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A B S T R A C T

The interpretation of damage and fracture processes in cement-based materials and structures remains a 
fundamental challenge for ensuring the safety and durability of civil infrastructure. This paper presents a 
coherent synthesis of original experimental research unified by a methodological framework: the integration of 
Acoustic Emission (AE) monitoring with complementary techniques, including Digital Image Correlation (DIC), 
mechanical testing, and advanced signal analysis, to investigate fracture phenomena across multiple scales. This 
work presents a clear progression from material-scale behaviour to element-level response and full-scale struc
tural applications. At the material scale, size effects and ductile-to-brittle transitions in plain concrete under 
compression are examined, revealing fractal energy emission characteristics. At the element scale, the damage 
process in GFRP-bar reinforced concrete beams is analysed through multi-technical approaches, including RA-AF 
analysis, natural time analysis, AE entropy, and the novel Method of Critical Fluctuations-Based (MCF-B). At the 
structural scale, two case studies demonstrate the practical application of AE monitoring: UHPC-strengthened RC 
beams after 24 years of sustained loading, and crack evolution monitoring on the UHPC deck layer of a long-span 
cable-stayed bridge during construction. Across all scales, AE parameters, including b-value, βt coefficient, 
natural time variance, and entropy, consistently provide robust precursors to critical damage states. The syn
thesis demonstrates that fracture processes, from microcrack nucleation to macro-crack propagation and struc
tural instability, follow scale-invariant patterns that can be captured through AE monitoring. This integrated, 
multi-scale perspective offers a physically grounded framework for structural health monitoring and damage 
assessment, demonstrating that consistent damage indicators can be interpreted across scales within a unified 
methodology.

1. Introduction

Civil engineering structures are subjected to progressive deteriora
tion throughout their service life. This deterioration manifests as dam
age accumulation that spans an extraordinary range of scales: from the 
nucleation of microcracks at the micrometre scale within the material 
microstructure, to the propagation of meso-scale cracks at interfaces, 
and ultimately to macro-scale structural instability that may lead to 
catastrophic failure [1,2]. Understanding and predicting this multi-scale 
damage evolution is one of the most fundamental challenges in 

structural engineering.
Concrete, as the most widely used construction material worldwide, 

exemplifies this multi-scale complexity, with its heterogeneous nature 
comprising cement paste, aggregates, interfacial transition zones, and 
often fibre reinforcement [3–5]. This creates a rich landscape for crack 
initiation and propagation [6–8]. The situation is further complicated 
when modern materials such as Ultra-High Performance Concrete 
(UHPC) or Fibre-Reinforced Polymer (FRP) reinforcement are intro
duced, as these materials exhibit fundamentally different fracture be
haviours compared to conventional concrete [9–11].
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Among the various non-destructive techniques available for damage 
assessment, Acoustic Emission (AE) monitoring occupies a unique po
sition [12,13]. Unlike methods that interrogate the structure with 
externally applied energy, such as ultrasonic testing, AE passively listens 
to the elastic waves emitted by the material itself as cracks propagate 
[14,15]. This fundamental characteristic makes AE a direct probe of the 
fracture process: every AE signal corresponds to an irreversible damage 
process occurring within the material [16,17]. The physical basis of AE 
lies in fracture mechanics. When a crack propagates, the sudden release 
of strain energy generates transient elastic waves that propagate through 
the material [18,19]. These waves, detected by piezoelectric sensors 
placed on the structure's surface, carry information about the source 
mechanism, crack orientation, and energy release. By analysing the 
characteristics of AE signals, specifically their amplitude, frequency, 
energy, and timing, it becomes possible to reconstruct the evolution of 
damage in real time [20,21]. AE-based parameter analysis and classifi
cation methods have been applied to innovative materials such as 
high-strength coral aggregate reinforced concrete, demonstrating the 
versatility of this monitoring approach [22]. Furthermore, the combined 
use of AE and Digital Image Correlation (DIC) has been successfully 
extended to various quasi-brittle materials, including rock-shotcrete 
composites and self-compacting concrete under different loading con
ditions [23–25].

A recurring challenge in structural health monitoring is the extrap
olation of laboratory-scale observations to full-scale structures. 
Material-scale tests (on concrete cylinders or prisms) provide controlled 
conditions for understanding fundamental fracture mechanisms, but 
their direct applicability to real structures is often questioned due to size 
effects and boundary condition differences [26,27]. Conversely, field 
monitoring of in-service structures provides realistic data but lacks the 
controlled conditions necessary for mechanistic interpretation [28,29].

This paper argues that a coherent understanding of damage pro
cesses can only be achieved by bridging these scales through a unified 
experimental and analytical framework. The central thesis is that AE 
monitoring, when combined with complementary techniques such as 
DIC and interpreted through fracture mechanics principles, provides this 
unifying framework. The progression from material to element to 
structure is not merely a change in specimen size but a continuous 
evolution of fracture phenomena that follows scale-invariant laws.

This synthesis integrates a coherent series of experimental in
vestigations that establish a clear trajectory from fundamental material 
behaviour to applied structural monitoring, forming a unified cross- 
scale framework for interpreting damage and fracture processes. The 
work progresses systematically across scales, demonstrating that dam
age evolution follows consistent and physically interpretable patterns 
from material to structural level, with AE serving as the unifying 
descriptor: at the material scale, the investigation of size effects on 
concrete compression failure combines AE and DIC to reveal fractal 
energy emission characteristics; at the element scale, a multi-technical 
analysis of damage processes in GFRP-bar reinforced concrete beams 
introduces advanced AE methods including RA-AF classification, natural 
time analysis, AE entropy, and the novel Method of Critical Fluctuations 
(MCF-B); and at the structural scale, two case studies demonstrate 
practical applications—the first presents a fracture mechanics analysis 
of RC beams strengthened with UHPC after 24 years of sustained 
loading, validating AE's capability to assess rehabilitation effectiveness, 
while the second involves field monitoring of crack evolution on the 
UHPC deck layer of a long-span cable-stayed bridge during construction, 
confirming the validity of AE techniques in real-world conditions.

Unlike previous studies that reported isolated experimental obser
vations at single scales, this work provides the first systematic synthesis 
demonstrating that AE-based damage indicators follow scale-invariant 
patterns across six orders of magnitude in structural size, from 75 mm 
laboratory specimens to a 468 m cable-stayed bridge. The novelty lies 
not in individual datasets but in the unified cross-scale framework that 
reveals consistent critical transitions and fractal scaling laws governing 

damage evolution.
The paper is organized as follows: Section 2 presents the theoretical 

framework linking AE to fracture mechanics. Section 3 describes the 
integrated experimental methodologies employed across studies. Sec
tions 4, 5, and 6 present results at the material, element, and structural 
scales, respectively. Section 7 provides a unified discussion synthesizing 
the cross-scale findings, highlighting the consistency of damage in
dicators and their interpretation within a single physically grounded 
framework.

2. Theoretical framework: acoustic emission and fracture 
mechanics

2.1. Fracture mechanics foundations

The fracture behaviour of quasi-brittle materials such as concrete is 
characterized by the formation and growth of a fracture process zone 
(FPZ) ahead of the crack tip [30]. Within this zone, energy is dissipated 
through microcracking, aggregate interlock, and fibre bridging. Unlike 
perfectly brittle materials where fracture is described by a single energy 
release rate, quasi-brittle fracture involves distributed damage that 
evolves with loading [31].

From an energetic perspective, the total energy released during 
fracture, R, can be decomposed as R = D + E [32], where D represents 
the energy dissipated through inelastic processes (heat, plastic defor
mation) and E is the energy emitted as elastic waves, precisely the en
ergy detected by AE sensors. This fundamental relationship establishes 
AE as a direct measure of the dynamic energy release during crack 
propagation, providing a physically grounded link between experi
mental observations and fracture mechanics across scales.

2.2. AE parameters and fracture mode classification

AE waveforms contain multiple parameters that can be related to 
source characteristics [33,34]. As shown in Fig. 1, the amplitude (A), 
defined as the maximum voltage of the AE signal, is directly related to 
the magnitude of the source signal, with larger crack jumps producing 
higher amplitude signals. Rise time (RT) measures the interval from the 
first threshold crossing to the peak amplitude and is influenced by both 
the source mechanism and the wave propagation path. Duration (DT) 
represents the time elapsed between the first and last threshold cross
ings, reflecting the duration of the source signal. Ringing count (RC) 
quantifies the number of times the signal exceeds the threshold, 
providing a measure of signal complexity. From these primary param
eters, two derived indicators are commonly employed: average fre
quency (AF), calculated as the ratio RC/DT and expressed in kHz, 
reflects the frequency content of the signal (see Eq.1), while rise angle 
(RA), defined as the ratio RT/amplitude and expressed in ms/V, is 
particularly sensitive to the fracture mode (see Eq.2). When analysed 
collectively, these parameters provide a characteristic fingerprint of the 
underlying fracture mechanism.

The morphology of AE waveforms contains information about the 
fracture mode [35,36]. Tensile cracks (Mode I) generate signals with 
high average frequency and low rise angle, corresponding to sharp, 
impulsive waveforms. Shear cracks (Mode II) produce signals with lower 
frequency and higher rise angle, reflecting the more gradual nature of 
shear displacement.

The RA-AF method classifies signals based on these parameters, 
enabling real-time tracking of the dominant fracture mechanism 
throughout loading. This capability is particularly valuable for under
standing transitions in failure modes, such as the shift from distributed 
microcracking to localized shear failure. 

AF =
RC (Ringing Count)
DT (Duration Time)

, (1) 
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RA =
RT(RiseTime)

Amax(Amplitude)
. (2) 

In this study, the threshold between tensile and shear cracks was not 
defined by a fixed empirical value. Rather, a K-means clustering algo
rithm was applied to the RA and AF parameters of the AE signal popu
lation for each dataset individually, yielding a data-driven separation 
line that reflects the intrinsic distribution of the signals.

2.3. The Gutenberg-Richter law and b-value analysis

A fundamental observation in both seismology and AE analysis is 
that the frequency-magnitude distribution of events follows a power law 
[37,38]: 

log N( ≥ A) = a − blog A (3) 

where N is the number of signals with amplitude greater than A, and a 
and b are empirical constants. The b-value, representing the slope of this 
distribution, reflects the relative proportion of small to large events.

Within the framework of fracture mechanics, the b-value carries a 
distinct physical interpretation, where its variation directly reflects the 
evolving damage state [39,40]. High b-values, typically greater than 1.5, 
signify a predominance of microcracks and are characteristic of diffuse 
damage. As damage accumulates, a decrease in the b-value towards 1.0 
signals the coalescence of these microcracks into larger macrocracks, 
marking the onset of critical crack propagation. A further decline to 
values below 1.0 is ultimately associated with unstable fracture and 
serves as a precursor to impending failure.

2.4. Critical phenomena and natural time analysis

The approach to failure in complex systems is often preceded by 
characteristic fluctuations that signal criticality. Natural time analysis, 
originally developed for seismic electrical signals [41,42], provides a 
framework for detecting such critical states in AE time series.

In natural time χ, the order of signals becomes the relevant temporal 
coordinate. The variance of natural time, κ1, is defined as [43]: 

κ1 =
∑N

k=1
pkχk

2 −
(∑N

k=1
pkχk

)2
= 〈χ2〉 − 〈χ〉2 (4) 

where χk = k/N is the normalized order of the k-th signal, and pk is the 
normalized energy of that signal. When a system approaches criticality, 
κ1 converges to 0.07, providing a robust precursor to failure independent 
of the specific loading conditions [44].

In particular, two conditions have been defined for identifying the 
transition of the monitored structure to a critical state: (I) The parameter 
κ1 is approaching the value 0.07 "by descending from above"; (II) The 

entropies S and Srev are lower than the entropy of the uniform noise, 
which is Su= 0.0966. The entropy S is defined as: 

s = 〈χlnχ〉 − 〈χ〉ln〈χ〉,where〈χlnχ〉 =
∑N

k=1
χkpklnχk (5) 

Similarly, the entropy Srev is obtained by considering the time 
reversal TPK = PN_K+1.

Therefore, when the conditions (I) and (II) are satisfied, the time is 
found, at which the criticality occurs in the monitored structure [45].

While the critical value κ₁ = 0.07 is theoretically predicted as a 
universal constant for systems approaching criticality, the observability 
and temporal width of the critical window may be influenced by ma
terial composition. For fibre-reinforced members, the bridging effect of 
fibres tends to prolong the critical transition, resulting in a broader 
plateau where κ1 remains near 0.07. Nonetheless, the threshold value 
itself remains scale- and material-invariant.

2.5. The method of critical fluctuations-based (MCF-B)

The classical b-value analysis assumes a pure power-law distribution 
of signal amplitudes. However, many experimental observations reveal 
deviations from this ideal behaviour, particularly as failure approaches 
[46]. The Method of Critical Fluctuations based approach (MCF-B) ad
dresses this limitation by introducing a dual-exponent model [47]: 

N(A) = p1⋅A− p2 ⋅e− Ap3 (6) 

Here, p2 represents the power-law decay exponent (analogous to the 
b-value), while p3 captures exponential deviations. The transition to 
criticality is characterized by a decrease in p2 accompanied by a 
monotonic increase in p3, signalling the crossover from power-law to 
exponential-dominated behaviour that precedes failure.

The proposed MCF-B method is implemented through an iterative 
procedure applied to the AE time series. First, for an initial data set 
comprising signals #1 to #B, a histogram of AE amplitudes is calculated. 
This distribution, N(A), is then plotted on a log-log scale and fitted using 
the function presented in Eq.(6) to determine the corresponding expo
nents p2 and p3. Subsequently, as each new signal occurs, the dataset is 
expanded incrementally to include signals #1 through #B+ 1, and the 
fitting process is repeated. This stepwise progression allows for the 
continuous rescaling and tracking of the exponents p2 and p3 throughout 
the entire duration of the AE data up to the point of failure.

In the MCF-B approach, criticality is identified by the evolution of 
the fitting exponents p2 and p3 in the amplitude distribution. A system 
approaching failure typically exhibits [47]: (I) The presence of a “per
fect” power law (that is p2 >1 and p3 ≈ 0); (II) Followed by the decrease 
of p2 and the monotonic increase of p3. In fact, the behaviour of the 
exponents of the MCF-B approach reveals a crossover phenomenon 

Fig. 1. Tensile (Mode I) and shear (Mode II) cracks. (a) AE waveform parameters; (b) Crack type.
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when the system is close to failure.

2.6. Fractal scaling of energy emission

The damage process in heterogeneous materials exhibits fractal 
characteristics [48,49]. The energy emitted during fracture, E, scales 
with specimen size according to: 

E∝VD/3 (7) 

where V is the specimen volume and D is the fractal dimension. When D 
= 3, damage is uniformly distributed throughout the volume; when D 
= 2, damage localizes on a preferential surface. This indicates that the 
fractal energy density Γ (having non-integer physical dimensions) can 
be considered as the size-independent parameter: 

Γ =
E

VD/3 (8) 

Furthermore, AE can be detected during microcrack propagation. 
The energy emission, E, is proportional to the total number N of AE 
signals. Accordingly, the total number of AE signals, Nmax, over a fractal 
domain, can be considered as the size-independent parameter: 

ΓAE =
N

VD/3 (9) 

where ΓAE is the value of AE signals fractal density. This scaling law 
provides a quantitative link between laboratory observations and 
structural-scale behaviour.

3. Integrated experimental methodology

3.1. Common monitoring framework

Across all studies presented in this synthesis, a consistent experi
mental philosophy was applied: the integration of AE monitoring with 
complementary techniques to provide multi-faceted insight into damage 
processes. Table 1 summarizes the experimental configurations across 
scales.

3.2. Acoustic emission instrumentation

For AE monitoring across all experimental campaigns, piezoelectric 
sensors with a frequency response range of 10 kHz to 1 MHz were 
employed. Data acquisition was performed using the ÆMISSION® sys
tem developed by Lunitek (Italy), which features a 10 MHz sampling 
rate per channel, 60 dB pre-amplification, and programmable threshold 
triggering [50]. Additionally, the system's wireless data transmission 
capability facilitated its deployment in both laboratory settings and the 
field monitoring application discussed in Section 6.2.

Although the sensors possess a nominal frequency response from 
10 kHz to 1 MHz, all recorded signals were band-pass filtered between 
20 kHz and 400 kHz prior to analysis. This filtering strategy retains the 
dominant frequency range of crack-related AE signals in cementitious 

materials while effectively suppressing low-frequency ambient noise 
from wind, traffic, and mechanical operations, as well as high-frequency 
electronic interference.

Sensors were coupled to specimen surfaces using silicone resin or 
vacuum grease to ensure acoustic transmission. Threshold levels were 
established based on pre-test background noise characterization, typi
cally set at 2 mV to filter ambient noise while retaining crack-related 
signals.

3.3. Digital image correlation

DIC was employed as a complementary technique to AE, providing 
full-field surface displacement and strain measurements [51,52]. Spec
imen surfaces were prepared with random speckle patterns (5–7 pixel 
speckle size) using matte black and white paint. During loading, 
tripod-mounted cameras positioned perpendicular to the surface 
captured images at frequencies synchronized with test progression, with 
acquisition rates adjusted according to loading speeds to record crack 
initiation and propagation. As illustrated in Fig. 2, the DIC principle 
involves dividing the reference image into sub-regions, which are then 
independently tracked and compared with subsequent images to analyse 
the overall deformation field. The irregular speckle patterns enable ac
curate subset tracking throughout the loading process. Post-processing 
using correlation algorithms yielded displacement fields and strain 
maps that provided direct visual evidence of crack development and 
strain localization.

The spatial resolution ranged from approximately 0.04 mm/pixel for 
the 75 mm specimens to 0.16 mm/pixel for the 300 mm specimens. At 
this resolution, while individual microcracks with opening displace
ments below 0.01 mm may not be directly resolved, the strain locali
zation bands associated with microcrack clustering are reliably 
detectable. This complementary sensitivity between DIC and AE, where 
AE detects microcrack nucleation at earlier stages and DIC captures 
subsequent strain localization, enables cross-validation of the damage 
evolution sequence.

3.4. Mechanical loading protocols

Mechanical loading protocols were tailored to the specific scale and 

Table 1 
Summary of experimental configurations across scales.

Scale Specimens Dimensions AE 
Sensors

Complementary Techniques Key Parameters

Material Plain concrete cubes 75, 150, 300 
(mm)

1 DIC, load-displacement b-value, fractal dimension, cumulative 
AE

Element GFRP-RC beams 1800 × 200 × 200 
(mm)

2 DIC, strain gauges, CMOD RA-AF, natural time, MCF-B, AE 
entropy

Structure I UHPC-strengthened RC 
beams

2000 × 150 × 100 
(mm)

4 Strain gauges, LVDTs b-value, βt, natural time, RA-AF

Structure II UHPC bridge deck (field) 468 m main span (local cracked region 
only)

4 Crack measurements, traffic 
data

b-value, βt, source location

Fig. 2. Schematic of speckle displacement principle for DIC: (a) Reference 
subset, and (b) Deformed subset.
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objectives of each experimental investigation. At the material scale, 
displacement-controlled compression tests were conducted at a rate of 
0.01 mm/s, with Teflon layers applied at the loading interfaces to 
minimize frictional end effects. For the element-scale study on GFRP- 
reinforced beams, a four-point bending configuration was employed 
under Crack Mouth Opening Displacement (CMOD) control, with an 
initial loading rate of 0.05 mm/min that was increased to 0.2 mm/min 
once a crack opening of 0.1 mm was achieved. At the structural scale, 
laboratory tests on UHPC-strengthened beams were performed under 
monotonic four-point bending up to failure. Complementing these 
controlled experiments, the field study involved passive AE monitoring 
of a cable-stayed bridge deck during its construction phase, capturing 
damage evolution under ambient conditions and construction vehicle 
loading.

3.5. Data analysis protocols

Across all studies, AE data analysis followed a consistent multi-step 
protocol. The initial pre-processing stage involved threshold-based 
filtering, removal of electrical noise characterized by signals with 
duration below 3 μs and counts fewer than 3, and band-pass filtering 
between 20 and 400 kHz to retain crack-related signals while sup
pressing ambient disturbances. Following pre-processing, key AE pa
rameters were extracted, including amplitude, rise time, duration, 
counts, energy, as well as the derived RA (rise angle) and AF (average 
frequency) values. Statistical analysis was then performed, comprising 
b-value calculations using moving windows of 50–100 signals and 
determination of the βt coefficient through power-law fitting of cumu
lative AE signals. For criticality assessment, natural time analysis was 
conducted with window sizes ranging from 50 s to 100 signals, com
plemented by MCF-B analysis employing cumulative window progres
sion to track the evolution of scaling exponents. Finally, source 
localization via triangulation based on arrival time differences was 
performed exclusively for the field study, where sensor geometry 
permitted spatial identification of active crack sources.

The selected AE preprocessing parameters and window settings were 
not arbitrarily defined but based on pre‑test background noise charac
terization, established practices for cement‑based materials, and a 

trade‑off between statistical significance and temporal resolution. A 
cross‑scale internal consistency check was performed across material, 
element and structural datasets, confirming that the reported trends, 
including b‑value decrease towards 1.0, natural time variance 
approaching 0.07, and critical transition identification, remain stable 
under moderate variations of threshold (±0.5 mV), filter cut‑offs 
(10–30 kHz / 350–450 kHz), and window sizes (30–150 events).

In this manuscript, the term ‘AE signal’ (or ‘AE hit’) refers to a 
threshold-crossing waveform recorded by a sensor. The term ‘AE event’ 
is reserved for cases where source localization has been performed to 
associate multiple signals with a common physical source; this occurs 
only in the field study presented in Section 6.2. In laboratory experi
ments without source localization, we consistently use ‘AE signal’ to 
avoid ambiguity.

4. Material scale: size effects in concrete compression failure

4.1. Experimental design and motivation

Understanding size effects is fundamental to extrapolating labora
tory observations to structural behaviour. At the material scale, as 
shown in Fig. 3, plain concrete specimens of three base sizes (75, 150, 
and 300 mm) and three slenderness ratios (λ = 0.5, 1.0, 2.0) were tested 
under uniaxial compression. Fig. 4 shows the experimental setup. The 
systematic variation in geometry allowed investigation of both size and 
shape effects on failure modes, strength, and energy release character
istics. While single specimens are presented for each size-slenderness 
combination, it is well established that strength depends on scale: 
smaller specimens of a quasi-brittle material contain fewer defects, 
leading to higher apparent strength [1]. Previous extensive analyses of 
concrete specimens with varying shapes and sizes have reported fractal 
dimensions for energy emission ranging between 2 and 3 (D ≈ 2.3) [1].

For the smallest specimens with a base size of 75 mm, a slenderness 
ratio λ = 0.5, and a height of 35 mm, the specimen height was compa
rable to the AE sensor dimension of approximately 35 mm in diameter. 
To prevent any mechanical interference between the loading platens and 
the sensors during compression testing, steel spacers (shims) were 
introduced between the specimen ends and the loading platens. This 

Fig. 3. Size-slenderness variation.
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configuration provided sufficient clearance for the AE sensors and 
ensured that the recorded mechanical response was not affected by 
sensor-platen contact.

4.2. Size-slenderness effects on failure mode

Fig. 5 presents representative load-displacement curves and cumu
lative AE for specimens of different slenderness (λ = 0.5, 1.0, 2.0) with 
constant base size (150 mm). A clear transition in behaviour is observed 
with increasing slenderness: Stubby specimens (λ = 0.5) exhibited 
ductile post-peak softening, with gradual load decay. Cumulative AE 
increased progressively, reflecting continuous microcracking 
throughout the specimen; Intermediate specimens (λ = 1.0) showed a 
snap-back instability immediately after peak load, characterized by a 
sudden load drop and corresponding AE burst. This marks the transition 
from stable to unstable crack propagation; Slender specimens (λ = 2.0) 
displayed multiple snap-back instabilities in the post-peak regime, each 
coinciding with an AE burst. The final failure was governed by a 
dominant sub-vertical crack.

Table 2 quantifies the slenderness effect: as λ increased from 0.5 to 
2.0, compressive strength decreased by 16.7%, while cumulative AE 
signals increased by 81.4%. This inverse relationship reflects the tran
sition from crushing-dominated failure (high strength, low AE) to 
cracking-dominated failure (lower strength, high AE release).

4.3. Size effects on brittle-ductile transition

Fig. 6 shows results for specimens with constant slenderness (λ = 1.0) 
and varying base size (75, 150, 300 mm). With increasing size, the post- 
peak response transitioned from softening (75 mm) to snap-back insta
bility (150 mm) to catastrophic snap-back (300 mm). This progression 
confirms that larger specimens exhibit more brittle behaviour, consis
tent with fracture mechanics predictions.

The size effect on strength, while present (2.7% reduction from 
75 mm to 300 mm), was less pronounced than the effect on failure 

mode. However, the cumulative AE signals showed a dramatic increase 
with size: the 300 mm specimen emitted 6742 signals, approximately 25 
times more than the 75 mm specimen (264 signals), despite its volume 
being 64 times larger. This disproportionate scaling provides crucial 
insight into the fractal nature of energy emission.

4.4. DIC observations of crack patterns

DIC strain fields (Fig. 7) revealed the underlying fracture mecha
nisms. The slender specimen (λ = 2.0) exhibited a dominant near- 
vertical crack with limited branching, characteristic of brittle fracture. 
In contrast, the stubby specimen (λ = 0.5) showed multiple distributed 
cracks with extensive branching, consistent with ductile crushing fail
ure. These observations directly correlate with the AE characteristics: 
concentrated AE bursts in slender specimens versus distributed AE ac
tivity in stubby specimens.

4.5. Fractal analysis of emitted energy

The scaling of cumulative AE signals with specimen volume provides 
a quantitative measure of damage localization. Fig. 8 presents the log- 

Fig. 4. AE sensor layout (a) and compression tests (b).

Fig. 5. Loading history and cumulated AE curves for concrete specimens of base size 150 mm and different slenderness ratios: (a) λ = 0.5; (b) λ = 1.0; (c) λ = 2.0.

Table 2 
Compressive strength and AE signals for different slenderness ratios 
(size = 150 mm).

Slenderness 
ratio (λ)

Compressive 
strength (MPa)

Strength 
reduction (%)

AE 
signals 
(Nmax)

Failure mode

0.5 36.4 - 982 Crushing- 
dominated

1 33.3 8.5 1406 Mixed 
crushing/ 
cracking

2 30.3 16.7 1781 Cracking- 
dominated
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log relationship between Nmax and specimen volume. The slope of 0.73 
corresponds to a fractal dimension D = 2.19, indicating that energy 
emission occurs in a domain closer to a surface (D = 2) than to a volume 
(D = 3). This result is consistent with previous findings on the fractal 
nature of damage in concrete, where the morphological fractal dimen
sion has been shown to correlate with the power-law exponent of energy 
emission [53,54].

This finding has profound implications for structural monitoring: 

damage in compression concentrates on preferential surfaces, and AE 
signals provide a direct measure of this localization. The fractal AE 
density of 4 signals per unit surface (cm− 2.19) offers a scale-independent 
parameter for damage characterization.

4.6. Implications for higher scales

The material-scale investigation establishes several fundamental 

Fig. 6. Loading history and cumulated AE curves for concrete specimens with λ = 1.0 and different base sizes: (a) 75 mm; (b) 150 mm; (c) 300 mm.

Fig. 7. DIC strain cloud diagram of the fracture process in concrete specimens of size 300 mm and different slenderness ratios: (a) λ = 0.5; (b) λ = 1.0; (c) λ = 2.0.
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principles that extend directly to larger scales, supporting the existence 
of scale-invariant damage mechanisms. First, damage localization 
emerges as a pervasive characteristic: fracture processes concentrate on 
preferential surfaces rather than distributing uniformly throughout the 
volume, a scaling property that persists across all structural dimensions. 
Second, the consistent correlation between each snap-back instability 
and a corresponding AE burst validates AE as a direct quantitative 
measure of dynamic energy release during fracture signals. Third, the 
observed size effects, wherein larger specimens exhibit increasingly 
brittle behaviour, emphasize the necessity for scale-aware monitoring 
strategies that account for structural dimensions when interpreting 
damage indicators. Finally, the crushing-to-cracking transition with 
increasing slenderness demonstrates how geometric parameters funda
mentally influence failure mechanisms, a recurring theme that re
surfaces at element and structural scales, confirming the continuity of 
damage processes within a unified interpretative framework.

5. Element scale: damage process in GFRP-bar reinforced 
concrete beams

5.1. Experimental context

Moving from plain concrete to reinforced elements introduces new 
complexities: the interaction between concrete and reinforcement, 
bond-slip mechanisms, and the potential for multiple crack types. The 
investigation of GFRP-bar reinforced concrete beams represents a logical 
progression from the material-scale studies, applying multi-technical 
analysis to a structural element with modern reinforcement materials.

GFRP bars offer advantages in corrosion resistance but exhibit 
fundamentally different mechanical behaviour compared to steel rein
forcement: lower elastic modulus, linear elastic response to failure, and 
distinct bond characteristics [55]. These differences influence the 
damage evolution and failure mechanisms, providing an ideal test case 
for AE-based damage characterization.

The four-point bending test setup is illustrated in Fig. 9. The beam 
specimen had a total length of 1800 mm and a cross-section of 
200 × 200 mm. A single GFRP bar (nominal diameter: 12 mm, rib 
spacing: 10 mm) was placed as the bottom flexural reinforcement, with 
an elastic modulus of 56.4 GPa and an ultimate tensile strength of 
1164 MPa. To promote bond-slip failure at the GFRP-concrete interface, 
asymmetric unbonded lengths were designed: 150 mm on the left side 
and 50 mm on the right side, with a notch introduced at the midspan to 
induce localised damage. AE monitoring was performed using two 
piezoelectric sensors positioned along the GFRP bar direction (Fig. 9). 
Loading was displacement-controlled using an MTS system via CMOD 
control.

5.2. Global behaviour and stick-slip phenomena

Fig. 10 presents the load-time response of three nominally identical 
beams. The average peak load of 101.4 kN with low coefficient of 
variation (2.30%) confirms test reproducibility. Notably, saw-tooth- 
shaped load drops were observed prior to peak load, a signature of 
stick-slip behaviour at the GFRP-concrete interface.

The stick-slip mechanism arises from the intermittent loss and 

Fig. 8. Fractal domain of energy emission. The slope of 0.73 corresponds to 
fractal dimension D = 2.19.

Fig. 9. Schematic of the GFRP-reinforced concrete beam (a,b) and AE sensor arrangement (c).
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recovery of bond: local debonding causes sudden load drops, followed 
by re-engagement as load redistributes. Each slip signal releases elastic 
energy, generating high-amplitude AE signals. Fig. 11 demonstrates the 
correlation between AE amplitude peaks and load drops, with each 
major load drop corresponding to an AE burst.

5.3. RA-AF analysis: tracking fracture mode evolution

The RA-AF method provides insight into the changing fracture 
mechanisms throughout loading. Fig. 12 divides the damage process 
into stages based on stick-slip signals, while Fig. 13 presents the quan
titative distribution of tensile (Mode I) and shear (Mode II) cracks. The 
dividing line in each sub-figure was determined by K-means clustering 
applied independently to the corresponding dataset; therefore, the slope 
and intercept vary across sub-figures according to the intrinsic signal 
distribution.

The evolution follows a consistent pattern across three distinct 
stages. During Stage TS1 (initial loading), approximately 80% of 
microcracks exhibit tensile characteristics, and distributed micro
cracking dominates the damage process. A significant shift occurs in 
Stage TS2 (first stick-slip), where the proportion of shear cracks in
creases markedly, transitioning the failure mode from tension- 
dominated to shear-dominated. By Stage TS3 (final loading), shear 
cracks predominate at a ratio of approximately 4:1 relative to tensile 
cracks, with transverse shear cracks developing preferentially near the 
GFRP bar at the notch. This progression from tensile to shear dominance 
is a hallmark of bond-slip failure in reinforced elements, where 

interfacial shear ultimately governs the final failure.

5.4. Complementary DIC observations of crack localisation

To further validate the fracture mode evolution identified by the RA- 
AF analysis and to visualise the spatial characteristics of the damage, 
DIC was employed. Fig. 14 presents the equivalent strain field and 
horizontal strain field for the three tested GFRP-bar reinforced concrete 
beams at the point of final failure.

The DIC results consistently reveal that crack development is pre
dominantly concentrated in the vicinity of the GFRP bar within the 
notch region. Specifically, the horizontal strain field clearly delineates 
the morphology of transverse shear cracks, which align with the shear- 
dominated cracking behaviour identified in the later stages (Stage TS3) 
of the RA-AF analysis. No significant tensile cracks are observed in the 
DIC strain localisation patterns at this stage, corroborating the AE-based 
finding that the final failure is governed by shear rather than tension.

Moreover, the strain concentration zones observed via DIC corre
spond spatially to the location of intense AE activity reported in Fig. 11. 
This spatial correlation establishes a direct relationship between the AE 
signal characteristics and the underlying physical damage: areas 
exhibiting high shear strain localisation in DIC are the same areas 
generating high-amplitude, shear-type AE signals. Thus, the DIC mea
surements not only confirm the RA-AF classification results but also 
provide a direct visual link between the AE-based precursors and the 
actual crack geometry.

5.5. Natural time analysis: detecting critical states

Natural time analysis of AE energy series reveals the approach to 
criticality. Fig. 15a presents the evolution of variance κ1 and entropies S 
and Srev throughout loading. The critical region (grey background) is 
identified when two conditions are satisfied: κ1 approaches 0.07 "by 
descending from above"; Entropies S and Srev are lower than the uniform 
noise entropy Su = 0.0966. For the GFRP beam, this critical region oc
curs near normalized time 0.65, significantly before peak load. The 
structure has entered a terminal phase where damage processes become 
strongly correlated, though failure is not immediate; under displace
ment control, finite post-critical life remains.

5.6. AE entropy: disorder as a damage indicator

AE entropy quantifies the disorder in signal waveforms [56,57]. 
Fig. 15b shows entropy evolution with a window size of 50 signals. Low 
entropy indicates a more ordered system state—paradoxically, this 
order signals preparation for failure as damage localizes.

Fig. 10. Global behaviours of the test beams.

Fig. 11. Comparison of AE signals on left (a) and right (b) sides of the test beam.
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The identified low-entropy regime (grey region) corresponds pre
cisely to the critical zone determined via natural time analysis. Beyond 
this region, entropy increases sharply, reflecting the highly disordered 
post-critical state as localized fracture signals and plastic deformation 
dominate.

The entropy minimum at approximately 65% of the normalised time 
signifies the transition from a disordered, multi-scale damage regime to 
an ordered, correlated regime that governs the subsequent failure pro
cess. In the disordered regime, microcracks nucleate independently 
across the beam. In the ordered regime, a dominant damage mechanism 
takes control, specifically interfacial debonding followed by transverse 
shear cracking. This low-entropy state represents the information- 
theoretic manifestation of the system approaching a critical point, 
thereby complementing the natural time and MCF-B analyses.

5.7. MCF-B analysis: Beyond the b-value

The MCF-B method addresses limitations of classical b-value analysis 
by introducing dual exponents. Fig. 15c presents the evolution of p2 
(power-law exponent) and p3 (exponential exponent) throughout 
loading. Criticality is identified by a characteristic two-stage signature: 
first, the presence of a perfect power law with p2 > 1 and p3 ≈ 0, fol
lowed by a decrease in p2 accompanied by a monotonic increase in p3. 
This crossover phenomenon, indicated by the black dotted box in 
Fig. 15c, signals the approach to failure. Notably, the critical region 
identified by MCF-B aligns with that from natural time analysis and AE 
entropy—three independent methods converging on the same physical 
state.

Fig. 16 directly compares MCF-B results with traditional b-value 
analysis. While the b-value decreases approaching the critical region 
(consistent with expectations), it exhibits divergent trends thereafter. In 

Fig. 12. Damage stage divisions for RA-AF analysis: (a) two divisions for identifying stick-slip; (b) three divisions for damage process.

Fig. 13. Mode I and Mode II crack openings during the damage process: (a) results for two stick-slip stages; (b,c) results for three different damage stages.
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contrast, MCF-B maintains its critical signature through the systematic 
crossover behaviour.

This comparison highlights the robustness of the MCF-B approach: by 
accounting for deviations from pure power-law behaviour through the 
dual-exponent formulation, it captures the final approach to failure even 
when the b-value loses its precursory signature.

5.8. Synthesis of damage process

The multi-technical analysis enables a comprehensive description of 
the damage process in GFRP-bar reinforced concrete across four distinct 
phases. In the initial stage (TS1), distributed microcracking with tensile 
dominance is observed, characterized by stable AE activity, high b- 
values, and moderate entropy. During the subsequent stick-slip phase 
(TS2), intermittent bond failure generates a saw-tooth load response, 
with each slip signal producing a corresponding AE burst, while RA-AF 
analysis reveals a distinct transition toward shear-dominated cracking. 
As the structure approaches a critical transition at approximately 0.65 
normalized time, multiple independent indicators converge: natural 
time variance approaches the critical value of 0.07, entropy reaches its 
minimum, and the MCF-B method exhibits crossover behaviour, sig
nalling that the system has entered a correlated damage state. In the 
final failure stage (TS3), shear cracks predominate at a ratio of 
approximately 4:1 relative to tensile cracks, and transverse shear cracks 
propagate near the GFRP bar, ultimately leading to pull-out failure. This 
progression, captured in real time by AE and validated by DIC and 
mechanical measurements, demonstrates the power of integrated multi- 

technical monitoring, while reinforcing the consistency of AE-based 
damage indicators across scales.

6. Structural scale: from laboratory to field applications

6.1. Case study I: UHPC strengthening of long-term damaged RC beams

6.1.1. Unique experimental context
The beams in this study represent a unique experimental resource: 

RC notched beams subjected to 24 years of sustained loading in a 
controlled basement environment (1998–2022). This long-term loading 
created a realistic pre-damaged state, including creep deformation, 
microcrack networks, and stress redistribution, that cannot be replicated 
through short-term pre-damage protocols.

Fig. 17 illustrates the sustained loading setup, with each beam sub
jected to four-point bending via hanging weights. The notched config
uration (60 mm and 90 mm notch depths) created distinct initial 
fracture process zones for subsequent UHPC strengthening.

6.1.2. Characterization of pre-damage state
After 24 years of sustained loading, comprehensive characterization 

of the beams revealed the pre-damage state across multiple aspects. 
Regarding deflection development, the R90 beam (with a 90 mm notch) 
exhibited significantly larger long-term deflections than the R60 beam, 
reflecting greater initial section loss and accelerated creep, as shown in 
Fig. 18. Crack patterns were found to distribute regularly near the stir
rups, reflecting stress concentrations at these locations; these pre- 

Fig. 14. DIC strain field diagram at the final failure for GFRP-bar reinforced concrete beams.
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existing cracks served as initial flaws that would subsequently influence 
post-strengthening fracture behaviour. Carbonation depth measure
ments indicated a maximum carbonation depth of 10.1 mm, which 
remained well below the 25 mm concrete cover, confirming that 
chemical deterioration was minimal. Reinforcement corrosion analysis, 
presented in Table 3, revealed minimal mass loss, with a maximum of 
2.47% for stirrups, confirming that mechanical damage rather than 
chemical degradation dominated the pre-damage state.

This pre-damage characterization established that the substrate 
deterioration was predominantly mechanical (creep and microcracking) 
rather than chemical, providing a realistic foundation for evaluating 
UHPC strengthening effectiveness.

6.1.3. UHPC strengthening and mechanical response
After 24 years, the beams were strengthened by filling notches with 

UHPC (2% steel fibre volume fraction) and tested to failure under four- 
point bending. Four AE sensors were fixed to each UHPC-reinforced 
beam (named U60 and U90) using high-vacuum grease, as illustrated 
in Fig. 19. Fig. 20 presents load-deflection responses, with the key pa
rameters summarized in Table 4.

The U90 beam with a deeper UHPC layer exhibited an 18% higher 
ductility coefficient (5.2 vs. 4.4) despite a lower ultimate load, demon
strating that increased UHPC depth enhances deformation capacity, a 
critical consideration for seismic applications and damage tolerance.

6.1.4. Failure modes and interfacial behaviour
The failure patterns of the two UHPC-strengthened beams are illus

trated in Fig. 21, revealing both common features and distinct differ
ences. In both beams, the UHPC-RC vertical interface experienced 
delamination, while the horizontal interface remained intact throughout 
testing. However, key differences emerged between the two strength
ening configurations. For the U60 beam, the primary flexural crack 
penetrated the horizontal interface and propagated into the RC layer, 
while separation at the left vertical interface induced significant diag
onal cracks that extended toward the loading point. In contrast, for the 
U90 beam, flexural cracks were largely contained within the UHPC layer 
without penetrating the horizontal interface. Oblique cracks initiated at 
the vertical interface, extended to the horizontal interface, and then 
propagated toward the loading point, with additional cracking devel
oping at the corners of the horizontal interface.

The failure was primarily governed by oblique cracking, with the 

Fig. 15. Multi-technique criticality indicators: (a) natural time analysis; (b) AE entropy analysis; (c) MCF-B analysis. Grey background indicates consistent critical 
region identified by all methods.

Fig. 16. Comparison of b-value and MCF-B analysis. Grey area indicates MCF-B 
critical region.
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UHPC-RC interface playing a dominant role. The deeper UHPC layer in 
U90 resulted in longer vertical interfaces on both sides, delaying crack 
development and promoting more ductile response.

Fig. 17. Test setup of long-term loaded RC notched beams: (a) site layout; (b) loading diagram (mm).

Fig. 18. Long-term deflection development under sustained loading.

Table 3 
Steel rebar corrosion at notch of notched beams.

Type Original weight/ 
g

Weight after cleaning/ 
g

Average mass 
loss

R60 steel 
rebars

65.518 64.531 1.51%

R90 steel 
rebars

60.967 60.284 1.12%

R60 stirrups 85.859 83.737 2.47%
R90 stirrups 97.876 96.118 1.80%

Fig. 19. Schematic of the test setup and AE sensor arrangement.
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6.1.5. AE monitoring of damage evolution
AE monitoring provided real-time insight into the fracture process. 

Fig. 22 presents βt and b-value evolution for both beams.
The U60 beam exhibited declining b-value regression (from 1.5 to

ward 1), revealing unstable crack propagation. The critical point 
occurred at 42 min (t_bmin), with bmin = 0.9 and βt = 1.2 (>1), 

corresponding to initiation of flexural main cracks at beam bottom. In 
contrast, the U90 beam demonstrated relatively stable crack growth 
with nearly constant b-values. The critical point at 39 min (bmin = 1.0, βt 
= 2.5) corresponded to vertical interface cracking, a less critical signal 
than main flexural cracking. As summarised in Table 5, the βt and b- 
value results align well with the loading history, where t_bmin accurately 
identifies the initial fracturing point in the beams.

6.1.6. Natural time analysis validation
Natural time analysis identified critical points (tcrit) for both beams, 

consistently preceding t_bmin by 2–3% (Table 6 and Fig. 23). This con
sistency validates both methods while demonstrating that natural time 
analysis provides earlier warning.

Fig. 20. Load-deflection curves for UHPC-strengthened beams.

Table 4 
Main load-deflection values and ductility.

Beam First fracturing load 
F_cr 
(kN)

Steel-rebar yield load Fy 

(kN)
Ultimate load Fu 

(kN)
Deflection at yield load Δy 
(mm)

Ultimate deflection Δu 
(mm)

Ductility 
coefficient 
μ= Δu / Δy

U60 16.4 25.4 31.4 9.6 42.1 4.4
U90 15.9 21.2 26.4 5.6 29.2 5.2

Fig. 21. Beam failure patterns for (a) U60 and (b) U90.

Fig. 22. AE βt and b-value for (a) U60 and (b) U90 beams. tcrit determined using natural time analysis.

Table 5 
Comparison of first fracturing load.

Strengthened 
beam

Loading history 
F_cr (kN)

b-value 
F_bmin (kN)

Deviation

U60 16.4 16.7 1.8%
U90 15.9 16.1 1.3%
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6.1.7. RA-AF analysis: fracture mode transition
RA-AF analysis, presented in Figs. 24 and 25, revealed distinct 

cracking patterns between the two beams. During the first stage of 
loading, shear cracks dominated in both strengthening configurations. 
However, a notable divergence emerged in the second stage: the U90 
beam, which featured a deeper UHPC layer, exhibited a clear transition 
to tensile-dominated cracking, reflecting the enhanced ductility 
conferred by the increased UHPC depth. In contrast, the U60 beam 
maintained shear-dominated cracking throughout this stage, under
scoring the role of UHPC thickness in promoting a more favourable 
fracture mode.

The proportion of tensile cracks in U90 increased by approximately 
25% in the final failure stage compared to U60, confirming the transition 
to a more ductile fracture mode. This shift from Mode II to Mode I 
fracture represents a fundamental change in energy dissipation 
mechanism.

It is acknowledged that AE alone cannot unambiguously distinguish 
newly formed cracks from the reactivation of 24-year-old microcracks. 
However, the pre-damaged state, characterised by a distributed micro
crack network with minimal corrosion, serves as an initial fracture 
process zone. The value of AE monitoring lies not in retrospective 
classification of crack age but in real-time assessment of the post- 

strengthening structural response, including the transition from 
distributed to localised damage and the shift in dominant fracture mode.

6.1.8. Synthesis: Fracture mechanics interpretation
The long-term pre-damage created distinct initial conditions for the 

two beams, with the deeper notch in R90 resulting in greater loss of 
flexural stiffness, higher stress levels in the tensile reinforcement, and 
accelerated microcrack development compared to the R60 beam. 
Following UHPC strengthening, this pre-damaged state influenced post- 
strengthening fracture behaviour through several interconnected 
mechanisms. First, the pre-existing microcrack network served as an 
initial fracture process zone, directly influencing subsequent crack 
propagation paths. Second, the vertical UHPC-RC interface acted as a 
pre-defined plane of weakness where stress concentration concentrated, 

Table 6 
Comparison between natural time and b-value.

AE analysis method Time of first fracturing (minutes)

U60 U90

b-value (t_bmin) 42 39
Natural time (t_crit) 41 38
Deviation 2.3% 2.5%

Fig. 23. AE natural-time analysis for (a) U60 and (b) U90 beams.

Fig. 24. RA and AF analysis for U60 and U90 beams.

Fig. 25. Crack ratios at different stages.
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leading to critical crack initiation. Third, the steel fibres embedded in 
the UHPC provided a cohesive zone ahead of crack tips, significantly 
increasing the effective fracture energy of composite system. Finally, 
despite the development of cracking, the neutral axis depth remained 
remarkably stable throughout loading, as shown in Fig. 26, representing 
a macro-scale manifestation of UHPC's enhanced fracture toughness.

The integration of AE monitoring within a fracture mechanics 
framework provided unprecedented insight into these mechanisms, 
demonstrating that AE parameters directly reflect the energy release 
processes during crack propagation across scales.

6.2. Case study II: field monitoring of UHPC bridge deck cracking

6.2.1. Context and challenge
The Niutianyang Bridge in Shantou, China, is a long-span cable- 

stayed bridge with a main span of 468 m, as shown in Fig. 27. The 
orthotropic steel deck is composited with a 50 mm UHPC layer overlaid 
with 40 mm asphalt wearing course. During construction, drying 
shrinkage cracks were observed on the UHPC deck layer at the main 
span centre, representing a critical concern for long-term durability. It is 
important to note that the AE monitoring campaign was focused 
exclusively on this local cracked region at the midspan of the deck, not 
on the entire 468 m bridge span.

This field case represents the ultimate scale in the multi-scale pro
gression: from material (UHPC properties), through element (composite 
deck behaviour), to full structure (cable-stayed bridge response). The 
challenge was to monitor crack evolution in real time under construction 
conditions, with traffic loading and environmental effects.

In this field study, because four sensors were used and source 
localization was performed via triangulation, the term ‘AE event’ is used 
to denote a group of AE signals originating from a common physical 
crack source.

6.2.2. Field AE monitoring setup
The monitoring targeted the identified cracked zone on the UHPC 

deck layer at the main span centre. Within this local region, four AE 
sensors were strategically placed near the observed cracks (Fig. 28). The 
ÆMISSION® wireless system enabled real-time data transmission to a 
remote server. Threshold settings (2 mV) and frequency filtering 
(>20 kHz) were established based on pre-test background noise char
acterization, achieving 99% noise suppression while retaining 92% of 
crack-related signals.

The threshold was set at 2 mV based on pre-test background noise 
characterisation and remained fixed throughout the monitoring period 
to avoid desensitisation during high-traffic periods. The reported 99% 
noise suppression rate was obtained from laboratory validation tests 

using pre-recorded field noise, not from online adaptive filtering. This 
conservative strategy prioritises detection sensitivity over false-alarm 
minimisation, with subsequent correlation analysis (Section 6.2.6) 
used to identify traffic-related AE activity.

6.2.3. AE time series analysis
Fig. 29 presents the AE results recorded over a 225-minute moni

toring period on October 23, 2023, during which two main AE events 
were identified. The first event occurred at the 73rd minute, charac
terized by a sharp acceleration in AE activity reaching 60 signals per 
minute. A second, sub-sharp acceleration followed at the 183rd minute, 
with AE activity peaking at 30 signals per minute. These two events 
marked critical moments of crack propagation in the UHPC deck layer.

The evolution of the βt coefficient and b-value provided quantitative 
signatures of the damage progression throughout the monitoring period. 
During the initial period from 0 to 50 min, the βt coefficient remained 
approximately 0.5 while the b-value ranged between 1.4 and 1.5, indi
cating a microcracking regime characterized by distributed damage. At 
the 73rd minute, coinciding with the first major AE event, the βt coef
ficient increased sharply to 1.5 while the b-value decreased to approx
imately 1.0, signalling the transition to unstable crack evolution. A 
similar pattern was repeated at the 183rd minute, where the βt coeffi
cient again showed an abrupt increase and the b-value approached the 
critical threshold of 1.0, confirming the occurrence of a second episode 
of macrocrack propagation.

The two main AE events corresponded to macro-crack propagation, 
with b-values approaching 1.0, the critical threshold for macrocrack 
formation identified in material and element-scale studies.

6.2.4. Correlation with field crack measurements
Crack width and length were measured manually every 20 min 

(Fig. 30). The two major jumps in measured crack dimensions occurred 
precisely at the times of the two main AE events, confirming strong 
temporal correlation. Moreover, the magnitude of AE increase corre
lated with the magnitude of crack jump.

6.2.5. AE source localization
Triangulation based on arrival time differences located AE sources 

(red dots in Fig. 31), tracing crack tip advancement. The two more 
widely spaced AE sources represented the two main events at 73 and 
183 min, signalling rapid crack tip advancements. The step-by-step 
upward progression of red dots matched the measured crack propaga
tion pattern.

6.2.6. Environmental and traffic effects
Analysis of potential triggers for the observed AE activity revealed 

Fig. 26. Height-strain curves of midspan concrete.
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distinct contributions from environmental and operational sources. 
Regarding earthquake effects, a magnitude 5.0 earthquake occurred 
locally at 03:20 on the monitoring day; however, as shown in Fig. 32a, 
no statistical correlation was found between subsequent aftershocks and 
AE activity, indicating that seismic events did not contribute meaning
fully to the observed crack propagation. In contrast, traffic effects 
exhibited a strong correlation with AE events, as illustrated in Fig. 32b. 
Cumulated AE curves grew rapidly immediately following peaks in 
construction vehicle traffic, confirming that vehicle loading was the 
primary driver of crack propagation in the UHPC deck layer during the 
monitoring period. Temperature effects may have contributed through 
thermal contraction of the main girder, producing tensile stress that 
exacerbated crack opening.

6.2.7. Implications for structural monitoring
This field case validated several principles previously established in 

laboratory studies, demonstrating the robustness and scalability of AE- 
based damage assessment. First, the b-value was confirmed as a reli
able failure precursor, with its decrease to approximately 1.0 signalling 
macrocrack propagation in the bridge deck, a finding consistent with 
observations at both material and element scales. Second, the βt coeffi
cient served as an effective instability indicator, with values exceeding 
1.0 coinciding with unstable crack evolution, matching laboratory 
findings from controlled testing. Third, triangulation techniques for AE 
source location successfully tracked crack tip advancement in a real 
structure, demonstrating the practical applicability of localization 
methods beyond laboratory conditions. Most significantly, the multi- 
scale consistency of AE parameters was confirmed: the same indicators 
that characterized microcracking in 75 mm laboratory specimens pro
vided early warning of cracking in a 468 m bridge span, underscoring 
the scale-invariant nature of AE as a damage monitoring tool.

7. Unified discussion: cross-scale synthesis

7.1. Common patterns across scales

The four studies, spanning six orders of magnitude in characteristic 
dimension (from 75 mm specimens to 468 m bridge spans), reveal 
remarkable consistency in damage evolution patterns. Table 7 synthe
sizes key observations across scales.

Several universal patterns emerge from the cross-scale synthesis, 
revealing fundamental characteristics of damage evolution that persist 
across vastly different structural scales. The b-value functions as a uni
versal precursor, with its decrease to approximately 1.0 reliably sig
nalling the transition from distributed microcracking to localized 
macrocrack propagation across all investigated scales; this threshold 
appears scale-invariant, providing a robust indicator independent of 
specimen size or structural configuration. The invariance of the b-value 
threshold near 1.0 has been extensively documented in both laboratory- 
scale acoustic emission studies and geophysical seismology, demon
strating that the transition from criticality to final collapse follows 
consistent statistical laws across scales [39,54]. Furthermore, the 
convergence of natural time variance κ₁ to the critical value of 0.07 is 
rooted in the physical foundations of Natural Time Analysis, which 
applies uniformly from earthquake-scale phenomena to laboratory-scale 
fracture, representing a genuine physical law rather than an empirical 
observation [41–45]. The βt coefficient serves as a consistent instability 
indicator, with values exceeding 1.0 consistently accompanying unsta
ble crack propagation whether observed in laboratory snap-back in
stabilities or field crack jumps. Fracture mode transitions exhibit 
systematic patterns that reflect the influence of reinforcement and in
terfaces on damage evolution, as demonstrated by the progression from 
tensile to shear cracking in GFRP beams and the reverse transition from 
shear to tensile cracking in UHPC-strengthened beams. Finally, the 
correlation between AE activity and fracture events proves remarkably 
consistent: every significant mechanical event, including load drops, 
snap-back instabilities, and crack jumps, produces a corresponding AE 
burst, validating AE as a direct quantitative measure of dynamic fracture 
energy release.

7.2. The unifying role of fracture mechanics

Fracture mechanics provides the theoretical framework that unifies 
observations across scales. The fracture process zone, which in concrete 
spans multiple aggregate sizes, scales with structure size while main
taining similar local energy dissipation mechanisms [58]. This scaling 
property explains why AE parameters remain meaningful indicators 
regardless of structure size.

The energy balance perspective is particularly illuminating. The total 
energy released during fracture, R, partitions into dissipated energy D 

Fig. 27. The monitored bridge: (a) localization on map; (b) bridge photo.

Fig. 28. Layout of AE sensors on the local cracked region of UHPC deck layer.
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and emitted energy E (detected as AE). The correlation between load 
drops and AE bursts observed in all studies confirms that a significant 
fraction of the dynamic energy release during unstable crack propaga
tion is captured by AE monitoring.

Furthermore, the fractal analysis from material-scale studies, which 
yielded a fractal dimension D = 2.19, has profound implications for 
structural monitoring: damage localizes on surfaces rather than vol
umes. This explains why AE sensors placed on structural surfaces can 
effectively monitor internal crack propagation, as the fracture process 
concentrates near the surface where sensors are located.

7.3. Methodological advances

The progression from simple b-value analysis to multi-technical ap
proaches represents a significant methodological advance:

RA-AF analysis moves beyond scalar damage quantification to 
identify fracture modes. The consistent observation of mode transitions, 
from tensile to shear in GFRP beams and from shear to tensile in UHPC- 
strengthened beams, demonstrates that fracture mechanisms evolve in 
characteristic ways that can be tracked in real time.

Natural time analysis provides earlier warning than conventional 
methods by detecting critical state transitions before macroscopic 

Fig. 29. AE time series results: (a) AE count rate; (b) cumulated AE; (c,d) βt and b-value.

Fig. 30. Crack curve measured in the field.
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failure. The consistent observation that natural time critical points 
precede b-value minima (by 2–3% in all studies) establishes this method 
as a valuable complement to traditional analysis.

AE entropy offers a measure of system order that peaks at critical 
transitions. The convergence of entropy minima with natural time crit
ical points demonstrates that different physical descriptors, specifically 
temporal correlation and statistical disorder, point to the same under
lying physical state.

MCF-B analysis addresses limitations of classical b-value by 
capturing deviations from pure power-law behaviour. The superior 
performance of MCF-B in maintaining critical signature beyond the 
point where b-value diverges suggests this method may be particularly 
valuable for complex systems where multiple damage mechanisms 
coexist.

7.4. Implications for structural health monitoring

The cross-scale synthesis yields several direct implications for prac
tical structural health monitoring. For early warning systems, the 
consistent behaviour of AE parameters prior to critical events provides a 
robust basis for automated alert mechanisms. Thresholds established 
under controlled laboratory conditions, specifically b-value below 1.1, βt 
coefficient exceeding 1.0, and natural time variance approaching 0.07, 
can be applied to field monitoring with appropriate calibration for site- 
specific conditions. Regarding damage localization, source localization 
techniques validated in the bridge deck study demonstrated the capa
bility to locate active cracks in real time, enabling targeted inspection 
and repair; the quadrilateral sensor array achieved sufficient accuracy 
for practical applications despite the challenging conditions inherent to 
field environments. For performance validation, AE monitoring provides 
objective measures of strengthening effectiveness, as demonstrated in 
the UHPC-strengthened beams where stable b-values and tensile- 
dominated cracking in the U90 beam confirmed improved ductility 
and validated the deeper UHPC application. Finally, for remaining life 
assessment, the identification of critical states does not imply imminent 
failure, as the GFRP beams sustained significant additional loading after 
the critical region, but rather marks the onset of the terminal phase 
during which damage processes become correlated and the risk of global 
failure increases substantially.

7.5. Limitations and future directions

Several limitations of the current research should be acknowledged 
to guide future developments. Regarding sensor configuration, labora
tory studies typically employed only one to two sensors, which inher
ently limited source localization capability, while the field study utilized 
four sensors to achieve localization but with finite accuracy; future work 

Fig. 31. Crack tip advancement trace positioned by AE sources (red points).

Fig. 32. Analysis of AE and environmental effects: (a) AE and earthquakes; (b) AE and vehicle traffic.

Table 7 
Cross-scale synthesis of damage evolution patterns.

Scale Specimen/ 
Structure

Dominant Fracture 
Mode

AE-Fracture 
Correlation

Material Plain concrete 
cubes

Crushing-to- 
cracking transition

Each snap-back → AE 
burst

Element GFRP-RC beams Tensile-to-shear 
transition (RA-AF)

Each load drop → AE 
peak

Structure I UHPC- 
strengthened 
beams

Shear-to-tensile 
(deeper UHPC)

AE bursts at yield and 
ultimate

Structure 
II

UHPC bridge deck Transverse cracking AE events match 
measured crack jumps

Z. Jiang et al.                                                                                                                                                                                                                                    Construction and Building Materials 531 (2026) 146704 

19 



should employ denser sensor arrays to improve spatial resolution. Ma
terial specificity represents another consideration, as the results pre
sented are specific to concrete and cement-based materials; although the 
underlying principles likely extend to other quasi-brittle materials, 
validation for each new material class remains necessary. Environ
mental effects pose ongoing challenges, particularly in field monitoring 
where wind, traffic, and temperature variations introduce noise; while 
the filtering protocols employed proved effective, adaptive algorithms 
could further enhance signal-to-noise ratio. Data volume presents a 
practical constraint, as continuous monitoring generates massive data
sets, necessitating the development of automated analysis algorithms for 
practical implementation.

While the preprocessing parameters and window sizes employed in 
this study were consistently applied across scales and shown to be stable 
through internal cross‑consistency checks, a formal parametric sensi
tivity analysis with exhaustive variation of each parameter remains a 
valuable but resource‑intensive effort for multi‑scale AE datasets. 
Future work should systematically investigate adaptive thresholding, 
data‑driven window optimization, and automated parameter selection 
to further enhance the robustness and transferability of AE‑based 
damage indicators across different structural scales and field 
environments.

Looking forward, several promising directions emerge for advancing 
AE-based structural health monitoring. Integration with numerical 
models, such as coupling AE monitoring with discrete element or peri
dynamic simulations, could enable predictive assessments of remaining 
structural life based on observed damage states. Machine learning ap
proaches offer the potential to identify damage signatures beyond 
human detection capabilities, potentially revealing earlier or more 
reliable precursors. Multi-physics monitoring, combining AE with 
complementary techniques including DIC, strain gauges, and thermog
raphy, provides redundancy and cross-validation essential for critical 
infrastructure applications. Finally, long-term validation through 
extended monitoring campaigns on in-service structures is needed to 
confirm that laboratory-identified precursors remain reliable over years 
and decades of service.

8. Conclusions and perspectives

This work presented a coherent body of original research unified by a 
common methodological framework: the integration of AE monitoring 
with complementary techniques to investigate damage and fracture 
processes across scales. From 75 mm concrete cubes to a 468 m cable- 
stayed bridge, the same physical principles govern damage evolution, 
and the same AE parameters provide reliable indicators of structural 
state.

The principal conclusions of this study are summarized as follows. 
Firstly, scale-invariant damage indicators, including b-value, βt coeffi
cient, natural time variance, and entropy, exhibited consistent behav
iour at failure across six orders of magnitude in structural scale. 
Specifically, the decrease of the b-value to approximately 1.0 serves as a 
universal signal for the transition from distributed microcracking to 
localized macrocrack propagation. This observation is further supported 
by the fractal dimension of emitted energy (D = 2.19), which confirms 
that damage concentrates on preferential surfaces and validates surface- 
mounted AE monitoring as an effective approach for detecting internal 
crack growth. Furthermore, RA-AF analysis revealed characteristic 
transitions between tensile and shear cracking modes preceding failure, 
providing critical insights into changing energy dissipation mechanisms. 
By employing natural time analysis and MCF-B methods, critical states 
were identified prior to macroscopic failure, offering earlier warnings 
than conventional analysis; the convergence of these independent 
methods on the same critical region provides robust evidence for the 
underlying physical transitions. Finally, the practical applicability of 
these laboratory-identified precursors was validated through field 
monitoring of a UHPC bridge deck, where AE successfully tracked crack 

evolution and located active tips. In practical reinforcement scenarios, 
AE monitoring of 24-year pre-damaged beams strengthened with UHPC 
quantified a significant improvement in ductility, with an 18% increase 
observed for deeper UHPC applications, thereby providing quantitative 
guidance for future retrofit designs.

The progression from material to structure is not merely a change in 
specimen size but a continuous exploration of fracture phenomena that 
follow scale-invariant laws. AE, grounded in fracture mechanics and 
validated by multi-technical experimental evidence, provides a unique 
window into this multi-scale damage evolution. The principles estab
lished in this synthesis offer a foundation for the next generation of 
structural health monitoring systems, systems that not only detect 
damage but interpret its physical significance, predict remaining life, 
and guide intervention strategies.

As civil infrastructure ages worldwide and new materials enable 
unprecedented structural forms, the need for such physically grounded 
monitoring approaches will only grow. The integration of AE with 
complementary techniques, interpreted through fracture mechanics and 
validated across scales, provides a pathway toward structures that 
continuously assess their own health and communicate their condition 
to those responsible for their safety.
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