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Abstract The detection of incipient and minor
cracks in prestressed reinforced concrete (RC) struc-
tures is crucial in ensuring safety of existing bridges.
However, traditional structural health monitoring
(SHM) often fails to provide reliable and effective
early detection. As a matter of fact, literature SHM
applications typically investigated moderate-to-severe
cracking conditions and often developed criteria that
are likely to depend on investigated scenarios. Aiming
at addressing the abovementioned literature gap, this
study evaluates the effectiveness of acoustic emission
(AE) testing for early crack identification in post-
tensioned RC girders. AE tests are carried out during
cyclic and monotonic four-point bending tests on dif-
ferent specimens up to failure. Multiple AE analysis
methods are systematically implemented considering
literature methods and novel method specifications
(MSs). The evolution of key AE features is examined,
and several indicators are further analyzed through a
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blind assessment framework. The complete AE data-
set of AE data is made publicly available. AE activity
trends and their potential correlation with observed
mechanical damage are identified and discussed.
Among the investigated indicators, relative acous-
tic entropy shows particular promise for early crack
detection. The study systematically compares the
application of multiple assessment methods, identify-
ing strengths and weaknesses and outlining potential
SHM criteria. The findings demonstrate that AE test-
ing, when combined with suitable MSs and damage
criteria, offers a viable path for reliable SHM. This
paper lays the groundwork for development of robust
damage detection criteria.

Keywords Structural health monitoring (SHM) -
Nondestructive testing (NDT) - Acoustic emissions
(AEs) - Acoustic entropy - Reinforced concrete (RC) -
Post-tensioned girders

1 Introduction

Effective structural health monitoring (SHM) of pre-
stressed reinforced concrete (RC) members of bridge
structures is essential for ensuring their long-term
safety and preventing critical damage [1-3]. In par-
ticular, SHM criteria must be capable of detecting
early signs of damage and degradation, typically not
visible by inspections, as identifying moderate to
severe cracking may be ineffective to prevent severe
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damage and collapse [4], and, in the best scenario,
antieconomic. This is critical for prestressed struc-
tures and even more critical for post-tensioned girders
[5, 6].

In the context of cracking initiation and early
development assessment [7], the need for time-con-
tinuous monitoring [8], real-time damage assess-
ment [9], and potential remote analysis [10] becomes
crucial, since these features allow for (a) potentially
immediate and time-continuous detection of issues/
alarms, reducing the risk of sudden failures, and (b)
more efficient and economic analysis. Among the
current SHM techniques, acoustic emission (AE) test-
ing probably is the only technique that has the poten-
tial to achieve the abovementioned monitoring goals
[11-14].

Very few AE testing applications focused on pre-
stressed girders and specifically investigated cracking
phenomena. Yuyama et al. [15] carried out laboratory
tests and in-situ applications aiming at detecting and
locating failures of steel tendons in post-tensioned
RC bridges. They correlated the acoustic activ-
ity (amplitude values, number of events) to the wire
breaks, discriminating these latter events to ham-
mering and noise; moreover, the event localization
was found to be satisfactory. Elfergani et al. [16] per-
formed tests on prestressed concrete (representative
of prestressed cylinder pipes), characterizing early
corrosion-induced cracking and discerning tensile
and shear cracks. Anay et al. [17] tested in-situ pre-
stressed concrete girder bridges and found AE indica-
tors associated with crack formation and propagation
during the loading process. Some studies combined
AE with other techniques, e.g., digital image correla-
tion (DIC) [18] and ultrasonics [19]. Jiang et al. [18]
explored the influence of size and slenderness with
regard to failure modes in RC structures, coupling
AE and DIC. They provide SHM insights for prom-
isingly improving structural safety and serviceability
of real infrastructures. Zhang et al. [20] tested pre-
stressed RC girders coupling AE testing and DIC to
assess the shear behavior and damage; they found that
AE testing is potentially more effective than alterna-
tive traditional techniques in detecting early cracks
in prestressed RC girders. Ma and Du [21] applied a
deep neural network method to correlate AE features
and structural performance, focusing on three-point
bending tests on prestressed beams but also account-
ing for applications to real-world bridges. While the

laboratory tests often showed relatively applicable
criteria, further effort is needed to improve the appli-
cation to real structures. Tonelli et al. [12] monitored
an existing prestressed concrete bridge span decom-
missioned but fully representative of current Italian
existing bridges. They carried out multiple loading
tests and correlated AE features to mechanical con-
ditions and responses of the bridge, identifying pre-
cracking presence, crack initiation, and previously
achieved maximum load (Kaiser effect and Felic-
ity ratio); the study shows that AE testing is prom-
ising for an effective monitoring of real prestressed
bridges. Elbatanouny et al. [22] tested in laboratory
six identical prestressed RC bridge girders under
multiple cyclic tests; the specimens were part of a
bridge constructed in 60s and decommissioned after
30-40 years of service. Intensity analysis was imple-
mented by correlating severity and historic indices,
considering cumulative signal strength as a reference
parameter. Intensity analysis charts were found to
be promising for detecting deterioration in both pre-
deteriorated and undeteriorated bridges. Jiang et al.
[23] recently tested a ultra-high performance concrete
(UHPC) deck of a long-span cable-stayed brid time
series and crack propagation and found correlations
promising for SHM purposes. They highlighted cor-
relations between AE time series and crack propaga-
tion steps, with a focus on the time evolution of f, and
b-value, which relate number of AE events with time
and with magnitude thresholds, respectively.

In spite of the promising recent advances in AE
testing discussed below, several issues limit the
application of AE testing and impede its full poten-
tial in the context of prestressed RC bridge girders.
Literature studies that investigated AE testing with
regard to prestressed structures often identified AE
parameter correlations that are highly dependent
on specific structural configurations, loading pro-
tocols, damaging mechanisms, monitoring setup,
rather than on generalizable and physically inter-
pretable trends. Consequently, the lack of unified,
theoretical-based criteria might limit the broader
adoption of AE techniques for damage quantifi-
cation and classification in prestressed members,
also given the significant uncertainty associated
with real scenarios. Furthermore, no studies com-
pared acoustic data processed by means of differ-
ent methods also accounting for different formula-
tions. Finally, very few studies provide technical
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references for implementing robust testing proce-
dures in the context of incipient and early crack-
ing damage. Therefore, there is urgent need for a
comprehensive investigation that implements AE
testing considering a variety of methods, possibly
providing for novel and revised method specifica-
tions and correlations, to lay the groundwork for
the definition of reliable damage assessment meth-
ods and criteria. The literature review highlights a
critical gap in incipient and early cracking detec-
tion, especially if the target is the implementation
of methods and data interpretations that are the
least biased by specific testing conditions and case-
depending empirical observations.

This study addresses the abovementioned lit-
erature gap by providing technical guidance for
robust AE testing and data processing on complex
prestressed RC girders under cyclic and monotonic
bending. The focus is on detecting low to moder-
ate damage, particularly concrete cracking. Four
girders are tested using four-point bending and
blind AE assessment; the raw dataset is also made
fully available. The work, part of a broader experi-
mental campaign [6, 24] evaluates both basic and
advanced AE techniques, with results discussed
through blind assessment and correlated with the
mechanical response.

2 Experimental tests
2.1 Specimens and mechanical tests

The four specimens consisted in girders having
same geometry/reinforcement and varying prestress-
ing level, simply defined as S1, S2, S3, and S4. The
benchmark specimen details are depicted in Fig. 1.
Average concrete compressive strength (f,,) was
equal to 34.7 MPa, and it was obtained by uniaxial
tests on six cubic specimens for each concrete cast.
Average concrete Young’s modulus (E,,) was equal
to 32.0 GPa, and it was estimated according to the
Eurocode 2 [25]. Ordinary reinforcement proper-
ties were derived from the rebar class (B450C) [26],
and minimum characteristic (or nominal) yielding
strength (f},), minimum characteristic (or nominal)
ultimate strength (f,,), and average Young’s modu-
lus (E,,) were equal to 450 MPa, 540 MPa, and
210.000 GPa, respectively. The tendon properties
were experimentally estimated according to the rel-
evant regulations as specified by the manufacturers
[27]; in particular, stress corresponding to 1% of total
deformation (f, ;), ultimate strength (f,,) and Young’s
modulus (Ep) were equal to 1780 MPa, 1970 MPa,
and 203 GPa, respectively.
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(dimension in mm) [6, 24]
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S1, S2, S3, and S4 were prestressed by imple-
menting 150, 300, 300, and 150 kN internal prestress
force, respectively, according to the procedure already
implemented for similar specimens by Losanno et al.
[6]. S3 and S4 also presented external post-tension-
ing, by implementing an external prestress force equal
to 100 and 250 kN, respectively, for a total prestress
force equal to 400 kN for both S3 and S4 specimens.

Each specimen was tested under four loading con-
ditions, including cyclic (protocol P1) and mono-
tonic (protocol P2) tests. The tests were carried out
at the Department of Structures for Engineering and
Architecture at the University of Naples Federico II
(Italy), and the testing setup is depicted in Fig. 2. The
mechanical testing facilities consisted of a rigid steel
base, four columns fixed to the foundation floor, and a
moving crossbar able to vertically slide, actuated by a
servo-hydraulic jack.

PI1L1, PIL2, and PIL3 loading conditions con-
sisted in quasi-static force-controlled stepwise two-
cycle phases based on P1-protocol [28], correspond-
ing to a maximum applied force (max(F,)) associated
with serviceability, ultimate, and amplified ultimate
state conditions [24]. P2 consisted in a quasi-static
displacement-controlled monotonic loading condi-
tion, implemented up to the earliest achievement
between structural failure or maximum stroke of the
actuator (150 mm). P1L1, P1L2, P1L3, and P2 are
defined as loading protocols in the following.

The applied force (F,) was measured using a load
cell, and the midspan vertical displacement of the

specimen was measured using a linear variable differ-
ential transducer (LVDT) for P1 protocols and with a
potentiometer for P2 one.

2.2 Acoustic emission tests
2.2.1 Apparatus

The acquisition of the AEs was implemented using
the multi-channel AMSY-6 system (VisualAE) pro-
duced by Vallen Systeme GmbH. Piezoelectric AE
transducers were used, these were able to act as both
actuators and sensors, but in the following they will
be referred to as sensors. Both non-integrated pre-
amplifier (NIP) and integrated preamplifier (IP) sen-
sors were used, considering low-frequency (VS30)
and standard frequency sensors (VS150). VS30 sen-
sor operates within 25 to 80 kHz, having a relatively
flat response over this range and resonant at 30 kHz;
VS150 sensor works within 100 to 450 Hz and is
resonant at 150 kHz. General purpose preamplifiers
were used for supporting NIP sensors, setting the gain
in order to be consistent with the one implemented
for IP sensors.

2.2.2 Detection and acquisition

The sensors were coupled/fastened to the girder sur-
faces through hot-melt adhesive; the sensor arrange-
ment was verified by performing check and prepa-
ration tests, which are described in the following
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section. The acquisition was implemented through a
sampling rate of 10 MHz. The amplitude threshold
(A,;) was set equal to 40 dB and this threshold was set
to minimize background and machinery noise during
the full functioning of the laboratory facilities; this
latter condition was checked during check and prepa-
ration tests. An interval of 100 ps was used for defin-
ing the number of samples recorded before the first
threshold crossing (pre-trigger interval) and after the
last threshold crossing (post-trigger interval). Hit def-
inition time (HDT) and hit lockout time (HLT) were
set equal to 250 and 2000 ps, respectively, whereas
peak detection window was disabled (peak defini-
tion time (PDT) was not implemented); maximum
hit duration time (MDT) was set equal to 100 ms. A
setting band-pass filter was applied to the detected
signals, i.e., 25-82 Hz and 75-350 Hz for VS30 and
VS150 sensors, respectively. Gain and input setting
range were set equal to 34 dB and 10 Vpp, respec-
tively. The abovementioned acquisition parameters
were defined by adjusting default settings according
to the results of check and preparation tests, consider-
ing literature applications as a reference [29-31].

2.2.3 Testing procedure and sensor arrangement

Check and preparation AE tests were performed
on the specimens under rest conditions [32].
These tests consisted of pencil-lead break (PLB)
tests, pulsing tests, and localization checks. PLB
tests were implemented considering the sensor as
a receiver and PLB source as an actuator, applied
at multiple distances from the sensor. For each
sensor and PLB test it was verified the consist-
ency between the input to output distance and the
detected signals, with particular attention to ampli-
tude and energy features. For each sensor, the atten-
uation law was estimated, and it was assessed to
confirm the correct installation. Pulsing tests were
carried out to verify the global installation, assess-
ing the consistency between sensors’ relative loca-
tion and pulsing detections; a pulsing test includes
a series of s actuation-detection tests, where s is the
number of sensors, and each test consists in the gen-
eration by each sensor, one at the time, of a stand-
ard signal (actuation) while the other sensors detect
the propagated signals (detection). Once check and
pulsing tests were completed, the localization of the

sensors and the attenuation law were implemented
in the software. Afterwards, localization tests were
performed: multiple PBL tests were carried out gen-
erating the input signal within the monitored area
and checking that the source localization area was
appropriately identified by the localization process-
ing. Whereas 2D localization was approximatively
correct in more than 70% of cases, 1D localization
was correct in almost all cases. Accordingly, AE
setup and instrumentation setting was confirmed to
be correctly installed and functioning.

Main AE tests were performed with four chan-
nels/sensors, and the type and arrangement of sen-
sors were varied over the different tests, adjusting
them according to specific test objectives and ongo-
ing experimentation. For all tests, three sensors
were generally located within the midspan area,
covering both top and bottom areas of the girder; a
sensor was located aside from the midspan, beyond
the (left) loading knife section.

Figure 3 shows the type and location arrange-
ment of the sensors for the performed tests. For
all specimens, each AE test corresponds to a load-
ing protocol (P1L1, P1L2, P1L3, P2) and to post-
tensioning phases (only for S3 and S4). Main AE
tests are identified by specimen (S1, S2, S3, S4) and
loading protocol (PO, P1L1, P1L2, P1L3, P2), e.g.,
S1-P1L1, and main AE test data series are identified
by specimen (S1, S2, S3, S4), loading protocol (PO,
P1L1, P1L2, P1L3, P2), and channel (Chl, Ch2,
Ch3, and Ch4), e.g., S1-P1L1-Chl.

2.2.4 Basic AE features and filtering

The following AE features [33] were recorded and
elaborated: number of AE events/hits or hits (H),
peak amplitude or amplitude (A), number of counts
(N), rise time (RT), duration (D), energy (E), root
mean square (RMS), signal strength (SS); cumula-
tive hits (XH), cumulative counts (XN), and cumu-
lative energy (XE) were also considered. N>N,;,
was implemented as a filtering condition for data
elaboration, setting N,,;, equal to 3. As a matter of
fact, during the pre-tests it was found that signifi-
cant acoustic activity associated with machine/facil-

ity operation and laboratory background presented

N not greater than N,,,;,,.
nilem
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Fig. 3 Type and location arrangement of sensors associated with tests on all specimens (dimension in mm)

3 Acoustic emission analysis
3.1 Methodology

AE analysis was implemented through multiple
assessment methods and specifications. The imple-
mented assessment methods include the analy-
sis of basic AE activity, Kaiser effect and Felicity
ratio, average frequency (N to D ratio) vs. RA (RT
to A ratio), b-value (b,y), and acoustic entropy. The
abovementioned methods are described in this sec-
tion with reference to the literature evidence. Table 1

summarizes all implemented methods and method
specifications (MSs); the technical definition of meth-
ods, formulations, and notation is discussed in the rel-
evant sections.

3.1.1 Kaiser effect and Felicity ratio

The Kaiser effect [34] violation potentially informs
regarding the damage/degradation condition, quan-
titatively referring to the Felicity ratio (FR), i.e.,
ratio between the stress/load level associated with
(significant) AE activity and the previously reached



Materials and Structures (2026) 59:85

Page 70f34 85

Table 1 Summary of the implemented methods and method specification (MS)

Method Specification Method
. specification
Parameter Condition (MS) ID
Kaiser effect and  Significant activity AH/At>3/s K1
Felicity ratio descriptor AE feature N>100 K2.1
H>10 & A>60dB K2.2
HI>14 HI: Eq. (2) no N and K reset K3.1a
N and K reset at 2nd K3.1b
cycle
HI: Egs. (3) and (4) no N and K reset K3.2a
N and K reset at 2nd K3.2b
cycle
HI: Egs. (3) and (5) no N and K reset K3.3.a
N and K reset at 2nd K3.3.b
cycle
HI: Egs. (3) and (6) no N and K reset K3.4.a
N and K reset at 2nd K3.4.b
cycle
RA vs. average frequency AFRA
b-value (b,p) Subset dataset defini-  Current subset dataset bl
tion Cumulative subset dataset b2
Acoustic entropy  Entropy formulation Shannon Absolute value (Hg) El.1
Cumulative value (ZHy) El.2
Kullback-Leibler Absolute value (Hg;) E2.1
Cumulative value (XHg;) E2.2

All details regarding methods, formulations, and notation are reported in the relevant sections

maximum stress/load level [35]. During a cyclic load-
ing process, when the structural integrity of the mate-
rial is affected, FR is lower than 1 (Kaiser effect is
violated), and FR tends to decrease as the damage/
degradation process evolves [36], and damage initia-
tion [37] and pre-failure conditions [38] can be asso-
ciated with threshold values, mostly depending on
material and test setup.

The quantitative definition of the onset of sig-
nificant AE activity is critical in the context of the
assessment of the Felicity ratio, especially if the test-
ing environment is relatively noisy and/or the target
of the SHM process aims to be relatively accurate.
Several specifications were implemented in the litera-
ture, based on hits (H) vs. time (7T) evolution [39] or
hits rate (AH/AT) [40], single- or multiple-event and
single/multiple AE feature-based criteria (e.g., con-
sidering N [41]) or more advanced parameters, e.g.,
history index (HI) [42]. HI was developed to quantify
the intensity of AEs [43] and it can be referred to as a

reliable feature for identifying significant AE activity,
in the context of Kaiser effect assessment.

Kaiser effect (violated/non-violated) and Felicity
ratio were assessed for each channel, considering each
subcycle of the cyclic tests (but the first subcycle of
PIL1) and the monotonic procedure. Multiple method
specifications (MSs) were implemented to assess the
Kaiser effect and to estimate the Felicity ratio (method
K), varying the significant activity descriptor: i.e., con-
sidering (MS K1) hits rate (AH/AT), (MSs K2) single-
and multiple-event AE feature-based criteria, and (MSs
K3) history index (HI). Table 1 shows the related meth-
odological features. For methods K1, a specification
was implemented setting AH/AT>3/s (MS K1). Two
specifications were implemented for method K2,
assuming (MS K2.1) single-event N>100 and (MS
K2.2) multiple-event H>10 and A>60 dB. HI was
assessed according to the formulation reported in
Eq. (1), considering an HI threshold equal to 1.4,
according to consolidated literature (e.g., see Behnia
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et al. [42], who focused on RC structures) and Stand-
ards (e.g., see [44, 45]). In Eq. (1), HI(T) is HI corre-

sponding to time T, H is the (number of) hits within
T=0and T=T, S, is SS associated with the_ i" event,
and K in an empirical factor that depends on H.

o wH

H Zi=K+1 SOi
o H
H- K> Zi=1 SOi

Multiple HI-based specifications (MSs K3) were
implemented by assuming classical and varied corre-
lations for K since the definition of this latter factor is
crucial for the determination of reliable HI values, i.e.,
(MS K3.1) Eq. (2) reported in the ASTM Standards
[46], which is almost identical to the formulation devel-
oped by Fowler et al. [43] and is widely used in the lit-
erature for RC beams [47], (MS K3.2) Eq. (3) with F]
and Fz expressed in Eq. (4), defined by Lovejoy [48]
who assessed RC bridge girders, and corroborated by
Behnia et al. [42] on RC structures, (MS K3.3) Eq. (3)
with 171 and Fz expressed in Eq. (5), and (MS K3.4)
Eq. (3) with I-Tl and Fz expressed in Eq. (6); these latter
two formulation were defined in this study by dividing
I-Tl and E reported in Eq. (4) by 4 and 2, respectively,
aiming at implementing Eq. (2) with a lower value of
significant events.

ey

HI(T) = (

0 H <50
H—30 50 < H <200
K= - — 2)
0.85H 200 < H < 500
H—75H > 500
0 if H<H,
K=408H ifH <H<H, (3)

H, H, | = (200,1000) @
H,.H,

{
{ . 2}:{50,250} (5)
{

H_I,H_z} = {100, 500} ©6)

niem

For each MS K3 two different conditions were
considered: (a) no AE event (N and K) reset within
each cyclic test (the two-cycle cyclic tests are consid-
ered as a unique detection window) and (b) AE event
(N and K) reset at the onset of cycle 2 (the two-cycle
cyclic tests are considered as composed by two subse-
quent detection windows (first and second cycle).

3.1.2 Average frequency vs. RA

The assessment of AF vs. RA in RC structures poten-
tially allows to characterize the fracture mode since
tensile (shear) cracks are typically associated with
larger (lower) RA and lower (larger) AF [49, 50]. For
concrete beams under flexural loading, the abovemen-
tioned fracture mode distinction was often referred to
pure tension and mixed (or other crack) mode, to pre-
peak stage and macro-crack formation, or to pre-frac-
ture and during fracture rather than tensile and shear
cracks [49]. In four-point bending tests of RC beams
[51, 52], the opening and development of shear-based
cracks is well correlated with the incipience of severe
inelastic behavior and major damage. Accordingly,
the identification of AF vs. RA clusters associated
with the abovementioned crack development is poten-
tially able to detect the abovementioned damage pro-
cess. In particular, a significant state migration from
higher RA and lower AF to lower RA and higher AF
can signify the transition between the visible crack
formation stage and the distributed crack evolu-
tion stage (macrocrack forming preceding the global
peak). This behavior is also consistent with cases in
which structural behavior is controlled by flexural
mechanisms and shear failures are prevented [51].
Another remark that extends the traditional ref-
erence to shear cracks in the context of AF vs. RA
analysis is associated with the mechanistic correlation
between shear and friction in concrete. Recent studies
[20, 53] pointed out that AE signatures often associ-
ated with shear crack descriptors, including AF and
RA, should be more consistently referred to a mixture
between friction-dominated and tensile mechanisms,
implying that it is the friction mechanism that gener-
ates AEs more compatible with lower RA and higher
AF. This specification is more formal than substan-
tial since shear mechanisms in concrete are physi-
cally expressed by friction, but it should also be noted
that the semantics of “shear crack” implicitly refers
to major shear stress fields or shear mechanisms/
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failures, whereas the abovementioned cracks and AE
signatures are also representative of flexural mecha-
nisms or flexural-controlled failures. It should also be
noted that friction occurring is a necessity condition
for shear behavior but not necessarily a sufficiency
one. In other words, there might be response and
damage conditions different from shear mechanisms
that are associated with friction; accordingly, AF vs.
RA analysis might even be informative regarding the
abovementioned conditions. Furthermore, it should
be noted that material heterogeneity and wave prop-
agation phenomena could affect the signature of the
propagating waves, making tensile-generated cracks
looking as shear ones [54], and this is likely to be par-
ticularly significant in a non-highly controlled envi-
ronment (in-situ tests).

In this study, AF vs. RA response was assessed for
identifying the evolution of cracking damage sever-
ity levels rather than identifying ongoing fracture
modes. Instead of focusing on AF vs. RA state condi-
tions, the variation of these latter conditions, or better
the migration from higher RA and lower AF to lower
RA and higher AF was meant as a potential assess-
ment method. As a matter of fact, whereas it is quite
challenging to define robust generalizable AF vs. RA
correlations to distinguish between tensile and shear
cracks, due to geometry, material, sensor location,
and response data [51], the abovementioned migra-
tion potentially defines a clear and feature-independ-
ent transition between low to moderate or moderate
to severe, according to the specific rules. In opera-
tive terms, for each channel, each loading protocol
was divided in subsets, and an AF vs. RA cluster was
identified for each subset, considering the centroid as
a cluster reference point. The evolution of this ref-
erence point in terms of AF and RA variations was
referred to the subsequent subsets in order to identify
potential damage trends, with particular reference to
the simultaneous occurring of AF decrease and RA
increase (MS AFRA). Table 1 describes the technical
details of the method.

The subsets for P1L1 consist in (1) first cycle
first and second increasing (loading) branches, (2)
first cycle third and fourth increasing branches, (3)
first cycle fifth and sixth increasing branches, (4)
(all) first cycle decreasing branches, (5) (all) sec-
ond cycle increasing branches, and (6) (all) second
cycle decreasing branches. For P1L2 and P1L3, sub-
sets include (1) first cycle first increasing (loading)

branch, (2) first cycle second and third increasing
branches, (3) first cycle fourth and fifth increasing
branches, (4) (all) first cycle decreasing branches, (5)
(all) second cycle increasing branches, and (6) (all)
second cycle decreasing branches. For P2, subsets
were defined by considering a number of six equal-
time windows up to the achievement of a force equal
to 1.5 times the maximum force associated with
PIL3.

3.1.3 b-value analysis

Gutenberg-Richter (GR) law [55] correlates earth-
quake magnitude, M, and number of earthquake
events having magnitude larger than or equal to M,
N, through an exponential empirical correlation, as
reported in Eq. (7), where a is an empirical constant
and b is the so-called b-value.

Logo(Ny,) =a—bM (7)

In the context of AE testing, Eq. (7) can be
expressed as reported in Eq. (8) [56, 57], where H, is
the number of AE events (or hits) having (AE) mag-
nitude (m) larger than or equal to m", defining m (m")
as A/20 (A"/20), with A (4" in db, according to the
literature (e.g., [58, 59]); a,p is an empirical (AE)
constant and b, is the AE b-value.

A*

LOglO(HA) = azg — bypm;m” = 20

®)

Microcracks are associated with lower amplitudes,
leading to higher b-value, whereas when macroc-
racks form and develop, AEs have higher amplitudes,
and this leads to lower b-value [60]. Accordingly,
decreases in b-value are potentially expression of
transition between microcracking and macrocracking
stages. Some Authors were able to quantitatively cor-
relate b-value values and evolution to specific damage
stages [61]. For example, b-values in the order of 0.5
or lower can be well correlated to severe damage and
incipient failure in RC beams under monotonic flex-
ural loading [56].

b-value was assessed in this study for each chan-
nel, over the same subsets considered for the AF vs.
RA analysis. Two MSs were considered to define the
datasets associated with each subset, as described in
Table 1: (MS bl) considering data from the current
subset [58] and (MS b2) accounting for cumulative
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data, i.e., current subset and previous ones (cumula-
tive data) [61].

3.1.4 Acoustic entropy

The level of microstructural disorder of a mechani-
cal system is measure of damage and degradation
state and phenomena, and the analysis of the evo-
lution of this disorder potentially informs regard-
ing the ongoing damage and degradation processes.
AEs represents the mechanical/acoustic effect of
damage and degradation phenomena and necessar-
ily carry an expression of disorder and chaos [62].
Therefore, assessing AEs by focusing on disorder
and chaos metrics potentially allows for identifying
robust damage criteria.

In information theory, the (information) entropy
measures the amount of uncertainty associated with
information within a system or process [63], and
in statistical mechanics, information entropy and
other disorder/chaos metrics were often correlated
to damage and degradation processes within mate-
rials, components, and structures [64]. Information
entropy associated with AEs is often referred to
as acoustic entropy or AE entropy. Recent studies
found that the assessment of AE entropy potentially
allows to identify and characterize damage and deg-
radation in materials and structures [65, 66], even
though only very few preliminary studies applied
this technique to RC structural members (e.g., [67]).
Even though several methods and formulations were
developed in the literature, the classical formulation
developed by Shannon [63] is still unsurpassed in
terms of simplicity and robustness for AE analysis
(e.g., [68, 69]).

Shannon entropy (Hj) associated with the K™ AE
hit is reported in Eq. (9), where py is the vector hav-
ing dimension K that accounts for the probability
distribution mass (occurrence probability) associated
with the K™ AE hit, and py(k) is the k" element of
vector pg.

K
Hs(K) = = )’ px(log, (px (k) ©)
k=1

Py 1s expressed in Eq. (10) N as a feature [62], where
N; represents the (number of) counts related to the i”
AE hit.

_ 1
T oK
Zi:] Ni

A relative measure of AE entropy that accounts
for an historical conditioning between subsequent
AE hits can be assessed through the Kullback—Lei-
bler divergence, which was developed by Solomon
Kullback and Richard Leibler [70]. Kullback-Leibler
entropy (Hy;) is expressed in Eq. (11) using the same
notation of Eq. (9).

Hy, (K) = Hg(px (K [pg (k — 1))

K
px (k) > arn
= - k)l _—
X >°gz(pK(k_ -

Pk {N,N,,....Ng} (10)

It can be seen that Hy, expresses the current (k™)
event probability mass (p,(k)) as conditioned by the
previous (k-1th) event probability mass (p,(k-1)), dif-
ferently from Hg, which implicitly assumes that each
AE hit is an independent event and does not condition
the following one [71].

Both Hg and Hy; and related cumulative values
2Hg and 2Hy,; were found to be sensitive to damage
and degradation, and potential damage criteria were
defined for various materials (often at the material
scale) and components (not including RC structures).
These criteria were often associated with thresh-
olds, tendencies, and gradients associated with the
abovementioned entropy vs. time graphs [8], and,
in some cases, these criteria were found to not sig-
nificantly depend on material, component, and testing
condition/arrangement [62, 65]; in particular, it was
found that the evolution quality of acoustic entropy
is clearly correlated with damage and degradation
evolution, and its evolution is not significantly condi-
tioned by the specific application.

Past studies often assessed entropy-based meas-
ures considering a dynamic approach (e.g., [72]), i.e.,
assessing the entropy over shifted detection windows/
bin; this computation maximizes the significance of
the single detection windows but it might give less
weight to historical process and damage accumula-
tion. In this study, the detection windows started from
the first AE event and increased including each con-
sequent AE signal as a function of time; accordingly,
the entropy measures over time reflected more signifi-
cantly the historical behavior. This approach was used
in past studies considering different materials [62, 69,
73], and it was found to be potentially effective for
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damage detection, as well as the related damage cri-
teria were found to be not significantly depending on
material/geometry/testing conditions [74].

Acoustic entropy was assessed considering (MS
El.1) Hg, the related cumulative value (MS E1.2)
2Hg, (MS E2.1) Hy;, and the related cumulative
value (MS E2.2) XH,, for each specimen/test/channel
during testing time; the method details are reported in
Table 1.

3.2 Results

As discussed in the following sections, at the begin-
ning of P1L1 test of specimen S1, prior to the appli-
cation of the testing protocol, there was a sudden
increase of load due to an unforeseen actuator mal-
functioning; this is referred to in the following as pre-
test loading. In particular, a sudden applied force with
a peak equal to about 28 kN was recorded. For the
sake of rigor, this pre-test loading was considered in
the study. The present assessment was carried out as
a blind prediction, and the only mechanical parameter
that was known/considered was F..

3.2.1 Basic activity, Kaiser effect, and Felicity ratio

Raw acoustic data are made freely accessible at the
link provided in the Data availability section. Prior
to discussing AEs and comparing different specimen
and test results, it should be recalled that (a) sensors’
location among the tests was slightly varied over the
tested specimens, but all specimens had three sen-
sors within the loading knife sections (two in the top
cross-section part and one in the bottom one) and one
outside of the middle area (600 to1500 mm far from
the left load knife section); (b) V30 (V150) sensors
were used for testing S1 (S3 and S4), whereas both
V30 and V150 were used for testing S2. Given the
similar sensors’ location among the different tests and
considering that S2 was tested considering both V30
and V150, it is possible to compare the results among
the different specimens in a quantitative manner.

AE activity was significantly different among the
tested specimens. S1 presented the highest number
of events and the highest significance in terms of AE
features, e.g., considering N, A, and E. All abovemen-
tioned AE features presented maximum values that
were often at least an order of magnitude greater than
the ones related to other specimens, for all loading

protocols. As a representative depiction, A, E, and XH
are shown along F, in Fig. 4, Fig. 5, and Fig. 6 respec-
tively. Other AE features were not plotted for the sake
of brevity. In subfigures (a) it can be observed the
peak force associated with the suddenly applied load
at the beginning of PIL1 test of specimen S1, equal
to about 28 kN (pre-test loading).

3.2.1.1 Specimen SI Overall, A and E values asso-
ciated with AEs that occurred corresponding to the
pre-test loading related to P1L1 did not exceed 60 dB
(Fig. 4) and 10* eu (Fig. 5), respectively, and only an
outlier event had A slightly larger than 60 dB (Ch2);
most events had A lower than 50 dB. 2H at the end of
pre-test loading were equal to about 50 and 100, corre-
sponding to sensors Chl and Ch2, respectively, and in
the order of 10 and 5 for sensors Ch3 and Ch4, respec-
tively (Fig. 4). This response is consistent with the
location of the sensors (sensors 1 and 2 were within
the loading knife sections, and sensors 3 and 4 were
1500 and 2500 mm from the left loading knife section,
respectively; Fig. 1).

During P1L1, no activity was detected up to an
applied force equal to about the maximum pre-test
force, unless very few outlier events are considered.
Accordingly, Kaiser effect was not violated, and this
proves that the structural integrity of the specimen
was not affected in a sensitive manner by the pre-test
loading, even though significant activity was detected.
Obviously, maximum A (E) values were detected at
the application of the P1L1 maximum load associated
with the first cycle, with maximum A (E) values equal
to about 90 dB (107 eu) or slightly larger (10° ew), for
Chl and Ch2, respectively, and about 80 dB (106 eu)
for Ch3 and Ch4.

Chl and Ch2 detect significant activity (with
relatively low A and E values) during the first cycle
unloading branches, Ch3 and Ch4 only detect very
few events. This suggests that the middle section area
accumulated damage, more sensibly than other speci-
men areas, and, since Ch2 detected more significant
AE events, it might be possible that the left area of
the middle section area is more severely damaged
than the right one. Significant AEs were also detected
by all channels since the second branch of the second
cycle, especially for Chl and Ch2, and this highlights
a violation of Kaiser effect. This suggests that a load
level larger than pre-test maximum force (28 kN)
and not larger than maximum load related to P1L1
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(35 kN) damaged the specimen in a sensitive man-
ner. Furthermore, it can be observed that several AEs
were detected along the decreasing branches related
to the second cycle by Chl and Ch2, and very few
by Ch3 and Ch4, confirming the potential damage
accumulation suggested by previously discussed phe-
nomena. Accordingly, it can be reasonably indicated
that P1L1 test damaged the specimen and affected its
structural integrity. It can also derived that, despite
the significant distance between Ch3/Ch4 and middle
girder area, considerable AE activity was detected,
even though less significant than Chl and Ch2 one,
and this suggests that (genuine) AEs sourced by

crack initiation and evolution propagated for more
than 1.5-2 m along the specimen (Ch3 and Ch4 were
about 1.8 and 2.8 m far from the middle point of the
girder), keeping significant energy.

Similar trends but associated with more significant
AE entity are observed over P1L2 and P1L3 tests, and
both A and E exhibits critical values, critically larger
than the ones detected during P1L1, which increase
passing from P1L2 to P1L3. It should be noted that
from P1L2 (included) on, sensor 4 was moved at the
same vertical of sensor 1, at the bottom cross-section
part (Fig. 3). As a matter of fact, AEs associated with
Ch4 significantly grow from P1L1 to following tests,
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becoming quite similar to other channels, especially
in terms of maximum AE feature values. As was
also verified during P1L1, Ch2 overall detects higher
A and E signals, suggesting that the left side of the
middle section area might be more severely dam-
aged, especially over P1L3 test, where Ch3 tends to
saturate. The evidence suggests that damage contin-
ues to accumulate and becomes more severe passing
from P1L1 to P1L2 and from P1L2 to P1L3, and,
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corresponding to this latter test, it is reasonable to
assume that the specimen is severely damaged.

Regarding P2, it can be clearly observed that after
an initial time window, all sensors but sensor 3 tend
to saturate; time instant and corresponding applied
level associated with the onset of the sensors’ satura-
tion cannot be univocally determined, but the applied
force level is certainly in the order of the maximum
force related to P1L3, and this is consistent with the
expected behavior. Obviously, prior to this latter force
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level, major AE is detected, confirming that major
damage affects the specimen since the beginning of
P2.

3.2.1.2 Specimen S2 It should be recalled that for
testing S2 sensors V30 were used for Chl and Ch2,
equal to the ones used for testing S1, whereas sensors
VS150 were used for Ch3 and Ch4 (Fig. 3). There-
fore, perfectly consistent S1 to S2 comparisons can
be made regarding Chl and Ch2 (very similar sen-
sors’ location and same sensors), and due caution is
required to compare Ch3 and Ch4 (different sensors’
location and different sensors). AEs associated with

specimen S2 showed trends similar to the one related
to specimen S1, even though S2 hits and AE feature
entity were lower or significantly lower than S1 ones.

The abovementioned lower AE entity is attrib-
utable to both different specimen (and mechanical
behavior) and different sensors. By comparing Chl
and Ch2, it can be highlighted the only influence
of the specimen, and it can be observed that all sig-
nificant AE features, e.g., A (Fig. 3), E (Fig. 5), ZH
(Fig. 6), and decrease their entity passing from S1 to
S2, e.g., maximum A values related to S2 were equal
to about 70 dB (Chl), significantly lower than maxi-
mum A values related to S1, larger than 90 dB (Ch2);
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similar trends can be found regarding E values. XH
values related to S2 first cycle peaks are order of
magnitude lower than the ones associated with S1.
Comparing Ch3 data related to S1 and S2 accounts
for both specimen (and mechanical response) and
sensor type; it can be observed that even though
the same trend associated with Chl and Ch2 can be
observed by comparing S1 and S2, S2 activity associ-
ated with Ch3 is less significant but with lower differ-
ence magnitude. This suggests that (a) the specimen

——F [kN] (left axis) E [eu] (right axis)
Fe‘1 [kN] (left axis) Fe‘2 [kN] (left axis)
———Fg 5 [kN] (left axis) ———-1.5 - F_ _ [kN] (left axis)

(and mechanical response) has less influence outside
the middle section area and (b) the sensor’s type
potentially conditions the entity of AEs but not in a
significant manner, and that VS30 and VS150 sensors
show similar AE trends. Regarding the influence of
the sensor, it can be noted that, overall, VS150 poten-
tially detect less noise or non-genuine AEs, and this
can be observed by comparing S1 and S2 AEs (e.g.,
considering A values showed in Fig. 4) and focusing
on lower AE feature values. In particular, Ch3 and
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Fig. 6 Cumulative hits (XH) and applied force (F,) vs. time (7) for all specimens and loading protocols

Ch4 (sensor V150) detect high A and high E events,
suggesting that a significant part of low A and low E
events detected by Chl and Ch2 might not be due to
genuine damage or degradation conditions.

No loading condition was applied prior to P1L1 for
S2, and this is consistent with the observation related
to AEs detected from smallest applied load conditions
and hits and AEs significance tend to increase dur-
ing the first cycle increasing loading branches, clearly
achieving the maximum values at the maximum
applied load. In particular, maximum A values over
the different channels range between 65 dB (Ch2) and
78 dB (Ch3), but most AEs corresponding to P1L1
load peak tend to have lower A values. Similarly to
S1, S2 AEs show that Kaiser effect is violated since
PIL1: some activity, less significant than S1 case,
is detected over the second cycle increasing load
branch, showing that the specimen might have been

damaged over P1L1, even though less significantly
than S1 one.

The violation of Kaiser effect associated with S2
P1L1 seems to be less severe than the one related to
S1 P1L1 due to the less significant activity observed
over the second cycle. This latter activity is more sig-
nificant looking at Chl and Ch2, but it can also be
observed considering Ch3 and Ch4. This, once again,
confirms that VS30 and VS150 sensors yield similar
trends, even though the latter overall detect less activ-
ity, and the neglected activity is probably related to
noise and non-genuine AEs (i.e., a clear Kaiser effect
violation is still clearly detected). Regarding P1L2,
it can be observed that no activity is detected up to
the third increasing branch related to the first loading
cycle, showing that the S2 damage condition associ-
ated with P1L1 is probably less significant than S1;
as a matter of fact, significant activity was detected
since the P1L2 first loading branches related to S1.
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The second cycle related to P1L2 also shows a clear
Kaiser effect violation, and this clearly indicates that
a load level between P1L1 maximum load and P1L2
maximum load significantly conditioned the struc-
tural integrity of the specimen. P1L3 results clearly
indicate that the structural integrity of the specimen
was significantly affected by P1L2: major activity is
detected since the first loading branch, as well as it
can be observed that P1L3 continues to damage the
specimen in a severe manner. Looking at P2 data, it
can be observed that damage accumulated by S2 after
P1L3 is probably significant (AE is detected since
very low load levels) but it might be less severe than
the one related to S1 (in this latter case, more sig-
nificant activity was detected since extremely lower
load levels). Even in the case of S2, after an initial
time window, the order of magnitude of number of
events and AE feature values increases, and the sen-
sors tend to saturate, even though less significantly
than S1 case. As it was observed regarding S1, also
for S2 the applied force level that corresponds to the
onset of the critical AEs is comparable to the maxi-
mum load associated with P1L3. This, once again, is
compatible with the expected mechanical response of
the specimen.

3.2.1.3 Specimen S3  Very few events were detected
during P1L1 test on specimen S3: about 10 events
detected by Chl and Ch2 and no events and two events
detected by Ch3 and Ch4, respectively. These very few
events mostly have A (E) lower than 50 dB (10% euw)
according to Fig. 4 (Fig. 5), and only an event has A
equal to about 55 dB. Few events were detected by all
channels during P1L2 test, in the order of 10 for all
channels, with amplitudes not exceeding A (E) equal
to 60 dB (10* eu), except for a single event, having A
(E) slightly larger than this latter threshold). A com-
pletely different AE trend is observed considering
P1L3: (a) significant activity and several events (e.g.,
in the order of 1000 for each channel) is detected by
all channels, with maximum A (E) exceeding 85-90
dB (10° eu); Kaiser effect is moderately to severely
violated according to all channels since number of
events and AE feature values associated with second
cycle are comparable with the ones related to the first
cycle. Accordingly, P1L3 clearly affected the struc-
tural integrity of the specimen, whereas previous tests
did not affect it at all. Negligible activity was detected
at the beginning of P2 test, within the initial time win-

dow that is upper delimited by an applied force level
slightly lower than the maximum applied force related
to P1L3. Even though Kaiser effect was clearly vio-
lated during the second cycle of P1L3, the fact that
for larger force values (P2) it was not violated sug-
gests that the accumulated damage did not critically
reduce the structural integrity of the specimen. After
the abovementioned upper force level, major activ-
ity is detected, with a significant trend that seems to
decrease as time increases, especially considering A
values; similarly to other specimens, this is probably
due to the saturation of the channels due to major over-
lapping activity.

3.2.1.4 Specimen S4 AEs detected during tests of
S4 are quite similar to the ones related to S3 in terms
of trends and AE feature values. Negligible to minor
AE activity was detected by all channels during P1L1,
and no Kaiser effect violation was observed during
the second cycle (only an event was detected by Ch2
and Ch4, but it is meant to be unsignificant). AE fea-
tures have maximum values comparable to the ones
associated with P1L1 test on S3. During P1L2 even
less significant activity was observed, if compared
to P1L1 one, with less significant AE feature values.
Differently from S3, P1L3 associated with S4 shows
more activity and more significant AE feature values
than P1L2 but still the activity seems to be minor; a
very minor Kaiser violation was observed during the
second cycle of P1L3, suggesting that the structural
integrity of the specimen has been affected but in a
negligible to minor entity. Finally, differently from S3,
the upper force level associated with significant AE
activity onset during P2 is lower than the maximum
P1L3 applied force, suggesting that the second cycle
related to P1L3 might have continued to affect the
structural integrity of the specimen, which accumu-
lated a moderate level of damage.

3.2.1.5 Kaiser effect and Felicity ratio A qualita-
tive assessment of Kaiser effect was discussed when
the basic AEs were described. In this section, Kaiser
effect and Felicity ratio are quantitatively assessed
according to the defined MSs (Sect. 0). Multiple
MSs were defined but, for the sake of brevity, only
MS K3.1b is discussed in this section, whereas all
MSs are implemented regarding damage assessment
and blind predictions. It is recalled that a Felicity ratio
lower than one implies the violation of Kaiser effect,
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and the lower is the Felicity ratio (below one) the
higher is expected to be the damage condition, as it
was discussed in Sect. 0. In particular, the abovemen-
tioned conditions were verified for both subcycles of
all cyclic tests and for P2 protocol (reported as cycle
1). The quantitative assessment of the Kaiser effect
violation, in terms of Felicity ratios, is evidenced in
Tables 2, 3, 4 5 for single specimens.

For specimen S1 (Table 2), in all cases but few
exceptions mostly associated with Ch3 located at
about 1.8 m from the middle point axis of the girder,
Kaiser effect is violated, with Felicity ratios that
are even lower than 0.5 in several cases. As long as
the peak load increases, Felicity ratio clearly tends
to decrease, confirming that it is consistently corre-
lated with damage evolution. It is interesting to notice
that Ch4, along P1L1, and Ch3, along all tests, are
the least sensitive sensors in terms of Felicity ratio
trends (decreasing and assuming values lower than
unity), and this is fully compatible with their position

arrangement (Fig. 3) since they were the farthest
ones. In particular, Ch4 under P1L1 (Ch3 under all
protocols) was located 2.0 (1.5) m away from the load
axis, which defines the boundary condition of the
most loaded (in bending) area of the girder. Despite
the abovementioned distance, which is certainly a
challenge to detect minor cracking initiation and
propagation, Ch3 and Ch4 detect values lower than
and slightly lower than one along cycle 2 related to
P1L1, respectively, as well as they also identify a rel-
evant decrease trend for higher force protocols and
always ratio values lower than unity along cycle 2,
clearly detecting potential damage, even though with
lower severity, as compared to sensors closer to the
most damaging area of the girders.

Specimen S2 (Table 3) shows less Kaiser vio-
lations and, overall, larger Felicity ratios than S1,
especially over protocols P1L1 and P1L2. Given that
the peak loads associated with the protocols were
the same for all specimens, it can be confirmed that

Table 2 Kaiser effect violation and Feliciy ratios associated with specimen S1 (MS K3.1b)

Felicity ratio [—] S1

cycle 1 cycle 2
Protocol chl ch2 ch3 ch4 chl ch2 ch3 ch4
PIL1* 1.24 0.24 1.25 1.50 0.63 0.59 0.86 0.99
PI1L2 0.95 0.88 1.20 0.61 0.37 0.20 0.61 0.33
PIL3 0.85 0.53 1.00 0.81 0.23 0.20 0.27 0.20
P2 0.40 0.41 0.72 0.30 NA NA NA NA

A Felicity ratio lower than one implies that Kaiser effect is violated. Kaiser effect non-violation is highlighted with bold values

*Prior to P1L1 an accidental pre-test loading condition was applied; therefore, Kaiser effect was also checked with regard to first sub-

cycle of this protocol

**P2 data (cycle 1) are associated with a detection window that extends up to the maximum force level associated with P1L3

Table 3 Kaiser effect violation and Feliciy ratios associated with specimen S2 (MS K3.1b)

Felicity ratio [-] S2

cycle 1 cycle 2
Protocol chl ch?2 ch3 ch4 chl ch?2 ch3 ch4
P1L1 NA NA NA NA 0.84 0.65 1.02 1.02
P1L2 0.95 1.23 1.23 1.34 0.63 0.60 0.60 0.81
P1L3 0.60 0.90 0.90 0.90 0.20 0.20 0.20 0.40
p2* 0.70 0.86 0.99 0.93 NA NA NA NA

A Felicity ratio lower than one implies that Kaiser effect is violated. Kaiser effect non-violation is highlighted with bold values

P2 data (cycle 1) are associated with a detection window that extends up to the maximum force level associated with P1L3
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Table 4 Kaiser effect violation and Feliciy ratios associated with specimen S3 (MS K3.1b)

Felicity ratio [-] S3

cycle 1 cycle 2
Protocol chl ch2 ch3 ch4 chl ch2 ch3 ch4
PIL1 NA NA NA NA NA NA NA NA
P1L2 NA NA NA NA NA NA NA NA
PI1L3 1.47 1.47 1.47 1.48 1.01 0.83 0.86 0.83
p2* 0.92 0.94 0.95 1.00 NA NA NA NA

A Felicity ratio lower than one implies that Kaiser effect is violated. Kaiser effect non-violation is highlighted with bold values

“P2 data (cycle 1) are associated with a detection window that extends up to the maximum force level associated with P1L3

Table 5 Kaiser effect violation and Feliciy ratios associated with specimen S4 (MS K3.1b)

Felicity ratio [-] S4

cycle 1 cycle 2
Protocol ch 1 ch?2 ch3 ch4 ch 1 ch?2 ch3 ch4
PIL1 NA NA NA NA NA 1.01 NA NA
P1L2 NA NA NA NA NA NA NA NA
PIL3 NA 1.50 1.49 NA 1.00 0.82 1.01 NA
p2* 0.78 0.81 0.78 0.98 NA NA NA NA

A Felicity ratio lower than one implies that Kaiser effect is violated. Kaiser effect non-violation is highlighted with bold values

“P2 data (cycle 1) are associated with a detection window that extends up to the maximum force level associated with P1L3

specimen S2 was less damaged than S1, even though
it certainly exhibited damage since the first protocols.

Very fewer Kaiser effect violations and larger
Felicity ratios were observed for specimens S3
(Table 4) and S4 (Table 5), as compared to specimens
S1 and S2, and the earliest violations are associated
with the second cycle of protocol P1L3; prior to this
load conditions, Felicity ratio is significantly larger
than one, highlighting that the specimens were not
sensible affected by damage up to this latter condi-
tion. Violations associated with P2 exhibit relatively
large Felicity ratio, suggesting that minor damage
might have occurred.

3.2.1.6 Discussion remarks The analysis of the
basic features suggests that AEs can be well correlated
to the mechanical response of the specimen, with par-
ticular attention to damage accumulation and struc-
tural integrity. In some cases, it seems that AE events
and features might reflect the damage accumulation
level. The results are discussed in Sect. 4 with regard

to the experimental response, confirming whether the
potential correlations are effective or not. It should
be noted that the abovementioned hypotheses regard-
ing the damage were made downstream of the tests
and account for the comparison among the differ-
ent tests. Furthermore, even though some qualitative
potentially damage-correlated AE feature trends and
thresholds were defined, as it was expected, these do
not potentially allow defining robust damage criteria
for structural health monitoring purposes. Similarly,
the assessment of Kaiser effect and the estimation of
Felicity ratio clearly suggest potential damage accu-
mulation and structural integrity detriment evolutions,
especially with regard to comparisons and relative
evaluations, and the related potential correlations
are qualitatively compatible with the observed AE
trends and features. The assessment of Kaiser effect
and Felicity ratio is clearly physical-based and was
found to be potentially meaningful and coherent with
the mechanical response, even though it necessar-
ily requires knowing the loading level of the applied
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cycles. This latter condition is applicable in the con-
text of static testing of structures and infrastructures,
when the application of the load is controlled, and the
tested facility can be monitored over its application
[75, 76]. Therefore, basic AE analysis and associated
features (Kaiser effect and Felicity ratio) do not seem
to be potentially effective for passive monitoring pur-
poses (main objective of AE testing), unless the moni-
toring target is associated with relative damageability
among homologous components or qualitative alarms.

3.2.2 RA vs. average frequency
AF vs. RA was assessed along the investigated sub-
sets for all tests on all specimens. The representa-

tive results associated with specimen S1 are shown
in Fig. 7; the median points of each cloud are also

S$1-P1L1-Ch1-Set1

plotted for all subsets in which at least three AE
events were recorded. Both lognormally fitted median
and empirical median points, represented by mLN
and mE were considered; the former was computed
according to the well-known lognormal model pro-
vided by Porter et al. [77] and the latter simply repre-
sents the empirically observed median value. Median
point was considered instead of centroid (mean point)
in order to not account for outlier data. As it can be
observed in Fig. 7 (associated with specimen Sl
and protocol P1L1), data clouds and related median
point tend to migrate towards lower AF and higher
RA values along the investigated subsets. In par-
ticular, the migration of the cloud median point was
expressed as a function of the subsequent subsets by
decoupling AF and RA to quantitatively assess the
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Fig. 7 Average frequency (AF) vs. rise time to amplitude ratio (RA) along subsequent subsets and subset median points (mLN and
mE) associated with tests on T1 specimen under P1L1 loading protocol (MS AFRA)
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abovementioned data cloud migration, according to
the literature evidence (Sect. 1.1.1).

The elaborations related to all specimens are
depicted in Fig. 8. The most evident results are associ-
ated with a different order of magnitude for RA values
associated with VS30 and VS150 sensors detections:
the former sensors (Ch 1 to Ch4 for S1 and Chl and
C2 for S2) are associated with RA values significantly
larger than the ones related to the latter sensors (all
other cases). This can be clearly observed by identify-
ing the RA value range similarities of Chl and Ch2
curves related to Fig. 8a and Fig. 8b, associated with
VS30 sensors, and comparing these values with Ch3
and Ch4 curves in Fig. 8b and all channel figures in
Fig. 8d, which correspond to VS150 sensors. Despite
the differences in terms of values, the RA trends
related toVS30 and VS150 sensors are overall simi-
lar, as it can be observed in Fig. 8b comparing Chl-
Ch2 and Ch3-Ch2 variation signs along consequent
subsets. AF value ranges and variation trends do not
seem to be conditioned by the sensors’ sensitivity
since AF value ranges are comparable among differ-
ent sensor curves. The abovementioned evidence sug-
gest that different sensor frequency sensitivity does

(2)

not significantly condition the trend variation of RA
and AF parameters along consequent subsets, and, as
a consequence, damage criteria based on variation
signs rather than on values might be meaningful over
AEs detected through different sensors (with regard
to VS30 and VS150 ones). Some subsets exhibit more
pronounced shifts in terms of RA increasing and AF
decreasing, which, in some cases, for example S1
specimen results, are concurrent.

Bending of post-tensioned prestressed girders pro-
duces a complex stress—strain state that favors the
development of mixed-mode stress/strain phenomena
and cracks since service loading conditions, differ-
ently from ordinary RC beams that typically tend to
initiate and develop cracking through a relatively reg-
ular migration from tensile to crack mode and single-
to mixed-mode fracture response. Conversely, when
post-tensioned girders initiate to exhibit macrocrack-
ing and it does spread, e.g., beyond service conditions
and towards ultimate conditions, a shear and friction
signatures might become more significant and a tran-
sition in stress—strain phenomena and cracks might
be observed, even though with less significance than
for ordinary beams. The abovementioned mechanical

(b)
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Fig. 8 Average frequency (AF) and rise time to amplitude
ratio (RA) associated with data cloud median points (mLN)
vs. subsequent subsets associated with loading protocols and
specimens a S1, b S2, ¢ S3, and d S4 (MS AFRA). P2 data

(d)

are associated with a detection window that extends up to the
maximum force level associated with P1L3; median point is
referred to mLN, i.e., lognormal fitting median
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specifications are discussed in the following section
accounting for the disclosed experimental response of
the tested beams.

3.2.3 b-value analysis

The correlation between H, and A (or m) was
assessed for all tests and specimens, along the investi-
gated subsets, and best-fit loglinear curves were found
to estimate b, . Figure 9 shows representative results
related to cyclic tests on specimen S1, considering
data from current subsets (MS bl). The evolution
of b, along the subsequent subsets is quantified in
Fig. 10 considering all specimens. According to the
literature, two tendencies highlighted in Fig. 10 can
be assessed within each subset to potentially identify
damage criteria: (a) achievement of lower values of
b,r and (b) b, decreasing along subsequent subsets.

As it was discussed in Sect. 1.1.2, condition (a) can
be expressed as considering b, < 1.

3.2.4 Acoustic entropy

Acoustic entropy was assessed as a function of time
for all tests and considering each channel. Figure 11
shows Hg (MS E1.1) and Hy; (MS E2.1) as a func-
tion of T for the representative case of specimen S3.
Over cyclic tests, Hg (Fig. 11a) mostly increases dur-
ing the first cycle reaching a plateau at the achieve-
ment of the peak load, and this is compliant with the
fact that this cycle is overall more significant in terms
of accumulated damage. The channel location does
not significantly affect the Hg since tendencies and
maximum values are comparable over different tests.
The Hg peak values increase as the cyclic peak load
increases, and this is also possibly consistent with the
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Fig. 9 b-value analysis: hits having amplitude larger than or equal to A" (H,) vs. m*=A"720 and related loglinear best-fit curves
associated with cyclic tests along subsequent subsets, considering data from the current subset (MS b1), related to specimen S1
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potential damage accumulation trend. Over P2 test,
it can be observed that all sensors achieve the same
Hg value corresponding to the peak load associated
with P1L2, whereas, at P1L3 level, Ch3 is associated
with a Hg value that is lower than the other sensors
one, and this suggests that the damage accumulates
more significantly in sensors other than Ch3, which
is located below the specimen. In fact, cracks initiate
at the lower bound of the specimen (closely to Ch3)
and evolve toward the upper bound (getting closer
to Chl and Ch2) and also propagate towards the
girder supports (getting closer to Ch4). Accordingly,
it could be hypothesized that Hg growing is associ-
ated with occurring with damaging mechanisms that
have an entity correlated to the ongoing Hj value,
whereas post-growing plateau responses, correspond-
ing to relatively high H values, might be expression

of significant accumulated damage with not signifi-
cant ongoing damage. The abovementioned hypoth-
eses are clearly compatible with previous qualitative
remarks.

A completely different trend can be observed con-
sidering Hy,; (Fig. 11b). Since the first cyclic tests,
high value Hy; peaks are observed, and these peak
values are comparable over different sensors, proto-
cols, and specimens. It is interesting to note that after
peak values are achieved, Hy, tends to decrease, and
this is also observed with regard to P2 test, which is
certainly associated with damage accumulation over
time. The formulation of Hy,; accounts for a relative
measure of entropy, which computes the current event
(absolute) entropy conditioning that to the previous
event; therefore, as a relative measure, it was expected
that its quantitative entity is strongly affected by the
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ongoing process. In other words, Hy; is expected to
be more sensitive to the state variation referred to
the current state values rather than to the absolute
value of the variation. This conceptual interpretation
appears to be consistent with the abovementioned
observations: higher peak Hy; might correspond to
damage initiation phenomena rather than to damage
evolution ones. Accordingly, a cumulative value of
Hy; would potentially carry the integral information

_Fe [kN] (left axis)

———Fy 5 [kN] (left axis) ———-1.5 - F_  [kN] (left axis)

HS or HKL [bits] (right axis)

Fe,1 [kN] (left axis) Fe‘2 [kN] (left axis)

associated with relative state variation expressed
along the ongoing process.

Figures 11 and 12 show XHg (MS E1.2) and XHy;
(MS E2.2) as a function of T for all specimens/tests
and channels. Among the possible observations, the
following remarks can be discussed. In most cases,
when cumulative entropy increases, the increase is
extremely large and sudden in terms of time. This
might suggest that entropy is sensitive to incipient
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damage and once it is “activated” is clearly shows
it. Despite second cycles of loading are associated
with AE features comparable with first cycles ones
in some cases, e.g., for specimens S1 and S2, entropy
parameters associated with second cycles are overall
less significant than first cycle ones, and this is con-
sistent with the fact that first cycles are more respon-
sible for damage than second ones since previously
reached peak forces are always exceeded during first
cycles. XHy, seems to be less sensitive than XHy to
the distance between sensor and damaged area. For

example, this can be observed considering P1L1 test
on S1: both XHg and XHy,; clearly reflect that Ch4 is
(Chl and Ch2 are) the farthest (closest) to the dam-
aged area, with Ch3 at an intermediate distance, but
2Hy yields extremely low (high) maximum entropy
values with regard to Ch4 (Chl and Ch2), showing a
significant sensitivity to the distance, whereas XHy;
values are more comparable among the different dis-
tances from the damaged area. In other words, XH,;
seems to valorize more sensibly sourcing mechanisms
than distances from the damaged area, and this might
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represent a positive feature for a monitoring criterion of the study is on the cracking damage, and the
(Fig. 13). results yield two significant mechanical transitions:

(1) microcracking initiation (low damage (LD) state
achievement) and (2) macrocracking development

4 Mechanical vs. acoustic assessment (severe damage (SD) state achievement), associated
and discussion with (1) negligible to minor effects on global response
curves and (2) significant global stiffness reduction

The mechanical response of the specimens is depicted (cracked stiffness initiation). It was found that (a) S1

in Fig. 14 in terms of F vs. deflection (4). The focus exhibited both LD and SD during P1L1 test, (b) S2
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exhibited LD (SD) during P1L2 (P1L3) test, (c) S3
exhibited LD (SD) during P1L2 (P2) test, and (d) S4
exhibited LD (SD) during P1L3 (P2) test; regarding
SD achievement during P2 test, for both S3 and S4, it
was confirmed that this occurred prior to the exceed-
ance of 1.5 times P1L.3 maximum force level.

The acoustic activity and related features varied
significantly among specimens, protocols, and chan-
nels. S1 and S2, especially S1, (S3 and S4, espe-
cially S4) were affected by significant (negligible)
damage at the early loading protocols. Tests on

0

400 800 0 400 800 0 400 800
Ts] Tls]

S3 and S4 produced significant AE activity corre-
sponding to P1L3 or P2, depending on the level of
intensity. The distance from the sensor to the dam-
aged area affects the entity of the AEs but not nec-
essarily the qualitative characteristics and trends,
suggesting that the technique is able to potentially
detect damage from relatively large distances (e.g.,
see AEs detected by Ch3 and Ch4 over PIL1 test
on specimen S1, recalling that Ch3 and Ch4 were
located at about 1.8 and 2.8 m from the middle

point axis).
nilem
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RA vs. AF (AFRA) analysis showed data migra-
tion trends that could be correlated with the dam-
age since these qualitatively reflect the abovemen-
tioned basic AE results. In particular, simultaneous
increase of AF and decrease of RA were found to
be consistent with the abovementioned AE activity
trend. The experimental assessment of the damage
highlights the influence of post-tensioning on the
AFRA analysis, as discussed in Sect. 3.2.2. Indeed,

—_ Fe [kN] (left axis)

— = Fy 5 [kN] (left axis) —~ 1.5 - F_; [kN] (left axis)

EHKL [bits] (right axis)
Fe" [kN] (left axis) — — — Fe‘2 [kN] (left axis)

a significant number of occurrences characterized
by increasing RA and decreasing AF were found
during low-intensity tests in specimens S1 and S2,
which exhibited LD-SD at P1L1-P1L1 and P1L2-
P1L3, respectively. However, these occurrences dis-
played a rather irregular trend and were not always
a sufficient condition for crack initiation or propa-
gation. Such irregularities, together with the limited
correlation with damage progression, may reflect
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Fig. 14 Applied force (F,) vs. deflection (4) associated with mechanical tests carried out on S1, S2, S3, and S3 specimens under

P1L1, P1L2, P1L3, and P2 tests

the inherently complex stress—strain state already
present under service conditions and the contribu-
tion of mechanisms not directly related to cracking,
such as slip or friction. This complexity may also
explain the absence of a regular increase of AF and
decrease of RA, as typically observed in ordinary
RC members along tensile to shear/frictional crack-
ing evolution. Accordingly, the AFRA migration
observed in the post-tensioned girders confirms the
potential of this analysis as a qualitative indicator
of damage evolution, while also emphasizing the
need for complementary monitoring parameters to
enhance its robustness. In other words, the AFRA
analysis in post-tensioned girders should be inter-
preted, and possibly consolidated, as qualitatively
reflecting the progressive severity of mixed-mode
cracking and frictional or interfacial phenomena,
rather than quantitatively detecting the transition
from pure tensile to shear cracking.

b-value analysis showed trends to the other fea-
tures even though more irregular and more difficult
to interpret, likely to be potentially misunderstood.
The observed lower performance can be attributed to
the fact that b-value analysis mainly depends on cor-
relations involving signal amplitude and event occur-
rence, parameters that are naturally more prone to
noise interference and that might be more affected by
the aleatory nature of AE phenomena. Other methods
such as AFRA analysis or acoustic entropy might be
less influenced by noisy conditions, as they inherently
integrate mechanisms that act as implicit filters or
data refiners. Compared to Kaiser effect/Felicity ratio
and AFRA analysis, b, seems to be less potentially
informative regarding the damage, despite the imple-
mented MS, especially considering the consistency
among the cases. K1 (K3.2a) was found to be the
most (least) sensitive to the damage condition among
the investigated Kaiser effect MSs. Acoustic emission
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entropy confirmed and corroborated the abovemen-
tioned trends, showing more clarity and stability of
the results. Hy,; trends confirmed the expected rela-
tive nature of the formulation, accounting for rela-
tive before current state variations rather than to the
absolute current entities, and XH; was found to be
potentially able to account for response accumulation,
similarly to Hg and 2Hj.

Tests on S1 evidenced major AEs from PI1L1
onwards, compatibly with experimental mechanical
evidence. In particular, along the test evolution, AE
testing showed Kaiser effect violation, RA vs. AF data
migrations towards lower AF and higher RA values,
lower b-value and v-value decreasing, and exceed-
ance of entropy criteria. Similar results were found
with regard to S2 specimens, from P1L2 onwards,
also in compliance with the experimental evidence.
Major AEs were observed for S3 less and more sig-
nificantly under P1L2/P1L3 and P2, respectively,
with trends similar to the ones associated with S1 and
S2, according to the respective experimental iden-
tification of LD and SD. Finally, minor and signifi-
cant acoustic activity was observed under P1L3 and
P2, respectively, with exceedance of the correspond-
ing abovementioned acoustic criteria, and this is also
clearly compliant with the mechanical evidence.

5 Concluding remarks

The study reports methodology and results of an
experimental testing campaign investigating the effec-
tiveness of acoustic emission (AE) testing for identi-
fying low to moderate cracking damage in reinforced
concrete (RC) structures, with a focus on prestressed
(post-tensioned) girders. A blind assessment of the
AE data was carried out, focusing on the methodo-
logical aspects and finding (a) potential compatibility
between the expected mechanical response and the
observed/analyzed acoustic activity and (b) clear cor-
relations and trends among the investigated methods
and method specifications (MSs), highlighting poten-
tial strengths and weaknesses of these latter. These
assessments resulted in clearly detectable tendencies,
which corroborate the consistency of the experimen-
tal data and represent both the methodological back-
bone and the experimental dataset for performing
a quantitative experimentally corroborated damage
assessment procedure in future studies. Raw acoustic

data are made available (Data availability section),
and they represent a useful dataset that could be ana-
lyzed by other researchers.

The results demonstrate that AE testing could
effectively detect and classify early and moderate
cracking damage in post-tensioned prestressed RC
girders, despite the complexity of their stress—strain
state and behavior and also considering relatively
large distances from sensors and damaged areas (e.g.,
larger than 1.0-1.5 m).

Kaiser effect (Felicity ratio) and Kullback entropy
were found to be highly correlated with crack initia-
tion and evolution, considering the implemented tech-
nical specification. The performance of these methods
might be quantitatively explored by elaborating fur-
ther the data, also accounting for uncertainty. Aver-
age frequency (AF) vs. rise time (RT) to amplitude
(A) ratio (RA) (AFRA) analysis provided qualitative
trends associated with damage evolution, even though
in a more irregular manner; b-value analysis was the
least effective and it seemed to reflect more the com-
plexity of the mechanical configuration of the girders
and the aleatory nature of AE source and propagation
phenomena.

The effectiveness of AFRA and b-value analysis is
expected to improve when appropriate noise-reduc-
tion techniques are applied or when the monitoring
environment is relatively undisturbed, in contrast
to methods that are inherently more tolerant to sig-
nal contamination, e.g., Kaiser effect and acoustic
entropy. Whereas the latter methods are meant to be
promising for application in SHM in situ, the for-
mer ones might be more effectively implemented
as complementary tools for early damage detection
within integrated structural health monitoring (SHM)
systems.

The findings reflect the specimen features and the
testing scenarios, as well as the number of specimens
does not allow for conferring robust interpretation to
the results. Future work will account for specimen
and scenario uncertainty and will possibly integrate
AE parameters with mechanical response data along
in-situ monitoring, possibly exploring the use of the
technique for SHM of bridges under service.
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