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Abstract. Combined passive ultrasonic (US) stress wave [better known as acoustic
emission (AE)] and active US stress wave monitoring has been shown to provide a
more holistic picture of ongoing fracture processes, damage progression, as well as
slowly occurring aging and degradation mechanisms in concrete structures.
Traditionally, different data analysis techniques have been used to analyze the data
generated from these two monitoring techniques. For passive US stress wave
monitoring, waveform amplitudes, hit rates, source localization, and b-value analysis,
among others, have been used to detect and locate cracking. On the other hand,
amplitude tracking, magnitude squared coherence (MSC), and coda wave
interferometry (CWI) are examples of analyses that have been employed for active
US stress wave monitoring. In this paper, we explore some of these data analysis
techniques and show where their respective applications and limitations might be.
After providing an overview of the monitoring approach and the different data
analysis techniques, results and observations from selected laboratory experiments are
discussed. Finally, suggestions for further work are proposed.
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Introduction

The integration of passive ultrasonic (US) stress wave [better known as acoustic emission
(AE)] and active US stress wave monitoring have shown to improve capabilities with respect
to capturing ongoing fracture processes as well as slowly-varying degradation processes in
large-scale and real concrete structures [1, 2]. This combined approach is based on the same
underlying physics (i.e., wave motion in solids) and can be implemented using the same
instrumentation, i.e., US transducers and data acquisition system. To ensure that the
transducer coupling remains constant over time, embedded US transducers have been
evaluated [3-5] and were used herein. While the two monitoring techniques have traditionally
employed their own data analysis techniques, it can be argued that some of them could be
useful for both, and selection depends on what internal changes should be monitored and the
level of sensitivity deemed necessary. This paper explores some of the common analysis
techniques and demonstrates their applications and limitations.

1. Analysis Techniques

Common analyses used for passive US stress wave (or AE) monitoring include parameter-
based and signal-based techniques [6-8]. The latter can be further sub-divided into waveform
and quantitative analyses. While parameter and waveform analyses can be performed with
the measurements from a single transducer (i.e., they are considered hit-based), quantitative
analyses require measurements from multiple transducers (i.e., they are referred to as event-
based). Active US stress wave monitoring has been performed in the past by simple time of
flight/velocity measurements. Recent research is focused on coda wave analysis, mainly
using coda-wave interferometry (CWI) which is much more sensitive. Table 1 lists the
selected analysis techniques explored in this paper. Note that passive US stress wave
monitoring is, by definition, on-demand, and records data based on the level of activity given
at any time. On the other hand, active US stress wave monitoring is typically initiated based
on a predefined schedule. If desired, the pulse repetition frequency (PRF) can be set to a
value sufficiently small to capture transient loadings such as a passing truck.

Table 1. Overview of analysis techniques explored in this paper. Selected from [6-9].

Analvsis technique Passive US stress wave Active US stress wave Example
y q (or AE) monitoring monitoring Section 2
Hit rates vs. time Level of activity Not used 1
Hit (or waveform) amplitude, Level of appheq load and
. Strength of released energy amount of distress 1
A vs. time o
(low sensitivity)
interft t .
Coda wave fnterterometry Level of applied load,
(CWI) applied to two . -
_ micro-cracking, slowly
waveforms: Stretch factor, £= . >
. Not used varying deterioration 1,3
dv/v and cross-correlation
i processes, and temperature
coefficient, CC (between two . s
(high sensitivity)
waveforms)
Event rates vs. time Not used Presence of distress 2
. Regions with active Regions of distress
Source localization . 2
fracture processes (based on location error)




2. Examples

In this section, results from two laboratory experiments and ongoing monitoring of an in-
service bridge using US stress wave-based monitoring are presented. These were selected to
demonstrate the applications and limitations of the analysis techniques listed in Table 1.

2.1 Example 1: Laboratory Testing of a Full-Scale Reinforced Concrete Bridge Column

In this example, results from a laboratory experiment on a full-scale column-footing
subassembly representative of an existing bridge bent are presented. The loading protocol,
which includes cyclic lateral loading and varying axial loading, is shown in Fig. 1 (a). The
goal of the research was to determine the seismic performance of a typical reinforced
concrete bridge in Oregon having pre-1990s reinforcement detailing in the plastic hinge
region [10]. Fig. 1 (b) illustrates the observed damage states (DS) throughout the test. The
numbered labels in Fig. 1 (a) refer to specific performance changes and are described in detail
in [11]. Fig. 1 (b) shows an elevation view of the test specimen with embedded reinforcement.
Instrumentation relevant to this study includes five US transducers, of which three surface-
mounted (AEI through AE3) and three were embedded in the concrete (US1, US2, UST). The
former and latter were used for passive US stress wave (or AE) and active US stress wave
monitoring. AE data were collected trigger-based for hits with a waveform amplitude, 4 > 35
dB. The US transducer labeled UST was used to transmit a 60 kHz Morlet-type pulse every 1
s throughout the experiment, forming two US regions labeled R1 and R2. Additional details
regarding the US transducers and data acquisition system used can be found in [11].
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Fig. 1. (a) Loading protocol (entire experiment) showing applied column top lateral displacement, x(¢) (left y-
axis) and column axial load, P,(#) (right y-axis) vs. time, (b) elevation view of test specimen with
instrumentation and bending moment diagram, and (b) photos of column corresponding to DS II through VI.
All dimensions in (¢) in mm.



Fig. 2 provides an overview of sample analysis results for DS I and II (see Table 1 for the
analysis techniques selected for this example). These two damage states were selected because
they contain the transition from a linearly elastic (DS I) to an inelastic (DS II) response of the
test specimen. The passive US stress wave (or AE) response at transducer AE 1 is shown in
(b). Note that while the amplitude plots were visually very similar among transducers AE1
through AE 3, the cumulative number of AE hits decreased notably with increasing column
height. This can be explained by the lower bending moment demand with increasing column
height [see bending moment diagram in (b)], which corresponds to fewer cracks and cracks
with smaller width [see (c¢)]. Fig. 2 (¢) through (e) and (f) through (h) show the active US stress
wave monitoring results pertaining to US regions R2 and R1, respectively.
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Fig. 2. (a) Loading protocol (DS I and II) showing applied column top lateral displacement, x(¢) (left y-axis) and
column axial load, Py() (right y-axis) vs. time, (b) AE waveform amplitudes and cumulative AE hits (x 1000) vs.
time for AE1, (c) through (e) US results for R1 vs. time, and (f) through (h) US results for R2 vs. time.



Overall, all three US variables, i.e., US waveform amplitude, 4, cross-correlation coefficient,
CC, and coda wave stretch factor, &= dv/v exhibit larger variations vs. time for R1 compared
to R2. This is consistent with the AE response shown in (b). It can further be observed that
CC and 4 have similar trends with the former being more sensitive; ¢ is technically only
applicable in a continuum, since it assumes a slight stretch between two waveforms that are
otherwise similar. The implication of this is that ¢ is not valid after cracks form, which can
be seen by the strong variation of this variable in DS II.

2.2 Example 2: Laboratory Testing of a Large-Scale UHPFRC T-beam

In this example, selected analysis results are presented from a research project conducted to
evaluate the use of combined US stress wave monitoring on an ultra-high performance fiber-
reinforced cementitious composite (UHPFRC) T-beam during experimental load testing
(Phase 2). Results from the early-age monitoring phase (Phase 1) are discussed in [12]. Fig.
3 shows the experimental test setup, specimen, and instrumentation.
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Fig. 3. Experimental test setup and specimen: (a) Photo of test specimen, (b) cross-section of test specimen,
and (c) elevation view of test specimen with instrumentation. All dimensions in mm.
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leading to failure), (b) Located AE events for LCG 2 (all load cycles), (c) DIC-computed strain field for point

“IV” on final load cycle “F”. Green, yellow, and red dots in (b) correspond to location uncertainties (LUCY)
for LUCY <10 mm, 10 mm < LUCY <25 mm, and 25 mm < LUCY < 50 mm, respectively.



In Fig. 4 (a), the loading protocol is illustrated with numbers indicating the load cycle group
(LCG); (b) shows located AE events for LCG 2 and (c) shows the surface strain field
computed using digital image correlation (DIC). It can be observed that during LCG 2, the
failure crack, while not detectable visually during this LCG, matches with the cluster of
located AE events. Fig. 5 shows the distributions of AE sources along the specimen’s x-
location for LCG 1 through 8, corresponding to (b) through (i), respectively. It can be
observed that the bins closest to the location of the failure crack show the highest number of
cumulative located events. The ability to predict the potential failure location of structural
members made of UHPFRC is useful since these members develop fewer cracks and at a
later stage in the loading process compared to conventional RC members.
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2.3 Example 3: Monitoring of Full-scale Bridge Girders

Several two-span post-tensioned girders were subjected to load tests as part of a research
project organized and funded by the Federal Highway Research Institute (BASt) of Germany
[16]. Objectives were to check current codes, which are based on the result of single-span
experiments only and to understand details of stress and strain distributions as well as failure
mechanism for certain geometries [17]. One of the girders, which has an H-shaped cross-
section, is shown in Fig. 6. Loading was provided by two point loads applied slightly off-
center on each span. The experiments were monitored by various conventional sensors and
DIC [20]. In addition, a section of the beam was equipped with 20 embedded US transducers,
the same type as in the experiment described in Sections 2.1 and 2.2.
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Fig. 6. Sketch of load test setup for girder DLT 1.3 (dimensions in mm). Blue line: Tendon duct. Source: [18].

The strength of active US stress wave monitoring evaluated by CWI is its ability to detect
changes and stresses in an early state (before visual damage). Fig 7 shows the distribution of
US velocity changes in the instrumented part of the girder (simple interpolation of values
calculated for each transducer pair, allocated to the center of each combination) at about 20%
of the failure load. Strong velocity drops (yellow) appear on the opposite site of the
loading/support points, caused by the tension and opening of microcracks there.
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Fig. 7. US velocity change distribution at 250 kN load. From [18].
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Fig. 8. Horizontal component of strain change at 250 kN load, determined from velocity changes. From [19].

Velocity changes cannot be used directly for structural assessment. To translate this
parameter to something more useful, local calibration has to be performed. This was done by
correlating velocity changes at one of the transducer pairs with the horizontally oriented
strain gauge in the center of this pair [19]. The result is shown in Fig. 8 and can be used to
validate engineering or numerical models.



3. Conclusions and Outlook

Combining passive and active US stress wave monitoring has been shown to provide a more
holistic picture of ongoing fracture processes as well as slowly-varying degradation
processes in concrete structures. This paper highlights different data analysis techniques and
their applications and limitations. Specifically, CWI can track minute internal changes that
can be related to engineering variables such as strain. Simple waveform parameters such as
amplitude can be used when CWI fails due to its sensitivity to track the progression of
cracking. Locating passive US stress wave (or AE) sources and visualizing their distributions
can provide real-time information about the potential failure location. By selecting
appropriate analyses, the two monitoring techniques can be integrated, allowing to take full
advantage of their strengths. Future work is directed at understanding and accounting for
environmental factors such as temperature, humidity, and transducer coupling.
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