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the most evident cracking pattern, were monitored. The investigation was carried out analyzing
the trending behaviors of AE synthetic parameters, b-value and §, extracted from the AE time
series. Triangulation techniques for 3D localization of active cracks were successfully applied as
well. The results of the analysis demonstrated the existence of irreversible damage processes
mainly localized at the bottom of the tunnel and in the lower-central part of the arches. In
particular, AE sources localized in subsequent time steps are signatures of macro-crack propa-
gation, suggesting a worsening trend toward instability over time.

1. Introduction

Fracture in heterogeneous materials is a complex problem involving a wide range of time, space and magnitude scales, from
micro-cracking to earthquakes [1-3]. Thus, acoustic emission (AE) technique gives insight into the evolution of micro-cracks in
laboratory loading tests, and it is considered useful tool to capture fractures at larger scales [4]. By using a unifying approach,
fracture phenomena have been described by universal scaling laws which express self-similarity and scale invariance from the
laboratory to the seismic level [5-13]. On the other hand, researchers involved in restoration projects of historic monuments,
concrete structures and infrastructures with damaged and cracked structural elements can benefit from the use of non-destructive and
a nonintrusive monitoring techniques for structural integrity assessment [14-16]. In particular, this issue is crucial for concrete and
reinforced concrete materials, which are increasingly used in structural applications, as they are exposed to fatigue life deterioration,
aggressive chemical environments, unpredictable disasters, etc. [17-21].

Acoustic emissions, in the framework of Fracture Mechanics, represent a surplus of the strain energy released during crack
propagation, which is emitted in the form of transient ultrasonic waves. AE waves can be measured by sensors placed at the structural
element surface, providing information on the source event such as position, magnitude and crack opening mode [19-21], making it
possible to reinforce the structure using ad-hoc design or materials with high resistance against the specific cracking modalities. In
this sense, numerous AE data analysis approaches have been developed for damage characterization in many case-studies involving
concrete and masonry structures [22-32].

Here, a structural application of the Acoustic Emission (AE) Technique is presented to analyze the damage evolution in two
concrete segments of a road tunnel. The arched structure sustains the selfweight and variable vehicle traffic over an overlying road.
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Fig. 1. Localization of the monitored site on the map of the Northwest of Italy (a). Position of the road tunnel on the technical map of the
construction area (b). Zoom view of the monitoring site from the satellite (c).

The initial crack network, characterized by longitudinal cracks that had already appeared at the end of the construction work, later
has extended over a 40-m-length, forming visible longitudinal and orthogonal cracks. The two most stressed segments, namely those
located just below the road, were monitored. A multi-channel AE acquisition system was used to follow the time evolution of the
crack network, which is partly formed by through-wall cracks. A large portion of two reinforced precast concrete units in the shape of
curved segments was inspected by properly spacing relatively few PZT transducers, representing one of the first applications of the AE
technique for damage monitoring and stability evaluation of reinforced precast concrete tunnels. The assessment of damage level
reached in the monitored elements was carried out through AE S, and b-value time series analyses [19], whereas AE signal trian-
gulation techniques were applied for 3D localization of active cracks [15-26].

2. The road tunnel monitoring

In this Section the case-study is described. The monitoring seeks to evaluate the damage rate in a concrete arched structure of the
road tunnel positioned along the National Way “Ticinese” (Novara, Northwest of Italy), as shown in Fig. 1.

The monitored structure is a 100-m-long road tunnel, with internal radius of 7.4 m and built of 0.45 m-thick precast arched
reinforced concrete segments, hinged at the bases and in the arch vertex. The arch structure has to bear its self-weight, the load of
5.00 m of landfill at the extrados and the variable loads due to the vehicular traffic on the municipal road positioned at the top of the
tunnel and cutting it orthogonally, as shown in Fig. 1(b) and (c). Since the end of the construction work, emerging cracks have been
observed on the intrados of the arches positioned close the entrance of the tunnel (Fig. 2(a) and (b)), showing a longitudinal
development and regular steps (Fig. 2(c)). In recent months, the damage rate has increased to form a crack network extending over
40 m with some circumferential cracks. Therefore, the two segments likely to be more stressed, i.e. those placed exactly below the
road, were subjected to AE monitoring.

3. AE monitoring
3.1. AE sensors and acquisition device

The increased demand for continuous survey of infrastructures, buildings and monuments requires wireless transmission and
processing of huge amounts of data, allowing long-distance remote and real-time monitoring to point out the presence of evolving
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Fig. 2. Transversal section of the road tunnel (a). Planar view of the modules positioned at the entrance of the tunnel and identification of the
monitored segments (b). View of the diffused cracking pattern inside the tunnel (c).

structural degradation processes. To this purpose, the joint cooperation between the AE research unit of the Politecnico di Torino and
the Italian company Lunitek SRL produced the AEmission ® system for structural and seismic monitoring, based on AE data acqui-
sition and transmission by wireless technology. An array of eight PZT transducers (shown in Fig. 3(a) and (b)) is connected to this
multi-channel system (each channel with devoted memory of 64 Mb), which stores and processes automatically significant para-
meters of each detected signal waveform: arrival time, duration, peak amplitude, and ring-down counts, allowing in situ damage
localization and quantification from the recorded parameters. Processed data are periodically sent via GPRS/UMTS system to a
remote server, making it possible continuous and simultaneous monitoring of individual structural elements or entire structures,
possibly situated in different places. Taking into account the observed correlation between regional seismic activity and the AE
activity detected during structural monitoring [16], this monitoring system would be helpful to preserve civil structures, infra-
structures and architectural heritage located in seismic areas [16].

In Fig. 3(c), the central unit interface (equipped with touch screen technology) and the modem for the AE wireless transmission
system are outlined. The scheme of acquisition, pre-processing, and data transmission adopted in the prototype is reported in
Fig. 3(d). Each channel consists of an Analog to Digital Converter module (ADC) with a sampling rate of 10 mega-samples per second,
which is adequate to measure frequency components up to 1 MHz (only frequencies up to 10 times smaller than the sampling rate are
usually considered), covering satisfactorily the typical frequency range of broadband PZT transducers. However, in the present
application the use of high-sensitive resonant transducers (with resonant frequency of 63 kHz) appeared more appropriate.

3.2. Results

The AE transducers were applied on the bottom surface of two arches positioned near the entrance of the road tunnel, just in
correspondence of an overlying road which crosses orthogonally the tunnel. Positioning of the AE transducers is shown in Fig. 4.

After a preliminary setting of the signal detection threshold to 1 mV in order to filter out the electrical disturbances, the AE
monitoring began on 2 October 2017 for a 115-day period.
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Fig. 3. AE sensors adopted during the monitoring (a), (b). Central unit interface and the modem for the AE wireless transmission system (c). Scheme
of acquisition, pre-processing, and data transmission adopted in the prototype (d).

The results of the AE time series analysis referring to the whole monitoring period are plotted in Fig. 5. The first two diagrams
(Fig. 5(a) and (b)), illustrating the accumulated AE hit number (340 hits in all) and the AE count rate (hits per day), can be
interpreted as a signature of irreversible damage phenomenon taking place in the two monitored arches. The steady-rate of damage
accumulation, quantified by an average count rate of about 3 AE hits per day, was perturbed by a sharp acceleration with up to 60
hits per hour during the 43rd monitoring day.As confirmed by the temporal evolution of two synthetic indicators extracted from AE
data, i.e. ; and b-value.

The trend of damage rate is captured by the exponent , of the power-law relationship, N(t) ~ tﬁ‘, where N(t) is the accumulated
number of AE hits up until the time t, allowing a first qualitative prediction on the stability of the monitored structural element.
Values of ; < 1, corresponding to the progressive reduction of AE activity over the time, describe stable structural conditions,
whereas accelerated damage rates, given by values of 8, > 1, are generally signatures of structural instability (3, = 1 is considered as
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Fig. 4. Disposition of the AE sensors on the concrete structures (a).
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Fig. 5. AE data results: AE cumulated number (a), AE counts per hour (b), AE frequency (c) and amplitude (d) time histories. Time series of 8, and b-
value are also reported in (e) and (f) respectively.

a meta-stable condition, which can evolve towards either stability or instability) [19,20].
The exponent f; is calculated as a best-fit parameter from the damage variable » defined as follows [1,2]:

A%
ta
where Ny is the number of AE hits recorded during an observation period of duration t;.

On the other hand, damage assessment may be also investigated by the statistical distribution of the AE signal magnitudes fitted
by the Gutenberg-Richter (GR) law [19,20]:

N

n=—=ﬁd=

@

log N(>M) = a—bM (2)

where N is the number of AE events with magnitude greater than M, and a and b (or b-value) are fitting parameters. The b-value is an
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Fig. 6. Positioning of the AE sensors in 3D (blue points/squares) and localization of the AE sources localized by the triangulation procedure (red
points/circles) (a). Lateral view (b).

important parameter for damage assessment of structures as it decreases during damage evolution, reaching final values close to 1
when the failure is imminent [16].

By partitioning the AE data set in subsets of 50 hits, the observed trending behaviors of 3, and b value (Fig. 5(e) and (f)) correlate
with the AE hit time history. During the first 40-days period, values of f3; close to 0.5, signature of structural stability, were con-
sistently found together with b values slightly descending but still in the range 1.4-1.5, typical of micro-cracking regimes. The
subsequent increment of f3; up to the value 1.4, and the concomitant decrease of the b-value towards a critical value close to 1 (due to
high-amplitude hits like the 25 mV signal recorded just after the 40th day) agreed with the sudden increase in the AE activity,
observed contextually on the 43rd day.

The value f; = 1.4 (maximum in Fig. 5(e)) revealed unstable damage evolution, and the b = 1.1 (minimum in Fig. 5(f)) was
signature of macro-crack propagation stage. Indeed, 3D point location of AE sources by triangulation techniques allowed the loca-
lization of active crack fronts like those indicated by letter A in Fig. 6, localized after 43 days from the beginning of the monitoring,
and by letter B, subsequently localized on the 58th day. These two AE events are compatible with the longitudinal propagation of one
of the cracks visible to the naked eye.

AE source location was carried out exploiting the well-known seismic approach used to localize earthquake hypocentres from the
seismograms recorded at stations distributed over the Earth’s surface [15]. As AE hits are recorded by each transducer/channel, the
source is located by knowing the exact position of the transducers, the velocity of the waves in the material (here, the velocity of P-
waves in concrete was assumed to be equal to 3500 m/s) and the difference in hit arrival times (defined by the first threshold crossing
of the P-waves) among the transducers. Generally speaking, source location is possible if signals are detected in a minimum number
of transducers: two for linear location, three for planar, four for three-dimensional (when an AE signal is identified by at least five
transducers, determination of the real P-wave velocity is possible as well).

The governing equation of the triangulation [14-16], under the assumptions of homogeneous and isotropic medium —AE wa-
velengths being usually larger than the maximum aggregate size in concrete— and point-like sources —the tips of the growing
cracks— were solved by iterative techniques exploiting classical Least Squares and Gauss-Newton’s methods implemented in the
AEmission ® system.

The results of the AE source location procedure are illustrated in Fig. 6, which outlines the transducers (blue squares) and four AE
sources (red dots). The latter were localized in the middle part of the arch with the aid of three and, in one case, four detecting
transducers. This evidence seems to be in good agreement with the cracking pattern detected before starting.

4. Fem analysis
In the present section a finite element analysis is reported. The model was realized using 50 shell type elements. As shown in
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Fig. 7. 3D view of the geometry of the model (a). Configuration of the model with the applied load positioned in the barycentre of the semi-arch.

Fig. 7, the self-weight and the load of the ground on the top of the tunnel were considered as loading conditions in order to verify
their effect at the end of the construction work, i.e. during the phases in which the crack pattern began to develop. The geometry of
the module used to simulate the loaded structure is represented in undeformed (Fig. 8(a)) and deformed (Fig. 8(b)) configuration. The
latter shows the greater deformation between the base and the middle of the arch, in accordance with the Von Mises stress plot
reported in Fig. 9. In fact, as for the stress field at the intrados surface, the higher stress values are concentrated in the lower part of
the arch, close to the supports (see Fig. 9(b)). These finding appears to be consistent with the results of the AE source location
procedure reported in Fig. 6.

5. Conclusions

The results of a 100-day AE monitoring period of two segments of a road tunnel confirm the existence of an evolving damage
process, localized in the middle and at the base of the structural elements. The AE time series analysis describes a steady-rate of
damage accumulation, with a sudden acceleration of the process during the 43rd monitoring day, revealed also by abrupt changes in
AE pre-failure indicators, such as the f3; exponent and the b-value. In particular, the critical value close to unity reached by the b-value
represents a signature of macro-crack propagation. Two localized AE events are indeed consistent with the longitudinal propagation
of one of the cracks visible to the naked eye. Thus, results of the AE monitoring reveal the existence of an evolving damage process,
especially in the lower portions of the monitored segments, as confirmed also by the finite element analysis.

Finally, an extension of the monitoring time window, possibly including other segments of the tunnel, is needed to give a more
exhaustive assessment on the extension and severity of the evolving crack pattern.

(b)

Fig. 8. Undeformed (a) and deformed (b) configuration of the model taking into account the self weight of the structure and the load of the ground
positioned on the top of the module.
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Fig. 9. Von-Mises stress field reported for the extrados (a) and the intrados layer (b) of the structure. The results reported for the internal side are in
agood agreement with the localization evidence reported in Fig. 6a and b.
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