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ABSTRACT

Passive ultrasonic stress wave, or acoustic Emission (AE), monitoring is a highly
effective technique for continuously assessing the structural health of materials, aiding
in the prevention of potential failures. AE refers to elastic waves generated during
fracture processes, which are detected and recorded by ultrasonic transducers.
Quantitative geophysics-based methods enable processing of recorded waveforms to
monitor and characterize the spatio-temporal growth of fractures in brittle materials
such as concrete and composites. Due to the complexity of the recorded elastic signals
and the non-homogeneous nature of the medium, data processing is often performed
manually. The high processing costs associated with large datasets, often exceeding
terabytes, have limited the practical application of this approach in real-world
scenarios. Therefore, an automated methodology is required to reduce costs while
maintaining high precision, enabling its integration into Structural Health
Monitoring (SHM) and Non-Destructive Evaluation (NDE) frameworks.

This paper presents the application of a novel automated and high-precision AE
monitoring algorithm and software, SIMORGH-SHM, designed for applications
ranging from materials testing to seismicity. The software is compatible with various
standard data formats and is capable of processing both trigger-based and continuous
data streams. After introducing the software package, initial results from AE
monitoring of a 4.2-meter-long Ultra-High-Performance Fiber-Reinforced
Cementitious Composite (UHPFRC) T-beam are discussed. The beam was equipped
with 24 novel embedded ultrasonic transducers and tested in EPFL’s Structures
Laboratory under cyclic loading to failure. Source localizations were performed and
damage mechanisms were estimated using Moment Tensor Inversion (MTI)
techniques.
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INTRODUCTION

The integration of Ultra-High-Performance Fibre-Reinforced Cementitious
Composites (UHPFRC) in structural health monitoring represents a significant
advancement in modern construction materials. UHPFRC exhibits outstanding
mechanical performance, with tensile strengths up to 16 MPa and compressive strengths
reaching 200 MPa [1-3], alongside a high modulus of elasticity (~45 GPa) and strain-
hardening behavior in tension [4]. These properties make it particularly suited for both
new structures and rehabilitation of aging infrastructure [5,6]. Additionally, UHPFRC
shows rapid development of mechanical properties due to its low water/binder ratio and
unique hydration behavior [7,8], although its hydration degree remains relatively low at
28 days [9,10]. Given these complex behaviors and sensitivity to early-age conditions,
precise and continuous monitoring is essential.

Ultrasonic stress wave-based techniques, both passive and active, offer a robust,
non-destructive approach to monitor UHPFRC behavior under various load conditions.
Passive ultrasonic stress wave (or AE) monitoring captures spontaneous microcracking
events [11-16], while active ultrasonic stress wave monitoring enables targeted
evaluation of evolving internal properties such as modulus of elasticity and hydration
development [17-21, 27]. When combined, these methods provide a comprehensive
understanding of damage initiation and propagation across scales. For instance, studies
using AE in dogbone and beam specimens have demonstrated that fiber content and
curing methods significantly affect cracking patterns and toughness [11,17,14,16]. The
integration of passive and active AE techniques at full scale enables the first-time
monitoring of UHPFRC early-age properties in situ, crucial for optimizing performance
and ensuring long-term structural safety.

In this paper, we investigate the possibility of real-time, high-precision monitoring
of the fracture evolution in UHPFRC. AE monitoring is particularly well suited for this
purpose, as it captures the elastic waves generated by microcracking and damage
processes. These signals, which are recorded by transducers, can be analyzed to map
the spatio-temporal growth of fractures. However, due to the complex nature of elastic
wave propagation, signal interpretation is often performed manually, and thus time-
consuming, and costly. Moreover, the sheer volume of data, scaling linearly with the
number of transducers and easily reaching terabytes, forces many studies to
downsample signals or use fewer transducers, leading to limited diagnostics and
potential safety risks. These limitations highlight the urgent need for automated and
scalable solutions that maintain precision while reducing manual workload and costs.

To address these challenges, a novel algorithm and software, SIMORGH-SHM [22-
25], has been developed. This high-precision AE monitoring tool enables automatic
real-time analysis of both trigger-based and continuous data streams and compatible
with standard formats in SHM and NDE contexts. In this study, SIMORGH-SHM is
applied to AE data recorded from a 4.2-meter-long UHPFRC T-beam equipped with 24
embedded ultrasonic transducers and that was tested under cyclic loading to failure at
EPFL’s Structures Laboratory [26.]. The system autonomously localized AE sources
and estimated damage mechanisms using Moment Tensor Inversion (MTI), providing
both speed and reliability that far exceed traditional manual methods.



SPECIMEN, INSTRUMENTATION, DATA ACQUISITION

The test specimen is a laboratory-scale T-shaped beam fabricated from UHPFRC.
It measured 4.2 meter in length, with a 4.0 meters span and a total depth of 0.45 meters.
The beam had a web thickness of 75 mm and was cast as a single element at EPFL using
a high-performance Swiss UHPFRC mix (Figure 1). The reinforcement included a
single 26 mm diameter steel rebar with a minimum yield strength of 435 MPa. More
details are provided in [26, 27]. The UHPFRC mix incorporated 3.4% by volume of
short, slender steel fibers (13 mm length, 0.16 mm diameter) to enhance toughness and
crack resistance. The mix design featured a water/binder ratio of 0.18 and included
cement, silica fume, quartz sand (particles <1 mm) from a commercial premix, and
superplasticizer. The casting process, which lasted approximately 75 minutes, was
carefully sequenced to ensure uniform dispersion of materials and fibers. The age of the
UHPFRC was defined from the moment water was added (February 10, 2022, at 12:00),
serving as the reference point for all subsequent monitoring. According to Swiss
UHPFRC standards [28], the beam was expected to meet grade "UB" mechanical
properties, with a tensile strength >12 MPa, compressive strength >140 MPa, and
modulus of elasticity >45 GPa. At 28 days, its average density was measured at 2599
kg/m?.

Instrumentation of the beam included 24 embeddable ultrasonic transducers (Model
S0807 from ACS), which were randomly positioned within the beam’s web. These
transducers were oriented perpendicularly to the web surface and held in place using
plastic sleeves embedded in the formwork during casting. This transducer network
enabled both passive and active ultrasonic stress wave measurements throughout the
test.

For data acquisition, a Vallen AMSY -6 system was employed to record both passive
and active ultrasonic signals. AE signals were captured using a sampling rate of 10
MHz, with a trigger threshold of 34 dB and a 40 dB preamplifier gain. The analog band-
pass filter range was set between 25 and 850 kHz. A maximum of 32,768 samples was
recorded per waveform, equivalent to a 3.28 ms recording duration. For active ultrasonic
transmission, each transducer emitted four pulses (at 1-second intervals), while the
others recorded the waveforms, creating 2,208 individual measurements per pulse
sequence. These sequences were repeated every 30 minutes to monitor the evolution of
the material's mechanical behavior. To manage data volume and ensure reliability,
acquisition was segmented into seven sub-phases, helping avoid data loss and maintain
manageable file sizes.

The rigorous specimen preparation with transducer installation, and high-frequency
data acquisition approach provided a detailed, high-resolution evaluation of the fracture
behavior and evolving mechanical properties of UHPFRC under loading-laying the
groundwork for accurate structural health assessment through AE and ultrasonic
monitoring techniques.
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Figure 1. A) Experimental test setup; B) Specimen cross-section; C) instrumentation (Source: [26]).

120 700

Failure load 105 kN
100l i '\T\ 600
7 T

2 ﬁ 500 2
o 80 k)
@ Load cycle group 6 H 3
o

b w00 &
2 Q
< k7]
3 3
3 300 8
hel —
2 5]
Q o
< 200 2

100
2 L J o bj
LIl ‘L L . | L L L il . 0

Time (hr)

Figure 2. Illustration of loading protocol: Load (Actuator S) vs. time. LCG are numbered with the
number being located at the first loading cycle of that group. Detected AEs are shown in red.

LOADING PROTOCOL AND MONITORING PROCEDURE

The specimen was tested under a four-point bending setup following a predefined
loading protocol illustrated in Figure 2 (see [26] for details). The loading sequence
consisted of repeated load-unload cycles organized into groups called Load Cycle
Groups (LCG). Each LCG involved three cycles at a specific peak load, with
intermediate single cycles at a representative service load of 26 kN. The peak loads
applied during successive LCGs were 13, 26, 39, 52, 65, 78, 91, and 104 kN. The final
stage of the test, labeled “F,” involved monotonic loading until failure occurred at 105



kN. Displacement-controlled loading was used throughout to maintain stability and
minimize dynamic effects.

AE LOCALIZATION USING SIMORGH

The AMSY-6 waveform data of each LCG were processed using SIMORGH. By
applying its event association algorithm to over 3.5 million waveforms, we identified
more than half a million AE events, of which approximately 300,000 were recorded by
at least five transducers. A P-wave velocity of 4700 m/s, estimated from active
ultrasonic measurements [26], was used for localization herein.

The localization algorithm employed a guided two-step grid search, beginning with
40 mm resolution and refining to 10 mm. The number of localized AE events per LCG
is summarized in Table 1, with representative subsets visualized in Figure 3. The
selected AE events included in the analysis were detected by at least five transducers
with an azimuthal gap of less than 270°, a travel time RMS error below 10 ps, and a
minimum source-to-transducer distance of no more than 350 mm. The complete
processing workflow was executed in under 10 hours on nine 3.4 GHz processors using
less than 50 GB of RAM.

SIMORGH uses waveform data in both the time and frequency domains for
localization. Pre-processing includes several steps such as transducer selection,
waveform feature extraction, and phase picking in both domains. For each AE source,
additional parameters such as relative magnitude, central frequency, rise time, and
duration were computed automatically. Relative magnitudes were determined using the
method described in [29], which accounts for signal amplitudes and source-to-
transducer distances.

The resulting AE localizations showed spatial distributions consistent with those
reported in [26]. Notably, SIMORGH localized more than three times the number of
events compared to [26] in each LCG.

TABLE L. RESULTS PER LCG: AE RAW AND PROCESSED DATA

LCG Number of Localized/Selected Relative

(kN) traces/events AE events magnitude
13 22,145 /307 202/139 -3.0/-2.35
26 91,474 /4,786 1633/322 -3.2/-1.7
39 179,157 /10,986 5835/1090 -3.1/-0.9
52 215,526 /15,795 6994/1123 -3.3/-0.8
65 303,088 /21,185 13346/1255 -3.5/-0.6
78 367,681 /24,426 11897/1021 -3.3/-0.6
91 666,012 / 44,494 32487/2266 -3.5/-0.3
104 1,210,592 / 79,944 50028/2586 -3.5/-0.1
105 622,976 /92,536 31421/745 -3.4/-0.8

AE MOMENT TENSOR INVERSION USING SIMORGH

One of the solutions implemented in SIMORGH is the automated inversion of AE
P-wave first-motion polarities and their initial amplitudes to obtain both full and
deviatoric moment tensor solutions, following methodologies inspired by [30, 31]. This



tensor represents the components of stress at the source, which gives the rupture-damage
mechanism, useful for structural evaluation and risk prevention.
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Figure 3. Selected AE source locations (colored circles) for LCG 1 to 9. Crack geometries measured at
the end of LCG 7-9 are plotted on top of AE sources, for reference. Triangles represent transducer

locations. Purple rectangles show actuators _(I)_p the( top )and supports on the bottom of the beam.
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Figure 4. Selected focal mechanisms for the LCG 5 to 9.

This method requires proper azimuthal coverage of transducers to reliably resolve
the seismic radiation pattern. We selected AE events with a minimum of eight polarity
readings and an azimuthal coverage of at least 180°. To enhance accuracy, the algorithm
was configured to search for the hypocenter in 3D, including the 75 mm beam web as
the third axis. The MTI was constrained to a deviatoric solution (ISO component = 0)
to reduce the number of degrees of freedom in the inversion. Solution stability was
assessed through multiple tests per AE, including Jackknife resampling and scalar
seismic moment (Mo) error estimation. For final selection, nodal planes were permitted
to rotate by no more than 20°, and a maximum of one reverse polarity was tolerated.
The selected moment tensors for each load stage exhibit consistency with the AE
distribution (see Figure 4). Most of the computed MTs correspond to the later phases of
each load stage, when the largest AEs occurred.

DISCUSSION



Accurate localization of AE sources requires careful signal pre-processing, reliable
implementation of a velocity model, and selection of appropriate localization
algorithms. Manual seismic-acoustic localization has traditionally been considered the
most precise method for fracture monitoring. However, this approach typically requires
1-3 minutes per event, depending on the number of transducers (typically 8-20) and the
signal quality needed to pick P- and S-wave arrivals. Weaker AEs would require other
approaches such as template matching for proper localization. While Al-based methods
offer faster processing post-training, they generally do not reach the same level of
precision.

SIMORGH-SHM localizes AE sources in a fraction of a second, leveraging all
available processors in the system. Its hybrid algorithm manages each processing stage
including method selection, signal conditioning, feature extraction in both time and
frequency domains, and multiple quality control steps, to deliver real-time, high-
precision fracture monitoring. The algorithm comprises over 50 tunable
hyperparameters, optimized according to project-specific conditions. In addition to
damage source localization, SIMORGH also estimates source mechanisms.

The AE results processed in this study are consistent with those obtained using the
traditional Geiger method, as reported in [26, 27], which is also implemented as one of
the available methods in SIMORGH’s core algorithm. As the applied load increases,
both the number and magnitude of AE events grow. During the early loading stages (up
to LCG 3), AE activity is sparsely distributed, eventually concentrating around the
emerging fracture zones as damage localizes. The obtained crack geometry by digital
image correlation (DIC) [26] also matches the distribution of the main cluster of AE
sources (Figure 3). The main distribution of AE sources can be observed within the two
support points and in the middle of each support point and the respective actuator. AE
sources on the northern side of the beam are aligned showing possible crack dipping to
the south and vice versa.

The automatically calculated moment tensors of AE sources show main opening
and shearing mechanisms, and despite the challenging transducer coverage for this
method, their corresponding nodal planes are consistent with the elongated AEs. The
multilayer algorithm of SIMORGH enables detailed analysis of fracture mechanisms in
near real time.

CONCLUSION AND FUTURE WORK

SIMORGH significantly reduces the cost and time associated with AE source
localization and moment tensor inversion, while maintaining high precision. It enables
real-time monitoring capabilities with large number of transducers that are currently
lacking but critically needed in several SHM and NDE applications where tracking
fracture growth is essential. The near-real-time localization and MTI solution supports
timely decision-making, setting a new standard for structural safety.

The next step in this research involves integrating SIMORGH’s near-real-time
ultrasonic tomography module with the available active ultrasonic stress wave
measurements and incorporating the resulting dynamic velocity models into real-time
AE hypocenter localization.

By enabling reliable and cost-effective deployment of AE surveillance arrays,
SIMORGH promotes broader adoption of continuous monitoring systems, ultimately



enhancing public safety. In summary, this software represents a major advancement
with the potential to improve structural security, environmental sustainability, and
community resilience.
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