was mono-parametric, i.e. fully defined by the crack depth a, the aspect ratio c/a being reported in Fig. 4. The 
electrical potential VPD was computed from the FE analyses as a function of the crack depth a, the current injection 
conditions (YI, θI) and the position of the potential probes (YPD, θPD). Finally, the corresponding potential drop ΔVPD 
was obtained as ΔVPD = 2∙VPD. Table 2 report a summary of all electrical FE analyses performed. 

 

     Table 2. Summary of the electrical FE analyses carried out to derive the calibration curves of the potential drop method 
a  
[mm] 

D  
[mm] 

c/a 
[-] 

I  
[A] 

ρ at 20°C 
[Ωmm] 

YI  
[mm] 

θI  
[°] 

YPD  
[mm] 

θPD  
[°] 

7, 7.1, …, 10 23.6 iso-KIfrom Fig. 4 50 20∙10-5 ∞ 0 0.5, 1.0, …, 18 -180, -175, …, +180 

     11.5 0   

     4 0   

     11.5 50   

 
 
After having solved all FE models, the numerical results were post-processed to calculate the derivative of the 

potential drop with respect to the crack size (Eq. (2)), i.e. the DCPD sensitivity. To do so, the forward difference 
method was applied. 

Fig. 9 reports the DCPD sensitivity as a function of the potential probes position (YPD, θPD) with reference to two 
different crack size (a/D = 0.3 and 0.4) and the four considered current injection configurations.  

Dealing with the potential probe location, as shown in Fig. 9, independently from the position of the current probes, 
the maximum sensitivity occurred when the potential probe was located as close as possible to the crack plane (YPD 

→ 0) and at an angle slightly smaller than that corresponding to the crack tip lying on the outer cylindrical surface 
(θPD → θB or θB’). Accordingly, to keep the maximum sensitivity during fatigue crack growth, the potential probe 
should move to follow the crack tip propagating along the cylindrical surface of the specimen. Similarly, Ritchie et 
al. (1971), dealing with SEN and CT specimens, observed that locating the potential probes as close as possible to the 
crack tip would increase the DCPD sensitivity. Results presented in Fig. 9 also showed that, independently from the 
current injection mode, the sensitivity increased as the distance of the potential probe YPD decreased, provided that 
the angular position θPD is inside the range defined by the crack surface, that is within θB’ and θB. On the other hand, 
when the potential probe angle θPD was outside the range defined by the crack surface, i.e. between -180° and θB’ or 
between θB and +180°, the DCPD sensitivity decreased with decreasing the distance YPD. 

Concerning the current probe location, the DCPD sensitivity increased if the current was injected as close as 
possible to the crack tip lying on the outer cylindrical surface of the specimen (Fig. 9). This situation  could be reached 
by reducing the distance YI of the current probe from the crack plane (see in comparison Fig. 9a, i.e. remote current 
input, and Figs. 9b and 9c, i.e. local current input) and also by setting the angular position θI equal to θB or θB’, (see in 
comparison Fig. 9b and Fig. 9d), as previously observed for the potential probe. Finally, it should be noted that in the 
case of Fig. 9d, the distribution of electrical potential was non-symmetric, so that the DCPD sensitivity was maximum 
at the crack tip side where the current was injected (point B), while it was lower on the opposite side (point B’). 
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Fig. 9. Sensitivity of the DCPD calibration curves (dΔVPD/da) evaluated in all FE models as a function of PD probes position and for two different 
crack sizes: a) remote current input, YI = ∞ , b) local current input, YI = 11.5 mm and θI = 0°, c) local current input, YI = 4 mm and  
θI = 0°, d) local current input, YI = 11.5 mm and θI = 50°. Black zones in the graphs correspond to the location of the current probe. 
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Obviously, the in-field applications of the DCPD method during fatigue testing requires that the locations of both 
current and potential probes are kept fixed. Accordingly, the potential probes should be located in a region which 
allows to increase the DCPD sensitivity, but also, as suggested by Ritchie and Aronson (1979), in a region which 
provides a calibration curve almost insensitive to small error in probes positioning. In CT and SEN specimens, such 
region was identified by Richie et al (1971) as close to the notch mouth as possible, since locating the potential probes 
close to the crack tip could lead to large measuring errors. Dealing with the considered cylindrical specimen (Fig. 1), 
a good compromise could be obtained by minimizing the axial distance YPD and setting θPD = 0°. In this work, a 
minimum axial distance YPD of 0.5 mm was considered, which is compatible with the typical size of the potential 
probes. By considering YPD = 0.5 mm and θPD = 0°, the calibration curves relevant to the four considered current 
injection configurations, are reported in Fig. 10. The potential drop is seen on the order of hundreds to thousands of 
microvolt, when the crack depth is in the range 7 – 10 mm; therefore it is well measurable by adopting a proper 
experimental DCPD device (Fig. 10). For comparison, the calibration curves relevant to a potential probe located close 
to the crack tip of the pre-crack (a/D = 0.3, see Fig. 1), i.e. at YPD = 0.5 mm and θPD = 50°, is reported in Fig. 11. Once 
again, the potential drop was on the order of hundreds of microvolt and it increased by injecting the current as close 
as possible to the crack tip where the potential probe was located. Noteworthily, a local current input very close to the 
crack plane, such as case C in Fig. 10 and 11, although it increases sensitivity, on the other hand it might become very 
critical. In fact, the potential drop measurement would become strongly affected by the local current density field 
which is difficult to simulate owing to unpredictable, though small, variations of the contact resistance or uncontrolled 
positioning errors of the current probes in their seat. 

At last, by comparing Figs. 10 and 11, it can be observed that locating the potential probe at θPD = 50° provides an 
higher sensitivity as compared to that of the potential probe at θPD = 0°, indeed at θPD = 50° the sensitivity was on the 
order of 60-210 μV/mm, while at θPD = 0° was in the range 40-80 μV/mm. 

 
 

 

Fig. 10. Comparison between calibration curves obtained from different current probes locations and potential probes located at YPD = 0.5 mm and 
θPD = 0°: a) calibration curves; b) sensitivity curves, i.e. derivative of the calibration curves. 
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Fig. 11. Comparison between calibration curves obtained from different current probes locations and potential probes located at YPD = 0.5 mm 
and θPD = 50°: a) calibration curves; b) sensitivity curves, i.e. derivative of the calibration curves. 

2.3. Resistivity: temperature compensation 

The material electrical resistivity could change due to temperature variation of the environment, caused by plastic 
strain energy dissipation or heat dissipation from the fatigue testing machine. A normalization of the potential drop 
signal is required to compensate temperature effects. This normalization can be achieved by using the dual channel 
DPCD technique. Accordingly, the potential drop active channel ΔVPD, measured across the crack as seen in section 
2.2, is compared to a reference channel ΔVT, measured on the same specimen. As reported by Doremus et al. (2015), 
this technique can be adopted provided that the temperature is uniform within the specimen. Two configurations are 
available: (i) a four-probe dual channel technique (Fig. 12b) as suggested by (Van Minnebruggen et al., 2017), (ii) a 
three-probe dual channel system (Fig. 12c), in which the reference channel is measured between one probe of the 
active potential channel and a third probe located on the specimen. 

 

 

Fig. 12. Different DCPD configuration: a) single channel DCPD setup without in-situ temperature compensation; b) four-probe dual channel DCPD 
setup and c) three-probe dual channel configuration with in-situ temperature compensation. 

From a theoretically point of view, the location of the third probe for temperature compensation can be anywhere 
on the specimen. For simplicity, in this work the third probe was aligned with the potential probes, i.e. at the same 
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angular position (θT = θPD), and its axial location YT was chosen to be equal to 5 mm. By doing so, the third pin was 
far enough from the current probe to avoid possible influences of the local current distribution close to the contact 
region between the current probe and the specimen surface. Moreover, it was far enough also from the active channel 
probe in order to have a measurable potential drop signal and also a reduced sensitivity to positioning errors.  

Taking advantage of previous electric FE analyses, the reference potential drop ΔVT was calculated as the 
difference between the electrical potential measured at YPD = 5 mm (VPD,5mm) and the one measured at YPD = 0.5 mm 
(VPD,0.5mm) so that ΔVT = VPD,5mm - VPD,0.5mm. The reference potential drop ΔVT as a function of the crack depth a is 
reported in Fig. 13, where only the case of potential probes located at θPD = θT = 50° for all considered positions of 
the current probes is reported for sake of brevity. On Fig. 13a, calibration curves relevant to the active channel ΔVPD 
and the reference channel ΔVT are reported. It is worth noting that both potential drop values are affected by the 
material electrical resistivity, i.e. by temperature changes, and by the value of the injected current. However, the ratio 
between these values, ΔVPD/ΔVT, provides the normalized calibration curves shown on Fig. 13b, which depended only 
on the specimen geometry, the crack shape and the current and potential probe locations. 

 
 

 

Fig. 13. Normalized calibration curves obtained from different current injection configurations and potential drop probes located at YPD = 0.5 mm 
and θPD = 50°: a) calibration curves relative to the active channel (ΔVPD) and the reference channel (ΔVT); b) normalized calibration curves 
(ΔVPD/ΔVT). 

Conclusions 

A numerical investigation on the calibration of the DCPD method for crack growth monitoring in fatigue tests of 
round bars, made of carbon steel and weakened by a single-edge semi-elliptical pre-crack was performed. 

The crack shape was supposed semi-elliptical and the corresponding crack pattern was assumed to guarantee an 
iso-KI crack tip profile. Accordingly, the iso-KI crack shape was derived by means of 3D structural FE analyses 
performed varying the normalized crack depth a/D and the aspect ratio c/a. The mode I SIF values were computed by 
applying the PSM to FE models where the effect of machine grip was modelled as either simply supported or absent. 
It was shown that the crack pattern is almost insensitive to the applied boundary conditions.  
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The calibration curves for the application of the DCPD method to the considered specimen geometry were 
calculated by means of 3D electrical FE analyses by assuming the iso-KI crack shape determined by means of the 
structural FE analyses. The performed electrical FE models analysed the effects of the potential and the current probe 
location on the calibration curve. In agreement with the published literature relevant to SEN and CT specimens, it was 
shown that the maximum sensitivity is achieved not only by injecting the current, but also by measuring the potential 
drop as close to crack tip as possible.  

Finally, the effect of temperature on the calibration curves was discussed; as a result, a three-probe dual channel 
normalization technique was proposed to compensate the effects of temperature variations during the fatigue test. 
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