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Abstract

The paper presents an innovative approach for the damage assessment of ductile cast irons by
using a probabilistic-based methodology. The study is based on the experimental results of
acoustic emissions tests performed on pearlitic ductile cast irons subjected to both monotonic
and fatigue tensile loading. The information entropy of the acoustic emissions data is
confirmed to be well correlated to both the damage progress and the occurrence of the
incipient failure. Robust failure criteria are finally provided for real-time assessment in

structural health monitoring applications.
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1. Introduction

Structural health monitoring (SHM) of critical structures,
such as bridges, pipelines, and power industry facilities,
represents an issue of great interest [1,2]. The deterioration of
the structural integrity of such systems affects both public
safety and the international economy. Metallic fracture-
critical structures are typically subjected to repeated loading
within aggressive environmental conditions, and the
monitoring of their state of health is critical for retaining their
performance [3,4]. Ductile cast irons (DCI) were developed in
the 40s, and they are widely used in civil, mechanical, and
industrial engineering applications, such as pipelines, wind
turbines, machinery and automotive components. The
microstructure of DCIs consists of graphite nodules (or
spheroids) that are embedded within an iron matrix. Both the
stiffness and strength of DCIs mainly depend on the matrix,
which gives the name to the DCI (e.qg., ferritic or pearlitic DCI)
[5]. The damage mechanisms typically initiate within the
nodules (or at their interfaces with the matrix) at early stages

of the stress-strain behaviour of the material, e.g., far below
the yielding condition [6,7]. Recent studies [8,9] proved that
DCIs might exhibit a linear response even though permanent
damage is occurring within their microstructure. This
peculiarity makes the damage assessment of this material
more challenging.

The rapid energy releases associated with damage
occurring in solids typically produces elastic waves, which are
classified as acoustic emissions (AEs) for their typical
frequency content. AEs are typically detected by special
sensors attached to the structural elements; the recorded AE
signals contain information about the occurring damage.
Several studies demonstrate that the assessment of the features
of the AE waves allows identifying damage in different
structures and under various loading conditions [10-15]. A
schematic acoustic waveform with highlighted hit-driven AE
features is shown in Figure 1 [16].

The main hit-driven AE features (Figure 1) are defined for
a single AE hit. In particular, AE hits are identified when the



waveform amplitude exceeds a given threshold, and the AE
features can be defined accordingly.

1.1 Literature review

Several studies proved that AE testing can be reliable for
the assessment of fracture and fatigue phenomena in metals
[12,14,15,17,18]. The damage assessment of DCls by means
of AE technique can be quite challenging due to the complex
microstructure of the material [5,9], the chaotic nature of the
acoustic phenomena [19,20], and the noise-disturbance
typically affecting the data detection [16,21]. Only few studies
investigated this problem. Carpenter and Zhu [22] correlated
the compressive behaviour of ferritic DCIs to the AE activity.
Shen et al. [23] performed AE tests on a variety of grey cast
irons; they found the typical frequency content ranges of the
acoustic activity as well as they defined the threshold values
of the main AE features associated with fracture. Sjégren and
Svensson [24] investigated the damage occurring in pearlitic
DCls, proving that acoustic activity is associated with damage
initiation and propagation. Kietov et al. [25] defined a
correlation between the AE features and the fracture area, as
well as they [26] proved that plastic response generates
significant AE activity. Those past studies demonstrated the
possibility to detect the damage in DClIs by the AE testing.
However, they did not define quantitative damage correlations
that are suitable for real-time SHM purposes.

The chaotic nature of the acoustic phenomena associated
with structural damage/degradation has been recently
addressed in the literature by the evaluation of the information
entropy of the AE data, namely the AE entropy. The classical
formulation of the information entropy was developed by the
seminal work of Shannon [27]. The mere generation of the
acoustic activity already reflects the microstructural disorder
[28], and this explains the reason why the evaluation of the AE
entropy has shown so much potential for structural damage
assessment [20,29-31]. The application of this methodology
to the context of the AE testing of metallic structures is quite
recent, but the related literature is rapidly growing. AE
entropy can be correlated to damage more efficiently than the
basic AE features [32]. Acoustic entropy potentially has a
clear trend along with the damage evolution, and the main
features were found to be not mainly depending on the specific
material/application [20,30,31]. A relative (or conditional)
measure of AE entropy was also developed by applying the
Kullback-Leibler divergence [33]. Relative AE entropy
describes how the probability distribution of current and
previous AE data differ, and it can also be considered as a
current-to-previous conditional entropy measure [20].
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Figure 1. Schematic AE waveform, AE hit, and main
related AE features (hit-driven data) [16].

Both entropy formulations were recently assessed for SHM
purposes [8,17,34], and some qualitative findings were
identified. However, the potential of the methodology is still
far to be fully achieved. Furthermore, such an approach has
never been applied for the assessment of DCls.

1.2 Motivations, scope, and significance

DCls exhibit significant microstructural —damage
corresponding to levels of stress that are lower than the elastic
limit [8,9]. This is due to the microdamage mechanisms
affecting the nodules as well as their interfaces with the
matrix. The microstructural damage releases stress energy,
and it generates elastic waves that carry information about the
ongoing damage. The detection/analysis of the AE signals
allows assessing the damage in such complex materials, while
traditional monitoring approaches do not allow such an
efficient characterisation since they are based on macroscopic
features. Moreover, such an approach permits real-time
assessment, and it can be implemented in SHM processes.

The paper presents AE tests on pearlitic DCIs under various
fatigue loading conditions. The information entropy of the AE
data was correlated to both damage initiation and
development. The performance-based assessment approach
typically used in structural engineering [35,36] is extended to
the presented tests and to previously performed tests [8,9].
Robust criteria are finally defined for real-time health
monitoring of DCI structures under various loading
conditions.

The study enhances the experimental damage assessment
of DCls. The damage assessment was improved by providing
() reliable AE testing methods/arrangement (b) extended
literature database, (c) innovative data analysis approaches for
SHM based on performance-based assessment, and (d)
quantitative failure criteria, which will be suitable for real-
time SHM applications.



2. Methodology

Tensile tests were carried out on DCIs under cyclic loading.
AE testing was performed according to the parameter-based
approach [37]. The approach is widely used for real-time SHM
purposes since a relatively reduced amount of data has to be
stored, and the data analysis can be performed remotely in
real-time. Moreover, several applications proved the
reliability of the approach and supplied guidance on testing
and analysis techniques.

The AE data were preliminarily assessed by considering the
traditional analysis techniques, e.g., historical plots and
correlation analysis (e.g., [9,12,13,21]). However, such basic
approaches are usually not capable of identifying the damage
since they are affected by noise disturbance. The analysis of
the AE signals was performed by evaluating the entropy of the
AE data, according to Shannon [27] and Kullback—Leibler
[33] formulations. Even though such an approach has been
applied in few past studies [30,31,34], the AE entropy has
never been applied to the case of DClIs under fatigue loading.
The study used the AE testing technique to assess a complex
material with an innovative testing arrangement. Moreover,
the investigated damage is related to the micromechanisms,
which are occurring at a low level of stresses. A performance-
based approach (PBA) was applied to assess the experimental
data, according to the typical approaches used in structural and
earthquake engineering [35,36]. The statistical-based
assessment (fragility curves) can take into account the
uncertainty associated with the loading/testing conditions.

2.1 Material and specimens

Microtensile specimens made of a fully pearlitic DCI
(EN GJS700-2) were tested. Pearlitic DCls have been less
investigated than other types of irons such as ferritic DClIs,
although they are widely used in several engineering
applications because of their high strength and moderate
ductility [5]. The chemical composition of the material is
reported in Table 1, and the geometry of the specimens is
shown in Figure 2. Microtensile are among the simplest
specimens for tensile testing. They have the potential to
provide uniaxial stress-strain data that is representative of
macroscopic behaviour. Their small dimension allows
performing SEM analysis, even under in situ conditions (e.g.,
[5,9]). These specimens are widely used in the literature to
assess DCls (e.g., [5,6,9,38]).

The material has a nodularity larger than 85 % with a
nodular volume fraction ranging within 9 — 10 %. The
microtensile specimens were obtained by a cylindrical billet
having a diameter equal to 80 mm. The nominal tensile
strength oy, of the material was 700 MPa.

2.2 Experimental set-up

Cyclic tensile tests were performed by means of a rotating
motor. The specimen strain was controlled by a linear variable
differential transformer (LVDT), whereas two miniature load
cells estimated the applied load. Scanning electron
microscopy (SEM) analysis of the specimen lateral surfaces
was performed after the failure of the specimens was reached.
In particular, 15 nodules were selected for each specimen in
the vicinity of the fracture surface.

The testing machine consisted of a tensile holder (Figure
3.a) that included the housing of the specimen and the loading
cells. The tensile holder was connected to the rotating motor
and the differential transformer, as it is depicted in Figure 3.b.
The whole tensile testing machine was designed and patented
by lacoviello et al. [39], and it was used in several other
studies (e.g., [5,6,8,9]). AE testing was performed by means
of two inter-connected 1283 USB AE Node systems and two
pre-amplified ultra-low noise sensors (PK15l).

The Node system has the full capacities of a last-generation
multichannel system, but it is portable and allows a more
versatile use (e.g., field monitoring). PK15l sensor has a
frequency response ranging within 100 — 450 kHz, with peak
resonance at 150 kHz.

Figure 3. Testing equipment (a) tensile holder,
(b) whole tensile system, and (c) testing set-up
including the sensors [5,9].



Table 1. Chemical composition in wt% for fully pearlitic DCI (EN GJS700-2).

C Si Mn S P Cu Mo Ni Cr Mg Sn

3.59 2.65 0.19 0.012 0.028 0.004 0.004 0.029 0.061 0.060 0.098
Table 2. Testing procedure.

Omax Omin R strain rate

test 1D [MPa] [MPa] [ [s7]

Cl 200,300,400,500,600,700 100 0.5,0.33,0.33,0.25,0.17,0.14

C2 700 350 0.5 0.1

C3 700 70 0.1

The sensor features allowed to neglect the low frequencies
(e.g., lower than 50 kHz), which are typical of noise and
disturbance (e.g., [40]); the frequency resonance covered the
typical frequencies of sensitivity associated with the tested
material (e.g., [25]). The software 4Ewin™ was used to store
and process the AEs [41]. The whole testing arrangement is
shown in Figure 3.c.

Sensor 1 was located close to the specimen, whereas sensor
2 was located on the supporting base of the tensile machine.
Location of sensor 1 was aimed at maximising the detection
of genuine acoustic activity, whereas sensor 2 was primarily
intended to detect the noise disturbance due to the support
vibrations.

This arrangement was derived from a previous study
performed by the authors on monotonic testing [9], in which
it was proven that sensor 1 detected genuine damage signals,
whereas sensor 2 was associated with vibration and noise
disturbance. Sensor 2 was used to cover two essential aspects:
(@) checking whether the acoustic features related to the
monotonic response [9] were also consistent during the cyclic
tests, and (b) producing new data to perform a further study
aimed at the quantitative characterisation of the noise features.

Both sensors were coupled to the supports by means of a
thin layer of silicone glue (Loctite 595).

The optimum AE testing parameters were defined
according to mock tests as well as by considering literature
applications [9,12,29,40]. The amplitude threshold was set
equal to 45 dB, and the peak definition time (PDT), the hit
definition time (HDT), and the hit lockout time (HLT) were
set equal to 200, 800, and 1000 ps, respectively

2.3 Experimental procedure

Three specimens were tested under cyclic loading. Some
past studies tested the same number of specimens with similar
applications (e.g., [9.37]). In particular, the final testing
parameters were selected according to the results of
preliminary mock tests performed on various DCIs by also
using alternative testing arrangements. Those mock tests were
also performed considering the same material/testing

condition as in the final tests, and their results were consistent
with the definite test ones.

Three loading procedures were considered, according to
Table 2. The tests had different loading program to assess the
variability of the loading conditions.

Test C1 had incremental maximum cyclic stress omax
increasing from 200 to 700 MPa through increments of 100
MPa and fixed minimum cyclic stress omin equal to 100 MPa
(R = omax/ omin = 0.5, 0.33, 0.25, 0.17, 0.14). Test C2 had
constant omax equal to 700 MPa and omin equal to 350 MPa
(R =0.5), whereas test C3 had constant omax equal to 700 MPa
and omin equal to 70 MPa (R = 0.1). Test C1 was related to R
decreasing from 0.50 to 0.14, whereas tests C2 and C3
approximately covered the limits of this range.

The tests were performed under strain control, with a strain
rate set equal to 0.1 s for all fatigue tests. This rate is
relatively fast for static tests (e.g., [42]), and it was chosen to
investigate the response of the material for relatively quick
strain variations.

2.4 AE entropy evaluation

Shannon and Kullback—Leibler AE entropies (Se and Sg)
are defined in Equations 1 and 2, respectively, where pi defines
the probability mass distribution vector related to the i" AE hit
(or equivalently i time instant in which AE activity is
detected). The empirical (or experimental) probability mass
distribution vector is reported in Equation 3, where n; and > n;
are counts and cumulative counts, respectively, related to the
ki AE hit.

N
S =~ ) pilog(p) ®
i=1
N
p.
Sgr = Se(pilpi-1) = _Z pilog, < 1 ) 2
— Pi-1
i=1
e T A
pi - {Zni 'Zni ’ ""Zni} (3)



2.5 Performance-based assessment

The AE entropies associated with the incipient failure
condition were processed according to the PBA: the fragility
assessment. This application aims at producing robust damage
criteria for SHM. Fragility evaluation is an advanced
methodology for the assessment of engineering systems
affected by uncertainty concerning their capacity/demand
[35,36].

Fragility is traditionally defined as the probability that a
damage state (DS) is reached given a particular engineering
demand parameter (EDP) value.

EDPs are quantities associated with the structural response
of a system that are correlated to DSs. Such an approach is
included within the traditional framework of the performance-
based earthquake and structural engineering [35,36]. EDPs are
usually defined by guidelines [43] and past research studies
[44,45]. For instance, structural elements such as reinforced
concrete columns are sensitive to both element chord rotation
and inter-storey drift ratio (relative displacement between the
stories normalised over the storey height), and such
parameters are typically used as EDPs for seismic assessment.
However, EDPs and fragility curves have never been used in
the case of SHM on DCIs or for similar applications.
Therefore, the definition/selection of the EDPs was based on
the experimental response of the components and the
exhibited damage sensitivity, and the used EDPs are defined
after the presentation of the results.

The development of the fragility methodology was based
on the early work of Cornel [46] as well as on other pioneering
studies (e.g., [47,48] among many others). The lognormal
model proposed by Porter [35,36] was considered in the
present work. Equation 4 shows the fragility function Fps
according to the considered formalism, i.e., associated with
DS and computed considering EDP. In particular, @ defines
the cumulative distribution function for the standard normal
distribution, and xm (8) defines the median (logarithmic
standard deviation) of Fps, reported in Equations (5) and (6).
M is the number of specimens (or tests), and r; is the lowest
threshold value of EDP corresponding to the occurring of DS
for the it specimen (test).

Fps(EDP) = & 4

Xm = exp (%ZZJ‘J (5)
O T R

3. Results and discussion

The results of the monotonic tests previously performed by
the authors [9] are also described in the following for
comparison purposes and to highlight the features of the
mechanical and acoustic response related to the cyclic tests.
Further insights into both damage mechanisms and entropy
evaluation of the monotonic response are supplied. The PBA
assessment (i.e., fragility curves) was also performed by
considering the monotonic tests [9] and the fatigue crack
growth (FCG) tests on steel and aluminium compact tension
(CT) specimens performed by the authors [29].

3.1 Macroscopic mechanical response

The elastic limits of the monotonic response ranged in
550 — 600 MPa and 6 — 7 % in terms of engineering stress (o)
and strain (g), respectively. A gradual yielding knee was
observed after the elastic limit with ultimate strength equal to
about 750 MPa (on average), which was followed by a short
softening branch in some cases. The complete fracture of the
specimens defined the failure condition. Failure strain always
exceeded 10 %, with an average value equal to about 11 %.

Figure 4 shows the mechanical response related to cyclic
tests, i.e., (a) strain ¢ versus time and (b) stress ¢ versus strain
e. Tests C1, C2, and C3 exhibited failure at 6, 5, and ~600
cycles, respectively, whereas the failure strain values were
equal t0 9.8, 8.4, and 9.7 %. In particular, Figure 4.a shows the
first 300 seconds in order to compare the first cycle(s) loading
program among the different tests. The failure cycles in test
C3 (~600 cycles) are much larger than in the other tests. It is
recalled that the loading procedures were stress-based even
though strain-controlled, i.e., the planned stress program was
applied by strain increments (with approximately constant
strain rate).

The elastic stiffness related to the superior envelope related
to test C1 was significantly small due to the unloading/loading
stages over the elastic response, as it can be seen in Figure 4.b.
The unloading/loading path stiffness was not significantly
affected by the different loading programs as well as by the
damage accumulation. The energy dissipated through the
hysteretic process slightly increased over the damage
accumulation according to a nonmonotonic way, as it can be
seen in Figure 4.b by considering test C1.

The material exhibited significant residual post-unloading
strain even at very low stresses (e.g., 300 MPa). The reduction
of the failure strain due to cyclic loading was different
between C1/C3 tests and C2. This phenomenon was partially
expected given the different order of magnitude of the related
fatigue lives. In particular, C1/C3 failure strain was about
10 % smaller than the (average) monotonic ones, whereas C2
one resulted in about 25 % of reduction.
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Figure 4. Mechanical response during cyclic tests:
(a) strain & versus time and (b) stress o versus strain &.

3.2 Damage micromechanisms

The damage process of the cyclic tests evolved with
multiple micromechanisms, similarly to the monotonic
response [9]. Only the most relevant nodules are described in
the paper since (a) similar patterns were observed over the
different nodules and (b) the focus of the study is not on the
damage characterisation. Therefore, the following comments
can be considered as representative for all tests. Overall, the
damage initiated within the nodules (and at their interfaces)
over the elastic range when the stress was in the range of 450
— 550 MPa. The cracks extended their width and developed
within the nodules, causing the beginning of the early plastic
response. The cracks at the nodule-matrix interface
propagated within the matrix corresponding to significant
plastic deformation. In some cases, such cracks formed bands
that finally coalesced into the fracture surfaces.

The following elementary micromechanisms were
identified at the post-failure condition: (a) onion-like (OL),
(b) disgregation (D), (c) matrix-nodule debonding (DB), and
(d) matrix-nodule crack (MC). Figure 5 and Figure 6 show the
SEM analysis corresponding to the post-failure conditions of
four representative nodules related to monotonic and cyclic
tests, respectively. Such nodules were related to test C2, and
very similar responses were found concerning the other tests.

In most of the cases, one or two mechanisms were more
significant than the other(s), as it can be observed in Figure
5.b where OL and DB are more developed than D and MC.

In nodules in which significant DB occurred, the other
mechanisms often had minor extension/development, as it can
be seen in Figure 5.c and Figure 6., b, and c. In some cases,
the same cracks were associated with more than a mechanism,
often including OL, as Figure 5.a, b, and Figure 6.c show with
regard to D, DB, and DB, respectively. Nodules closer to the
fracture surface exhibited more severe damage, with severe D,
and in general larger crack widths, as it can be seen in Figure
5.d (Figure 6.d) with regard to monotonic (cyclic) tests.

The nodules exhibited less severe damage than the cyclic
ones under monotonic loads with the exception of the nodules
close to the fracture surface (e.g., Figure 5.d), which exhibited
damage comparable to the cyclic tests (e.g., Figure 6.d).
Severe debonding was more frequently observed in nodules
subjected to cyclic loading. The matrix-nodule cracks found
in nodules had a smaller extension and width (e.g., Figure 5.a
and b) under monotonic loading than the cases under cyclic
loads (Figure 5.b and ¢).

3.3 Basic AE analysis

Historical and correlation analysis of the main AE features
was performed in order to identify the relevant characteristics
of the activity associated with the cyclic response of the
investigated material, e.g., energy or amplitude ranges along
with the damage increase. Time-based stages were defined for
the cyclic tests by considering fractions of the testing time t
over the failure time tg, i.e., (1) t/tr <0.50, (2) 0.50 < t/tg <
0.80, and (3) 0.80 < t/tr < 1.00. This choice was motivated by
the significantly different loading conditions among the cyclic
tests that did not allow finding a unique alternative parameter.

Different trends were identified among the cyclic tests in
terms of both the typical values of AE features and the time
evolution. Overall, less activity was detected over test C1 if
compared to test C2 and C3. Almost all AE events related to
test C1 were detected prior to the failure, whereas a continuous
activity was detected in tests C2 and C3. Copious AE activity
was detected at stress levels below the maximum previously
reached applied stress (both unloading and loading branches).
Such evidence proved that the component response does not
follow the Kaiser effect [49,50] because of the heterogeneous
nature of the tested material, such as DCIs (e.g., [50]). The
detected AEs are produced by some permanent damage
occurring within the nodules (and at their matrix interfaces)
over relatively low levels of stress. The number of counts
related to the pre-failure stage of C1 test was significantly
larger than the one related to C2 and C3 tests. On the contrary,
in these latter cases, the activity associated with the pre-failure
stage did not present evident differences if compared to the
AE detected over the whole tests.



(© (d)
Figure 5. SEM analysis corresponding to post-failure conditions related to monotonic tests [9]. The nodule shown
in (d) was significantly closer to the fracture surface than the other ones.

(© (d)
Figure 6. SEM analysis corresponding to post-failure conditions related to cyclic tests. The nodule shown in (d)
was significantly closer to the fracture surface than the other ones. The depicted nodules are related to test C2, and
they are representative of the other tests as well.



() @ @)

4 4 4
T 3 3 3
z
@) c»‘c_> 2 2 & 2 »e
o 1 1 1 b
o
0—= 0 . 0
40 50 60 70 80 90 100 40 50 60 70 80 90 100 40 50 60 70 80 90 100
5 1 5 5
W o4 4 4
3
®) 2 3t o 3 it 3 e
22} ¢ 2 2
& 1t ° 1 1
0l=s oL@ 0 L4
40 50 60 70 80 90 100 40 50 60 70 80 90 100 40 50 60 70 80 90 100
5 5 5
o 4 4 4
LI.IO 3 3 3
- o
(© o 2 2 2 e
2 1t o 1 1 e
0o 0 SE— 0 H
40 50 60 70 80 90 100 40 50 60 70 80 90 100 40 50 60 70 80 90 10C
A [dB] A [dB] A [dB]
| O  stage1 . stage 2 stage 3 |

Figure 7. AE correlation analysis results related to (a) log:ioN versus A, (b) logioD versus A, and (c) logioE versus
A for tests (1) C1, (2) C2, and (3) C3.

) (b)

1000 T T T T 1000

o [MPa]
o [MPa]

)

@

vt [ tt -]

M1/C1 [left axis]
— — — M2/C2 [left axis]
————— M3/C3 [left axis]
M1/C1 [right axis]
M2/C2 [right axis]
M3/C3 [right axis]

Figure 8. AE entropies for (1) monotonic [9] and (2) cyclic tests, considering engineering stress o and strain ¢ evolution, respectively,
together with (a) Se and (b) Sk,



The Shannon entropy values at the failure related to cyclic
tests were similar among them and larger than the monotonic
test ones. The relative entropy curves were overall similar in
shape to the Shannon ones. The knee of the relative entropies
was more abrupt and irregular than the monotonic ones, and
the response was more irregular in some other parts of the
curves (e.g., C1 curve significantly increased just prior to
failure). Monotonic relative entropy curves were slightly more
regular than cyclic ones, with particular regard to the post-
knee branch. The monotonic entropy values were very similar
among them at the failure, whereas they had a larger
dispersion in the case of cyclic tests. Cyclic relative entropies
were overall larger at the failure than monotonic ones.

Both Shannon and Kullback-Leibler entropy values related
to test C1 are lower than the other ones over the whole testing
time, especially for Kullback—Leibler entropy. This outcome
might be explained by considering the significantly different
loading programs between C1 and C2/C3 tests. The maximum
cyclic stresses increased over the test by starting far below the
nominal strength for C1 test. All cycles related to the other
tests had maximum cyclic stress equal to nominal strength.

Figure 9 shows the relative entropy curves of the cyclic
tests along with some damage conditions related to the most
significant mechanical response. Clear damage correlations
were identified for test C1 (Figure 9.a). The loading stiffness
related to the branch consequent to the previous tension peak
(do/0¢) regularly decreases as the curve evolves, and its value
is reported as a function of the initial stiffness (|do/d¢|o) in
Figure 9.a. The first significant stiffness drop was
corresponding to the knee of the curve. The significant entropy
increase in the final stage of the curve corresponds to a very
reduced value of the loading stiffness (do/de < 0.2), which is
associated with a highly plastic behaviour (highlighted in
Figure 9.a). The highly plastic behaviour can also be identified
in Figure 4.b and correlated with time by considering Figure
4.

It was not possible to identify similar damage correlations
for the other cases, even though the main mechanical stages
seem to correspond to specific branches of the curves in a
qualitative manner. Test C2 exhibited approximately constant
loading/unloading stiffness during the whole test. The
superior envelope of the stress-strain curves (e.g., Figure 4.b)
is the only parameter that is affected by fatigue damage
accumulation. When the curve branches have a value lower
than one, they were associated with linear stiffness (first
loading branch) for test C2 (Figure 9.b) and reduced stiffness
degradation for test C3 (Figure 9.c). A sudden tension drop
(peak) identified in test C2 corresponded to a decrease
(increase) of the tangent in Figure 9.2. The first unloading
branch related to test C2 was associated with a horizontal
tangent, whereas the other (un)loading branches were not
associated with the entropy curves. The final branch related to

test C2 was associated with the onset of the highly plastic
response, which was not observed for test C3.

The amplitude of the AE signals was not larger than 50 dB
up to the pre-failure stage for all cases. In the last stage, large
amplitudes were detected, especially for C1. In particular,
very few events related to C1 presented extremely large
amplitudes (e.g., 80 — 100 dB), and some of the events
associated with C3 had relatively high amplitudes (e.g.,
70-80 dB); low amplitudes were detected over test C2
(50 — 60 dB). Figure 7 shows the main AE correlation plots,
i.e., (@) logioN versus A, (b) logioD versus A, and (c) logioE
versus A for tests (1) C1, (2) C2, and (3) C3.

C1 test showed activity quite similar to the one related to
monotonic tests performed on the same material [9].
Similarly, the AE activity related to the monotonic branch of
the first cycle related to C2 and C3 was quite reduced and
comparable to the monotonic test activity in terms of both
features and time evolution. Similarities were identified by
comparing tests C2 and C3 in terms of AE feature correlations.
The three stages are correlated to different features. In
particular, the activity related to stage 1 had reduced amplitude
A, number of counts N, and energy E, as well as it is not
particularly dispersed if compared to the other stages. The
activity related to stage 2 was quite similar to the stage 1, but
it overall presented higher amplitude A, number of counts N,
and energy E, as well as it is more dispersed. The AEs related
to stage 3 was quite different for all tests: high amplitude A
and larger AE feature values with significant scattering.

3.4 AE entropy

Figure 8 depicts the cumulative curves related to both
Shannon and Kullback-Leibler entropies (ZSe and XSg,) for
(1) monotonic [9] and (2) cyclic tests over normalised time
(i.e., testing time t divided by failure time t;). The stress/strain
curves are plotted versus time in the same figure. The Shannon
entropy curves (Figure 8.a) have a similar trend for both
monotonic and cyclic tests. In particular, a short sub-vertical
tangent branch was observed in the first stage of the curves;
this is corresponding to the detection of the initial acoustic
activity. A gradual knee (significant decrease of curve
tangent) was then observed. After the knee, a sub-horizontal
tangent stage was identified, with decreasing tangent over
time. Very reduced tangent values were observed at the
failure. In all cases, the Shannon entropy curves were smooth
and quite regular. It is recalled that for the monotonic tests, the
failure time was approximately the same (same loading
program), whereas it was quite different among cyclic tests,
comparing C1/C3 and C2 tests. However, the tangents in
Figure 8 do not present the actual value given the time
normalisation, and the relation among the actual tangents of
the cyclic curves differs from the one observed in Figure 8.2.
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Figure 9. Relative AE entropies Se,r for tests (a) C1,
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stiffness of the branch consequent to the previous
tension peak, and |do/de|o is the initial stiffness. All
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superior stress-strain envelope.

3.5 Failure criteria

The slope of the Shannon entropy decreases as the damage
increase, and such parameter always reaches a very reduced
value prior to the failure. A value of the tangent lower than a
given threshold might be a sufficient condition for defining an
incipient failure; moreover, the smooth/regular curve
tendency makes the entropy evaluation promising for real-
time monitoring purposes. This trend seems not to be
depending on the loading condition/program: very similar
curve shapes are observed for both monotonic and various
cyclic loading conditions. Analogously, the value of the
relative entropy is clearly correlated to the incipient failure
condition: exceeding threshold values could represent a
sufficient condition for failure.

The PBA previously presented is implemented according
to this evidence. EDP; and EDP; are defined in Equations 7
and 8. It is recalled that EDPs are meant as specific measures
associated with the (micro)structural response of the
specimens under applied loading conditions.
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Failure condition was considered as a unique DS, which
was previously defined. Table 3 and Table 4 report the
statistical values of EDP1 and EDP related to all considered
tests and failure occurring. In particular, ux, ox, and CVy are
mean, standard deviation, and coefficient of variation.

Figure 10 depicts the best-fitting and empirical fragilities
related to the monotonic/cyclic tests on pearlitic DCI
considering (a) EDP and (b) EDP,. Figure 11 shows the best-
fitting and empirical fragilities related to FCG tests on steel
and aluminium CTs performed in [29]. The median (xm) and
logarithmic standard deviation () values are reported in Table
5and Table 6. A fragility curve based on a dataset with at least
three samples (i.e., all curves in Figures 10 and 11) results in
(at least) medium quality level, according to Porter [35,36].
However, an additional dispersion might also be added to the
best-fit dispersion in order to take into account the reduced
number of tests, according to Porter [35,36].

It is recalled that both monotonic and cyclic tests were
performed on identical specimens (i.e., microtensile). The
monotonic tests were performed considering the same
testing/loading conditions, whereas the cyclic tests were
conducted through significantly different loading programs
(e.g., Figure 4.a). Therefore, the fragility related to the
monotonic tests does not account for any variability of the
loading conditions. This explains the larger data dispersion
evidenced over the cyclic tests: the fragilities related to CTs
account for both material and geometrical/loading condition
variability. However, the selection of the varied features
related to both cyclic tests on DClIs and fatigue tests on CTs
was arbitrary, and it cannot be considered to be exhaustive.

The EDP; fragility curves (i.e., failure probability) decrease
as the EDP; increase according to the experimental evidence,
i.e., the slope of the cumulative Shannon entropy
monotonically decreases as the damage increase up to the
failure. Figure 10 shows that for given values of EDP,
monotonic failure has a significantly larger failure probability
than cyclic ones. This occurs with regard to both EDP; and
EDP;. In other words, the cyclic loading procedure supplies
an overcapacity margin to the material, if the monotonic
response is considered as a reference. In particular, EDP;
(EDP>) associated with cyclic test fragility is smaller (larger)
than monotonic one, over the whole range of probabilities. If
EDP; is considered, cyclic tests produce a smaller logarithmic
standard deviation, while this is larger for EDP, (Tables 5 and
6). The clear distinction between monotonic and cyclic data
points confirms the reliability of the approach: the features of



the loading program have a clear influence on the associated
EDP values, which is consistent with the two different EDPs.

The fragility curves for both monotonic and cyclic tests
(Figure 10) take into account a large variability related to the
loading conditions. These curves could represent reals cases:
1) when there is no information about the loading path (not
known a priori) or 2) the loads have features of both the
monotonic and cyclic tests. Therefore, such fragility curves
might represent the spectrum of the potential scenarios that
monitored real structures would undergo.

The EDP; fragility curve related to tests on CTs (Figure
11.a) is defined for extremely low EDP values if compared to
the case related the tests on DCIs (Figure 10.a). On the
contrary, the fragility curve related to EDP, (Figure 11.b) is
more comparable to the ones associated with DCIs (Figure
10.b). In particular, the FCG tests median value is quite similar
to all DCI tests, whereas the logarithmic standard deviation is
significantly smaller (Tables 5 and 6). Both failure criteria
identified for DCls also apply to FCG tests. Very low values
of the Shannon entropy slope were identified at the failure;
they had a reduced dispersion among the different
applications. Thresholds of relative entropy were found
having values not particularly depending on the specific
application and with a reduced dispersion.

4. Conclusions

The paper presented an innovative approach for the
assessment of fracture damage in ductile cast irons (DCIs).
Cyclic tensile tests were performed on microtensile pearlitic
DCI specimens to assess the damaging mechanisms by means
of scanning electron microscopy (SEM) analysis and acoustic
emission (AE) testing.

The micromechanisms occurring under monotonic
response were also found under fatigue loading, even though
with minor different trends/significance. Both Shannon and
Kullback-Leibler AE entropies were computed. The AE
entropy evaluation was proven to be reliable for damage
detection and failure prediction in DCIs under fatigue loading.

AE entropies trend and values were found to be not
particularly affected by the loading program. The peculiarities
related to fatigue response were physically explained by
comparing them with the monotonic results. The analysis of
the AE activity confirmed that low levels of stress produce
microstructural damage, which is associated with the fracture
phenomena occurring within the nodules. The violation of the
Kaiser effect is consistent with the correlation between the AE
activity and the nodule damage.

Damage correlations based on both entropy formulations
were supplied. The slope of Shannon entropy decreases, and
the relative entropy increases, as the damage is accumulated.
The methodology was particularly efficient regarding failure
prediction.

Failure criteria were defined by assessing the developed
entropy parameters according to the performance-based
approach (PBA) typically used in structural and earthquake
engineering. The robustness of the approach was also
confirmed by assessing the fragility related to the failure
response of DCIs under monotonic loading and fatigue crack
growth (FCG) tests on metallic compact tension specimens
(CTs).

The failure criteria were confirmed to be promising for
health monitoring purposes. The presented approach, as well
as the defined failure criteria, will have a significant impact on
the current state of the art about AE testing in metallic
components. The combined real-time assessment of EDP; and
EDP, can enhance health monitoring approaches, and it would
cover the whole damage process since EDP; is able to detect
the damage evolution, while EDP;, is capable of predicting the
incipient failure.

The study can be considered as a reference for similar
applications, and it can inspire the definition of innovative
monitoring protocols based on the real-time entropy
assessment. The robustness was proved by both the validity of
the approach and the reliability of the results for different
loading conditions and materials/tests. Since both EDPs were
found to be well correlated to the failure occurring, a multi-
variate fragility assessment could enhance the efficiency of the
fragility fitting.

The findings of the presented study can be generalised by
increasing the number of tests. Moreover, the fragility curves
can also be extended to other components of the same material
in order to provide more robust performance parameters in
SHM implementations.
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