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Abstract

Standardized tests may not always achieve all their analytical objectives. Particularly to structural integrity, where 
a reproduction of the practical occurrences of the industry is desired, new techniques are being developed. Therefore, this 
work aims at evaluating fracture toughness in tensile armour through four measurement methodologies (standard, video, 
laser and stretch zone (SZ)) to obtain crack tip opening displacement (CTOD), and compares their responses by ANOVA 
and Duncan’s tests. The findings showed equivalence between the standard and other approaches, thus allowing distinct 
methods for fracture toughness evaluation.
Keywords: Fracture toughness; Crack tip opening displacement; Tensile armour wire; Statistical analysis.

1 Introduction

Methodologies for determination of critical 
or initial crack size are used to offer reliable data for 
structural integrity projects. In this context, a standard 
technique enables a comparison of the methods adopted 
worldwide. However, standards might not achieve results 
that correspond faithfully to the real fracture toughness 
characteristics. Due to those difficulties, authors suggest 
the application of non-standardized methods for obtaining 
fracture toughness of ductile materials; avoiding numerical 
simulation, do not depending on the specimen geometry, 
and could be applied on metallic structures containing 
a defect [1-3].

Among the existing methods for fracture toughness 
investigation, the method for obtaining δ5, developed by 
Schwalbe, is a technique for CTOD measurement where the 
values are given by lateral measurements on the specimens, 
starting from two distinct points 2.5 mm perpendicularly 
from the tip of the fatigue precrack. Indentations are 
performed on one lateral surface of the specimen, and a 
micro-hardness durometer is used to indicate the fixation 
position of the clip-gage at the beginning of the test [1,4]. 
The advantages of this method imply that the measurements 
are performed directly at the crack tip, without the need for 
further calculations or mathematical modelling. Besides, the 
method allows the application of any specimen geometry 
or structure that contains a crack. Moreover, both R-curves 
and fracture toughness values can be obtained concerning 
critical and initiation stages of crack growth [5].

As an alternative to the methods for obtaining fracture 
toughness, especially when the material has high plasticity 
at the crack tip, it was proposed to evaluate the critical crack 
size length by the blunting line field. These methodologies 
(based on the fracture surface measurement) are independent 
of geometric factors and only consider the loading mode [6].

The crack initiation on ductile materials is characterized 
by the presence of a zone in which it is possible to observe 
the stretching of microvoids at the fracture surface. This 
effect is due to the crack tip blunting process, where through 
a pre-existent crack (precrack), the material is submitted to 
a critical strain, promoting microvoids above the crack tip, 
which coalescence causes the crack opening and starting an 
unstable crack growth [3,7].

The band created by the crack tip blunting is named 
as Stretch Zone (SZ) that is measured through Scanning 
Electron Microscope (SEM). Studies showed that CTOD 
values obtained through SZ measurements are inferior to 
the Schwalbe and the standardized methods, demonstrating 
that the remote techniques do not correspond devotedly to 
the real events, although providing good response and being 
essential procedures to practical approaches in structural 
integrity assessment tip [2,8].

The current study aims at evaluating different CTOD 
techniques for fracture toughness in a tensile armour wire. 
Moreover, through statistical analysis, this work compares 
the fracture toughness values by the novel methodologies 
with the outcomes provided by ASTM E1820 standard [9].
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between the retroreflective tapes in each specimen. Later, 
the data were combined with the values of the load cell for 
defining the initial and the maximum loading to determine 
the δ5 of each specimen [12].

Video data were acquired by a Canon® camera 
(PowerShot SX530 HS) with 16.0 Megapixels. These images 
were scanned through the software Tracker® and related to 
the load cell to define the initial and the maximum loading 
for obtaining their correspondent frames. Figure 2 illustrates 
the software interface, where the arrows indicate the region 
of interest. The initial and final frames were examined over 
luminance vs pixel charts, in which the beginning of the tapes 
is marked as a luminance peak and the end as a luminance 
valley. Further, differences in the internal distance between 
both retroreflective tapes (at the beginning and the ending 
of the test) represent the δ5 values.

The fracture toughness three-point bend tests were 
performed with 1 mm/min displacement rate. After reaching 
the maximum load by quasi-static bending, the specimens 
were submitted to a post fatigue procedure for surface 
investigation. Precrack measurement was done by an Insize 
projector (ISP-Z3015 model).

For the SZ length, the fracture surfaces were evaluated 
by a Shimadzu SEM (SSX-550 model). Measurements were 
done in the central region of each specimen, being one with 
a 0° slope (t) and other with a 45° slope (w) of each surface. 
Furthermore, the CTOD can be obtained by Equation 1 [6].

  2.(t. 2  - w)δ=  	 (1)

Each value (t or w) was determined by a mean of 
fifteen equidistant points in the fracture surface (selected by 
image analysis (ImageJ®)), as the mean measurement was 
taken and considering the slope angle for obtaining t and 
w of each specimen. In this way, CTOD can be determined 
by SZ measurements.

Analysis of variance (ANOVA) was carried out to 
verify the homogeneity between mean results and to perform 
Duncan’s multiple range tests, in the case of non-homogenous 
mean values. The Duncan’s q-values were compared with the 
contrasts in a decreasing way, i.e., if the first tested contrast 
had a value lower than Duncan’s indices, the next would have 
a lower value, making the next step unnecessary; moving to 
the next one with less mean values to be evaluated [13,14].

3 Results and discussion

3.1 Tensile tests

Table 2 presents the mechanical properties of the 
material investigated. The yield strength was determined, 
considering a 0.2% strain offset. It is observed that the low 

2 Materials and methods

The tensile armour is a fundamental part of flexible 
risers, which are pipes projected to suppress dynamics 
efforts in the oil and gas exploitation. In this context, flexible 
risers may have to support static loading, either for tensile 
and flexion modes. The armours are made by high-strength 
carbon steel helically arranged, with chemical composition 
given in Table 1 [10].

To determine the materials’ mechanical properties, 
which are used to calculate the CTOD through ASTM E1820 
standard, three subsize specimens were machined in the 
longitudinal direction of the wire. Specimen geometry was 
chosen as suggested by ASTM E8/E8M standard [11]. The 
tensile tests were performed in an MTS servo-hydraulic test 
machine at room temperature, with 1 mm/min displacement rate.

Towards to CTOD test, five specimens were obtained, 
being them machined by wire Electrical Discharge Machining 
(EDM) with dimensions as per ASTM E1820 standard (SE(B) 
type specimen). The specimens and their dimensions are 
presented in Figure 1, considering the geometric limitations 
of the studied material [9].

The CTOD samples were submitted to fatigue 
precracking. Afterwards, they received two marks, on 
both lateral surfaces, with 5 mm distance between them 
and equidistant to the precrack tip. These marks were used 
for the retroreflective tape fixation, which delimited the 
initial location distance for the laser interferometry and 
the video analysis. The elongation of the marks was used 
as an adaptation of the Schwalbe method. The MTS laser 
extensometer (LX500) was positioned at 378 mm, regarding 
the focal distance of the equipment, with 45° to the lateral 
surface, avoiding the total reflection of the emitted laser to 
the equipment receptor. The distance difference was acquired 

Table 1. Tensile armour wire chemical composition (% weight)
Element C Mn S P Si Fe Other
Content 0.716 0.791 0.00260 0.0120 0.194 98.1845 0.0999

Figure 1. CTOD sample: (a) machined (b) dimensions (in mm).
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amount of elongation implies in a predominance of a plane 
strain state, which indicates that this material is expected 
to have a low CTOD value. Besides, the armour’s core and 
surface present similar results, which allows a comparison 
between the results obtained via core (SZ and standard) and 
surface (δ5 and video) measurements [15].

3.2 CTOD tests

Figure 3 presents the results for all the methodologies, 
and Table 3 displays their individual CTOD values, including 
each standard deviation.

As can be verified in Table 3, the material has not 
large plasticity at the crack tip due to its lower CTOD 
(standard), and there is a small variation between its findings, 
which is predicted due to the reproducibility provided by 
its standardization. However, the standard deviation was 
higher to laser and SZ methods (ranges were 0.032 mm 
and 0.037 mm, respectively) which shows their lower 
precision [16,17].

3.2.1 Laser

From the data analysis, the force can be related to the 
displacement between the retroreflective tapes, generating 
curves where the limited plastic region can be observed, 

Figure 2. Tracker® interface.

Table 2. Mechanical properties of tensile armour wire studied

Specimen Yield Strength  
(MPa)

Ultimate Tensile Strength 
(MPa)

Elongation  
(%)

1 1045 1252 14.53
2 1048 1253 15.42
3 1052 1251 14.74

Mean 1049 1252 14.90

Figure 3. CTOD results.
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which was necessary to obtain a valid CTOD, evidenced 
by the beginning of a non-linear region on the curve, which 
appears as the lateral crack opening occurs [18,19]. Thus, 
as can be seen in Figure 3 (laser results) and illustrated by 
the standard deviation (Table 3), there was a considerable 
variation between these findings. In fact, this disparity is 
mainly between the 2 and 5 samples, and to the others, it could 
be attributed to a lousy fixation of the retroreflective tapes.

3.2.2 Video analysis

In Figure 4, the luminance vs distance is presented 
as an example, indicating the position of the retroreflective 
tapes as the region where the crack becomes apparent. 
Therefore, it was observed that the crack was appearing by 
the sudden rising in the luminance values when related to 
the beginning and the ending of the test. This luminance 
alteration is due to the stress field formed at the crack tip, 
generating local plastic strains, which are noted by the 
specimen surface inflexion, i.e., shifting the angle between 
the normal lateral surface and the crack tip. Thus, this angle 
shifting affects light incidence and reflection over the crack 
tip, thus causing changes in the luminance.

3.2.3 Stretch zone

Table 4 displays the Stretch Zone (SZ) measurements. 
The 45° slope (t) results are slightly superior to that of the 0° 
slope (w), and this fact indicates low plasticity at the crack 
tip, since the crack radius increases when the relation t/w 
increases, i. e., when the crack blunting occurs, the crack 
radius is a function of the strain accommodation in this 
region [7,20].

As can be seen in Figure 5, the SEM images present 
red lines marking the beginning and ending regions, while 
the arrows indicate the crack propagation direction. It is 

noticed that the SZ findings are lower than the other methods 
(Table 3), this evidences the difference between the CTOD 
through indirect techniques in comparison to what occurs 
at the crack blunting, which is the expected moment to the 
material reach the maximum CTOD [9,19]. The region 
selected was in the centre of the crack field, thus avoiding 
locations where the SZ visibility is not clear (as voids or 
delamination spots). In addition, the SZ is continuous and 
homogenous in the entire fracture surface for monotonic 
loading [8,21].

3.3 Statistical analysis

By ANOVA analysis, it was found that F > FCrit. at 
a 95% confidence level, as shown in Table 5. This result 
characterizes that the sample means are not homogenous 
among them, indicating that the CTOD results calculated 
through different methodologies are not statistically 
equivalent. Therefore, it became necessary to turn deeper 

Table 3. Individual CTOD results (in mm)
Method 1 2 3 4 5 Mean ± standard deviation

Standard 0.061 0.062 0.059 0.052 0.068 0.060 ± 0.006
Laser 0.069 0.094 0.064 0.062 0.078 0.073 ± 0.013
Video 0.072 0.073 0.071 0.072 0.069 0.071 ± 0.002

SZ 0.030 0.067 0.057 0.046 0.040 0.048 ± 0.014

Table 4. Stretch Zone average measurements results
Specimen 1 2 3 4 5 Mean

tm (μm) 39.57 51.53 41.69 29.57 30.05 -
wm (μm) 38.72 39.54 30.63 18.75 22.50 -
δSN (mm) 0.030 0.067 0.057 0.046 0.040 0.048

Figure 4. Example of a result obtained via video analysis.

Table 5. ANOVA analysis

Source of variation S.S. D.F. Q.M. P-value F FCrit.

Method 0.002051 3 0.000684 0.00415 6.589861 3.238872
Error 0.00166 16 0.000104
Total 0.00371 19
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into the statistical analysis to investigate which average 
results were heterogeneous [22].

Consequently, it was chosen Duncan’s test, also 
at a 95% confidence level, in order to group the sample 
means. The mean values were organized in a decreasing 
mode, which corresponds to the following order: laser, 
video, standard and stretch zone. Finally, in Duncan’s 
test, the sample means can be divided into two groups, as 
presented in Figure 6.

Although results were not homogenous [14,22], all 
methods were equivalent to the standard, which holds both 
groups. Therefore, it proves the validity of the techniques 

Figure 5. SEM images (a) 0° slope; (b) 45° slope.

Figure 6. Grouping methods after Duncan’s test.

and justifies an alternation among them to determine CTOD 
values.

4 Conclusions

This study presented novel methodologies for fracture 
toughness by CTOD tests in a tensile wire armour, including 
the luminance for estimating the CTOD value, which could 
be applied to obtain characteristics of the strain fields around 
the cracks. In this context, laser, video, standard and SZ 
methods were compared among them, resulting in mean 
values of 0.073 mm, 0.071 mm, 0.060 mm e 0.048 mm, 
respectively. The CTOD values in the SZ were lower than 
the others, indicating that the techniques for surface sizing 
and standard did not correspond precisely to the events 
that occur at the crack tip, notwithstanding providing good 
approximations. Still, the SZ and the laser techniques were 
found to be less precise. In ANOVA and Duncan’s analysis, 
it was verified suitability between the innovative techniques 
and standard. Finally, video was the most accurate method, 
which suggests its applicability to replace the standard and 
to provide reliable results.
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