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Alkali-activated concrete (AAC) is a sustainable alternative to ordinary Portland cement concrete, but its large-
scale structural performance remains insufficiently understood, particularly in terms of long-term durability. To
ensure safe application, continuous monitoring of AAC structures is essential. This paper develops and validates
ultrasonic-based damage indicators (DIs) intended to support future lifetime monitoring of precast AAC bridge
members. Full-scale laboratory tests were performed on two prestressed AAC beams and a solid slab consisting of
three beams with embedded piezoelectric sensors. Active ultrasonic measurements collected throughout loading
were processed to derive two DIs: (1) reduction in waveform coherency using direct wave interferometry to
indicate crack initiation, and (2) relative wave velocity obtained from an arrival-time picker to track crack
propagation. The waveform coherency-based DI consistently identified the onset of cracking at or even before the
first visible cracks appeared in digital image correlation (DIC) images, while the velocity-based DI provided a
qualitative measure of crack propagation and orientation. Both indicators responded sensitively once degrada-
tion developed, enabling early warning of structural deterioration. The validated DIs are intended to inform the
development of a lifetime monitoring scheme on a pilot precast AAC bridge on a Dutch national road. This study
also provides a practical pathway toward risk-informed operation and broader adoption of AAC in bridge
applications.

1. Introduction specimens to large-scale structural members with complex stress dis-

tributions, such as precast prestressed bridge components, remains rare

Cement production is inevitably accompanied by high energy de-
mand and significant CO, emissions [1]. Today, cement production
accounts for about 5% of global fossil CO3 emissions [2]. The increasing
significance of sustainability in engineering practices underscores the
need for the cement and concrete industry to meet the sustainability
criteria in infrastructure projects. Possible solutions for reducing the
CO4 emissions for the concrete industry involve developing new binding
materials for concrete, i.e., belite cement [3,4], calcium sulfoaluminate
(CSA) cement [5,6], and alkali-activated binders [7,8], which can
partially substitute conventional cement. Among them, concrete based
on alkali-activated binders, or alkali-activated concrete (AAC), demon-
strates comparable or sometimes even better performance in compari-
son to conventional Portland cement concrete [9-11]. AAC also has the
potential to convert various industrial by-products and waste streams
into useful construction materials [12].

However, scaling-up AAC application from laboratory-scale
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due to limited knowledge of its structural performance, insufficient
construction experience and the absence of design guidelines. Further-
more, uncertainties persist regarding its response to realistic long-term
loading conditions, including prestressing, self-weight, traffic loads,
time-dependent deformations and environmental changes. These
knowledge gaps hinder the broader application of AAC in practice,
calling for further studies.

To address these knowledge gaps and promote application of AAC,
an initiative was launched by the Provincial Government of Friesland in
the Netherlands to use AAC for structural applications. The main aim of
this initiative is to study, design, and ultimately construct the first pre-
cast solid slab bridge with AAC on a national road in the Province of
Friesland. To facilitate informed design decisions regarding the identi-
fied knowledge gaps and to mitigate the risk of structural failure, a set of
full-scale laboratory failure tests was designed to justify design choices.
In both laboratory tests and the construction of the actual bridge, a
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refined monitoring program was developed to collect data on structural
responses and damage evolution. The information is essential for the
design, construction, and lifetime maintenance process.

To facilitate the long-term monitoring process, we propose several
damage indicators (DIs) through laboratory tests using structural health
monitoring (SHM) techniques to bridge the gap between SHM data and
the structural behaviour of full-scale AAC bridge components. The ob-
tained DIs will be further utilized in the monitoring of the real bridge to
mitigate the risk of structural failure. This provides material scientists
and structural engineers with direct insight into the safe application of
AAC as structural members in conjunction with SHM techniques. It is
noteworthy that certain indicators have been proposed for the long-term
monitoring of the global behaviour of bridges made of conventional
concrete, such as the visual inspection-based crack width indicator
[13-15] and the strain measurement-based neutral axis indicator [16].
Nonetheless, the visual inspection-based crack width indicator can only
detect cracks once they are visible and cannot capture the progressive
deterioration of the structure. Furthermore, the strain
measurement-based neutral axis indicator may identify issues only after
significant structural changes have occurred, which is not well suited to
the present application, as the formation of flexural cracks at critical
cross sections is recognized as the first step towards structural failure
[17].

In this paper, we propose and evaluate two ultrasonic damage in-
dicators, namely a waveform-coherency-based correlation coefficient
(CC) and a relative wave-velocity indicator derived from ultrasonic
pulse velocity (UPV), for an AAC bridge constructed using a specific
method, namely a solid-slab deck with embedded precast beams. The
construction method is commonly used in the Netherlands with unique
precast beam cross sections. Dedicated DIs for this type of bridge deck
are developed based on full-scale laboratory tests to capture the pro-
gressive deterioration of the structure. For simplicity, we refer to this
bridge deck as a precast solid slab in the rest of the paper. The use of CC-
and UPV-based indicators has been previously investigated for SHM of
conventional concrete; however, their interpretation in terms of
serviceability and ultimate limit states and their applicability to full-
scale prestressed AAC slab-bridge systems have not yet been estab-
lished. The present work addresses this gap by tracking the evolution of
these indicators in full-scale AAC members and linking them to crack
initiation and propagation as well as to global structural performance.
The methodology for the DIs, including the objectives and signal pro-
cessing techniques, is introduced in Section 2 (with a concise review of
existing approaches in Section 2.1). The geometries of the bridge
members and the sensor layouts for laboratory tests are detailed in
Section 3. The experimental setup and measurement plan for sensors are
presented in Section 4, while Section 5 provides validation of the DIs.

2. Methodology for damage indicators

2.1. Roles of damage indicators and selection of structural health
monitoring methods

For a properly designed structural member without over-
prestressing, the formation of flexural cracks at critical cross sections,
which leads to stiffness degradation at the cross section and causes
irreversible damage, is recognized as the first step toward structural
failure in most failure tests on structural members [17]. Based on this
consideration, the timely detection of crack initiation serves as a key
indicator of the proper functionality of a prestressed member.

While crack initiation in concrete is a useful serviceability indicator,
it should be supplemented with a failure-process-related indicator to
ensure robust structural assessment, as crack initiation in real bridges is
influenced by factors such as concrete shrinkage, thermal effects, and
loading conditions. Therefore, after cracks have initiated, it is also
crucial to track crack propagation to provide warnings for:
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1. Deterioration of flexural behaviour at the critical cross section of the
slab strip.

2. Potential brittle shear failure induced by shear crack propagation in
the shear-critical zone of the slab strip [18].

In the context of precast solid slab bridges, we focus on monitoring
two key structural changes throughout the service life of the bridge:
crack initiation and crack propagation. These represent two levels of
structural deterioration. Crack initiation indicates a reduction in dura-
bility, as cracks increase the risk of chloride, water, and oxygen intru-
sion, potentially leading to the corrosion of prestressing strands and
rebars. Thus, it can serve as an indicator for the Serviceability Limit
State (SLS). Crack propagation, on the other hand, directly contributes
to the deterioration of structural responses and represents an irreversible
sign of structural damage, making it an indicator related to damage
progression toward the Ultimate Limit State (ULS).

Since crack initiation results in subtle changes in the concrete,
detecting these changes requires an SHM method with sufficient sensi-
tivity. To this end, we select the ultrasonic method, which is highly
sensitive to material changes [19]. In contrast to conventional SHM
methods such as strain gauges [20], fibre Bragg grating sensors [21],
and distributed fibre optic sensors [22], the ultrasonic method offers a
distinct advantage by extending monitoring beyond specific locations or
sensor lines. Because it uses high-frequency elastic waves, the ultrasonic
method is sensitive to wave propagation within a surrounding volume
rather than restricting it to discrete points or predefined paths. When
placed strategically at multiple locations, ultrasonic sensors can function
as a network to monitor designated areas within the concrete. This
broader coverage improves the ability of the method to detect changes
and events across a larger section of the bridge.

Five main ultrasonic parameters are widely used in elastic wave-
based concrete monitoring, including UPV, attenuation parameters
(such as scattering-related and intrinsic-dissipation-related attenua-
tion), nonlinear parameters, waveform coherency, and travel-time or
velocity change. Here, ‘waveform coherency’ refers to an indicator of
waveform similarity (as defined in Table 1 by Liu [26]), rather than the
physical presence of coherent waves. Table 2 compares these parameters
in terms of sensitivity to crack initiation, robustness to noise, and
capability for macro-crack characterization. UPV is a conventional ul-
trasonic parameter widely used to assess concrete quality and detect
macro-cracks in concrete [27,28]. However, several studies [29,30]
have shown that UPV is generally not sensitive to crack initiation. This is
because UPV is based on time-of-flight measurements, and small-scale
changes in the medium often do not result in measurable variations in
travel time due to resolution limits. On the other hand, this reliance on

Table 1
Comparison between the ultrasonic method and conventional SHM methods in
monitoring the local region of concrete structures.

SHM method Monitoring range Spatial Typical applicable

flexibility range

Strain gauge- Restricted to discrete Low Localized strain
based method mounting points monitoring at specific
[20] locations

Fibre Bragg Restricted to discrete Low Localized strain and

grating (FBG)- temperature
based method monitoring at specific
[21] locations

installed points

Distributed fibre Quasi-continuous Moderate Distributed strain and
optic sensors along the entire fibre temperature
(DFOS)-based path monitoring
method [22]

Ultrasonic Sensitive to elastic High Strain/stress [23],
method [19] wave propagation temperature [24], and

within a surrounding
volume, not limited to
points or paths

damage [25]
monitoring in critical
regions of large
concrete members
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Table 2
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Comparison of ultrasonic parameters in terms of sensitivity, robustness, and macro-crack characterization for monitoring local regions of concrete structures.

Parameter UPV Attenuation parameter Nonlinear parameter Waveform coherency Velocity change
Sensitivity to crack initiation Low High Very high High Moderate
Robustness to noise High Low Low Moderate Moderate
Macro-crack characterization Severity and direction Severity Severity Severity Severity

timing also makes UPV typically robust against random noise, which has
little effect on arrival-time estimation. Compared with UPV, attenuation
parameters are generally more sensitive to crack initiation and micro-
cracks in concrete [30]. They can also be used to evaluate the severity of
damage in a given region. However, attenuation generally provides only
a qualitative assessment of macrocracks and does not yield information
about crack location or orientation [31]. Moreover, because attenuation
is calculated from amplitude or energy, it is highly sensitive to noise
levels [32,33]. Nonlinear parameters, by contrast, are highly sensitive to
microstructural changes in concrete [34]. Nevertheless, when applied to
macrocrack scenarios, these parameters often exhibit high variability
[35-37]. Furthermore, second- or third-harmonic amplitudes are often
needed in the calculation of nonlinear parameters. These amplitudes are
typically very low and easily influenced by noise [38]. Waveform co-
herency and velocity change are both derived using wave interferom-
etry. Waveform coherency is generally highly sensitive to structural
changes in the medium, such as cracking [39-41]. Velocity change, on
the other hand, responds not only to structural changes [42] but also to
stress [43] and temperature [44] variations. Consequently, measured
velocity change typically reflects a coupled effect of these phenomena,
which reduces its effectiveness for early damage detection, especially in
regions where stress changes are present. When a macrocrack develops,
waveform similarity decreases sharply, making both parameters useful
for evaluating damage severity [45]. However, due to the complexity of
scattered wave paths, they remain difficult to apply for determining
crack location or direction.

To ensure timely detection of crack initiation, we employ waveform
coherency as the indicator, as this parameter is highly sensitive to crack
initiation and exhibits moderate robustness against noise. A wave
interferometry technique, called the stretching technique [46], is used to
evaluate waveform coherency through the correlation coefficient (CC),
which is highly sensitive to minor changes in the medium [44]. The CC
value is computed between each waveform and its own reference at the
previous load step, so variations due to density or curing conditions are
largely cancelled out and do not significantly affect the crack-induced
reductions in waveform coherency. The stretching technique and its
corresponding DI are introduced in Section 2.2. For detecting crack
propagation, we adopt the UPV parameter as the indicator, as it can
characterize macro-cracks, is robust to noise, and has the potential to
reveal crack orientation, which is crucial for determining the failure
mode. The UPV parameter is calculated based on the arrival-time picker.
To eliminate the influence of spatial variations in absolute wave velocity
on crack detection [47], a relative velocity, defined with respect to the
unloaded reference state, is adopted in this study. The relationship be-
tween UPV and crack orientation, along with details of the arrival-time
picker, is presented in Section 2.3.

2.2. Waveform coherency-based damage indicator for crack initiation

The initiation of cracks in concrete represents a subtle change in the
material, which typically does not result in a significant change in wave
velocity. However, the initiation of cracks within the scope of elastic
waves can alter the wave path, leading to distortions in the received
waveforms. These crack-induced distortions further reduce the similar-
ity between the waveforms in the medium before and after cracking,
which can be quantified using the CC of these two waveforms [48,49]. It
should be noted here that CC indicates the waveform coherency, which
is highly sensitive to subtle structural changes within the medium, and,

according to previous research [50-52], the magnitude of CC reduction
caused by crack initiation is generally greater than 0.1.

The CC value can be obtained using the stretching technique, which
is a wave interferometry technique that compares two waveforms: one
recorded before perturbation (uy,p) and one after perturbation (uper)
[46,53]:

ST tany (O)tpec[t1(1 — )]

to

; (€]
VT, e)de [T iz, 11— e)] dr

CC(’.’()7 T7 (Z) =

where CC is the correlation coefficient, ¢ represents the factor for
stretching or compressing the signal, t;, denotes the starting time of the
time window, and T represents the duration of the time window. More
information regarding the stretching technique can be found in the au-
thors’ previous article [54].

The stretching technique can be applied to either the early segment,
known as direct wave interferometry (DWI) [43], or the later segment,
termed coda wave interferometry (CWI) [50,55]. CWI offers heightened
sensitivity to subtle changes compared to DWI, due to the longer wave
path that accumulates these changes. However, this increased sensitivity
is a double-edged sword, as it makes CWI more susceptible to environ-
mental factors such as temperature fluctuations [44]. Considering the
intended six-hour interval between measurements on the real bridge and
the large temperature fluctuations expected during this interval, we
apply the stretching technique to the early time window, which corre-
sponds to DWI. While this approach sacrifices some sensitivity, it offers
enhanced robustness against environmental variations.

2.3. Ultrasonic pulse velocity-based damage indicator for crack
propagation

2.3.1. Relationship between cracks and velocity of elastic waves

The physical principle behind detecting cracks (including both
visible and internal ones) through elastic wave velocity lies in the
interaction between cracks and propagating waves. When a crack lies on
the trajectory between the sender and receiver, the wave undergoes
scattering and refraction during propagation. These interactions in-
crease the effective travel time [56]. Assuming the sensor distance re-
mains constant, the velocity, defined as distance divided by travel time,
therefore decreases.

Beyond this basic principle, wave velocity in concrete is also strongly
influenced by crack orientation [57,58]. For uniformly distributed,
randomly oriented cracks, the effect is an essentially isotropic velocity
reduction compared with the uncracked medium [59]. Such behaviour
is often modelled using an isotropic effective medium, where crack
density [60-62] and crack size (or aspect ratio) [59] are key parameters
controlling the effective velocity. By contrast, structural cracks in con-
crete members develop in response to loading conditions, and their
orientation is strongly dependent on the applied loading scheme. For
example, cracks formed during a beam shear test are typically diagonal
[63]. In these aligned-crack cases, velocity becomes anisotropic,
depending on the propagation direction relative to the crack orientation.
This anisotropy can be modelled by treating the cracked medium as a
transversely isotropic effective medium, as proposed by Eshelby [64]
and Hudson [65,66], where P-wave velocity is expressed as a function of
the angle between the propagation direction and the crack normal. This
relationship is shown in Fig. 1, originally plotted by Cheng [67]. As
illustrated, velocity reaches a minimum when waves propagate
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Fig. 1. Comparison of P-wave velocities in cracked medium as a function of
angle for Hudson’s and Eshelby’s theories (replotted based on the result re-
ported by Cheng [67]). The background medium is taken to be a Poisson solid
with A=u= 39 GPa. The crack aspect ratio is 0.01 and the crack porosity is
0.005. Please note that velocity reduction also depends on crack aperture and
wave frequency, i.e., dispersion effects, which are not shown here.

perpendicular to cracks and a maximum when they propagate parallel to
them. Such behaviour reflects frequency-dependent transmission and
scattering at cracks: waves incident perpendicular undergo stronger
scattering and phase delay (and, under broadband excitation, additional
dispersion and amplitude attenuation), yielding lower apparent veloc-
ities, whereas waves traveling parallel encounter less impedance and
thus higher apparent velocities [68].

Importantly, these mechanisms also explain the evolution of velocity
as cracks propagate under loading. With increasing crack density and
aperture, scattering and phase delay effects intensify, producing a pro-
gressive velocity decrease along trajectories in the crack zone. At the
same time, as cracks align with the stress field, velocity anisotropy be-
comes more pronounced: velocities decrease more significantly in di-
rections perpendicular to the dominant crack orientation while
remaining relatively higher in parallel directions. Consequently, tem-
poral velocity changes not only indicate the presence of cracks but also
provide insight into their progressive growth and orientation during
loading. It should be noted that, in this study, crack propagation was not
tracked in real time during loading. Instead, during monotonic loading,
once a given load level was reached, the load was held constant to
determine the crack level within the sensor network at that load step.

2.3.2. Arrival-time pickers for the UPV technique

The UPV technique is a conventional method for ultrasonic-based
concrete monitoring [27]. The UPV procedure involves activating the
actuator with a pulse, causing it to vibrate and generate elastic waves
within the concrete medium. These waves propagate along a defined
wave path and are detected by receivers placed at specific locations. A
critical step in this process is accurately capturing the arrival time of the
received signal. These data are essential for calculating pulse velocity,
assuming a direct and linear path between the actuator and receiver.
Precision in determining the arrival time is crucial, as it directly in-
fluences the reliability of the UPV results.

There are two arrival-time pickers commonly used in the literature:
Hinkley criterion (HC) picker [69] and Akaike information criterion
(AIC) picker [70]. The HC picker is based on the wave energy. For a
signal S with the length of N, the HC value at n is defined by [69]:

n
HC(n) = S} _Sy )

i=1

where Sy is the total energy of the signal and n ranges through all the
samples in the signal. The factor a is to reduce a systematic delay of the
global minimum of the modified partial energy of the signal which
comes from subtraction of the trend. The point with the minimum HC
value is selected as the onset point. The performance of HC picker is
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highly dependent on the value of factor a. In application, its value is
usually chosen to fall within the range of 2-200 to ensure minimal delay
[71].

The AIC picker, on the other hand, is based on the variance of the
signal. This picker is believed to be more accurate than the HC picker
[71]. For a signal S with the length of N, the AIC value at n is defined by
[70]:

AIC(n) = nlog{var(S[1,n])} + (N—n—1)log{var(S[n+1,N])} , 3
where n ranges through all the samples in the signal. The point with the
minimum AIC value is selected as the onset point. In contrast to the HC
picker, the performance of AIC picker is significantly related to the se-
lection of the time window. This picker should be operated within a time
window of limited duration, characterized by a high signal-to-noise ratio
(SNR) and clearly discernible arrival time [72]. Choosing a time window
of much longer duration may result in an inaccurate onset point.

In this paper, we employ both the HC picker and the AIC picker for
arrival time determination. Leveraging the insensitivity of the HC picker
to time-window durations, we initially employ this picker to provide a
rough estimate of the time-window range for arrival time, using the
entire signal and setting a to 50. The established time-window range is
subsequently used for precise onset time determination with the AIC
picker.

3. Members and sensor layout
3.1. AAC bridge members

The AAC composite slab system typically consists of two parts: the
prestressed precast beams, which serve as the load-bearing system and
formwork during construction, and the cast-in-situ layer in-filling both
between the beams and on top of the beams. The manufacturing process
unfolds in two stages, beginning with the production of the precast
beams in a prefabricated concrete factory. A total of 16 straight pre-
stressing strands (nominal diameter 12.9 mm) were arranged in two
layers. Of these, four strands were left unbonded over a length of
1000 mm from each end. FeP1860 strands were used, with a tensile
strength of 1915 MPa and a 0.1% proof stress of 1694 MPa. The elon-
gation at maximum load and at 0.1% proof stress was 5.95% and
approximately 1.1%, respectively.

The strand and reinforcement layouts of the precast beam and the
cast-in-situ topping layer are shown in Fig. 2. B500B ribbed reinforce-
ment was used for the longitudinal reinforcement and stirrups. The
stirrups were spaced variably within 1350 mm of each end and uni-
formly at 250 mm intervals along the remaining 4250 mm of the girder.
The precast girders were designed elastically (fully prestressed) using
the allowable-stress concept [73]. After casting at the precast plant, a
prestress of approximately 16.3 MPa was applied to concrete by cutting
the strands at 3 days. The girders were then cured under moist burlap
and plastic foil. After around 31 days, the cast-in-situ infill layer was cast
to connect the precast beams into a solid slab. The prestress eccentricity
was 44.3 mm from the bottom surface before casting the in-situ topping
layer and 149 mm after casting, respectively.

The mixture of self-compacting AAC used for the precast prestressed
beam is outlined in Table 3. This mixture was first developed at Delft
University of Technology and later scaled up and successfully produced
on an industrial scale [74,75]. The AAC in the cast-in-situ topping layer
consists of 400 kg of aluminosilicate precursor, 180 liters of liquid
(including alkali activators) and 2.5 kg of admixtures per cubic meter.
The average 28-day compressive strength of the AAC in the prestressed
beam and in the cast-in-situ layer is 64.9 MPa [75] and 51.8 MPa [76],
respectively.
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Fig. 2. Geometry, strand layout, and reinforcement layout of precast beam and cast-in-situ topping layer (unit: mm). (a) Cross-section and strand layout of precast
beams. (b) Cross-section and reinforcement layout of cast-in-situ topping layer. (c) Shear reinforcement layout at the end of precast beams. (d) Shear reinforcement
layout of the cast-in-situ topping layer.

Table 3

Mixture composition of the AAC used in the prestressed beam [74].

Materials

Content [kg/ms]

Blast furnace slag
NaOH solution (50.0 wt%)

Sodium silicate solution (48.0 wt%)

Water
Admixture/Retarder
Sand 0/4 mm
Gravel 4/16 mm

550.0
36.9
80.4

191.5

1.375

762.2

675.0

3.2. Sensors

Given the prolonged utilization of ultrasonic sensors over the ex-
pected service life of the bridge, the selected sensor must be sufficiently
robust for long-term service. Taking this factor into account, we opt for

(@)
Marble

/

Epoxy
Copper
package
PZT
Epoxy

Wire

Drilled
marble

an embeddable piezoelectric sensor [77,78] for the long-term moni-
toring of the bridge.

The embeddable piezoelectric sensor comprises a dsg PZT patch, a
waterproof copper package, and two protective marble blocks. The
incorporation of marble blocks serves the critical purpose of shielding
the delicate PZT. This sensor has a cylindrical shape with a diameter of
25 mm and a height of 20 mm. The centre frequency of this sensor is
approximately 80 kHz [79]. The schematic illustration of the sensor is
shown in Fig. 3(a). Notably, this sensor exhibits versatility by func-
tioning as both an actuator and a receiver due to the reversibility of the
piezoelectric effect. This dual functionality renders the sensor suitable
for both passive and active monitoring applications [80]. Furthermore,
the embedded nature of this piezoelectric sensor within the structure
enhances its resilience to environmental changes. A photo of the
embeddable piezoelectric sensor is depicted in Fig. 3(b).

(b)

Fig. 3. Schematic and photo of an ultrasonic sensor used in this study. (a) Schematic illustration of an ultrasonic sensor [81]. (b) Photo of an ultrasonic sensor.
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3.3. Sensor layouts

This paper reports laboratory tests carried out on three full-scale AAC
members representative of the real bridge: two typical composite slab
strips and one slab consisting of three slab strips. The slab strips are
intended to evaluate their flexural and shear behaviour, respectively,
while the slab is designed to investigate possible redistribution during
flexural and shear failure in addition to validating the results of the slab
strips. Because ultrasonic measurements are inherently local, with each
actuator-receiver pair sampling only a limited volume of structure, the
embedded sensors are placed selectively at critical cross sections cor-
responding to the expected flexural- and shear-critical regions. The full-
scale tests are therefore designed to link the local ultrasonic response in
these regions to the progressive deterioration of the overall structural
behaviour. The full experimental program also includes experiments
that investigate the long-term behaviour and fatigue behaviour of the
system, further details are available in specific reports upon request.

The dimensions of the slab strips in the flexural test are detailed in
Fig. 4, with a total length of 7350 mm. The precast beam is 300 mm in
height, while the total height of the slab strip is 420 mm. Fifteen sensors,
labelled BF1 (abbreviation of Beam Flexural sensor 1) to BF15 shown in
Fig. 4(b), are strategically positioned. The bottom sensor row (BF1 to
BF6) monitors flexural crack initiation. The middle row (BF7 to BF12)
collaborates with the bottom row to monitor the propagation of flexural
cracks at the mid-depth, while also working with the top row (BF13 to
BF15) to monitor potential compression failure in the compression zone
of the precast beam. Additionally, internal cracks may develop at the
interface between cast-in-situ and precast beam without visible surface
manifestations. However, this phenomenon was not observed in all
members and is examined further in the Discussion. The details of the
sensor locations are provided in Table 4. Fig. 5 shows a photo of installed
sensors in the rebar cage before concrete casting. The sensors are fixed to
the reinforcement cage and then fully embedded in the AAC when the
beams are cast. There is no external coupling medium, and no repeated
attachment or removal of the sensors during the tests. The mechanical
coupling between sensor and concrete is therefore fixed once the con-
crete has hardened, which avoids variability due to changing contact
pressure or re-positioning that is typical for surface-mounted
transducers.

The composite beam designated for the shear test shares the same
prestressing and dimensions as the flexural test beam, as depicted in
Fig. 6. Sixteen sensors, labeled BS1 (abbreviation of Beam Shear sensor
1) to BS16, are strategically placed within the critical shear zone. The
bottom row (BS1 to BS7) is dedicated to tracking the initiation of flex-
ural cracks. This row also works in tandem with the middle row (BS8 to
BS12) and the top row (BS13 to BS16) to detect collaboratively the
initiation and propagation of shear cracks within the critical shear zone.
The sensor locations are detailed in Table 5.

The AAC bridge slab comprises three precast beams, aligned with the
dimensions of the beams used in the flexural and shear tests, as illus-
trated in Fig. 7. These beams are interconnected by cast-in-situ concrete
and transverse reinforcement, maintaining a total height of 420 mm.

Table 4
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Locations of sensors relative to the coordinate (coloured in red) in Fig. 4.

Sensor BF1 BF2 BF3 BF4 BF5 BF6 BF7 BF8
x [mm] 3070 3315 3560 3815 4070 4325 3070 3315
y [mm] 77 77 77 77 77 77 277 277
z [mm] 550 550 550 550 550 550 550 550
Sensor BF9 BF10 BF11 BF12 BF13 BF14 BF15

x [mm] 3560 3815 4070 4325 3420 3665 3915

y [mm] 277 277 277 277 360 360 360

z [mm] 550 550 550 550 550 550 550

Fig. 5. Photo of the installed sensors in the rebar cage before concrete casting.

Sensors are embedded in the middle composite beam, labeled SF1
(abbreviation of Slab Flexural sensor 1) to SF15, shown in Fig. 7(b), and
the side composite beam, labeled SS1 (abbreviation of Slab Shear sensor
1) to SS13, shown in Fig. 7(c). Sensor functions mirror those described
for the beams in the respective tests. The locations of sensors in the
middle composite beam and the side composite beam are outlined in
Tables 6 and 7, respectively.

4. Experimental setup and measurement plan
The flexural test setup for the AAC composite beam is depicted in

Fig. 8, utilizing a four-point bending configuration with loading points
spaced at 2400 mm. To capture the crack initiation and propagation,
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Fig. 4. Dimension of the AAC composite beam for the flexural test and its sensor layout (black arrow on the sensor indicates its polarization direction). The precise
locations of the sensors are detailed in Table 4. (a) Cross-sectional view (unit: mm). (b) Front view (unit: mm).
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Fig. 6. Dimension of the AAC composite beam for the shear test and its sensor layout (black arrow on the sensor indicates its polarization direction). The precise
locations of the sensors are detailed in Table 5. (a) Cross-sectional view (unit: mm). (b) Front view (unit: mm).

Table 5

Locations of sensors relative to the coordinate (coloured in red) in Fig. 6.
Sensor BS1 BS2 BS3 BS4 BS5 BS6 BS7 BS8
x [mm] 260 505 760 1015 1270 1550 1810 505
y [mm] 77 77 77 77 77 77 77 277
z [mm] 550 550 550 550 550 550 550 550
Sensor BS9 BS10 BS11 BS12 BS13 BS14 BS15 BS16
x [mm] 760 1015 1270 1550 640 880 1130 1380
y [mm)] 277 277 277 277 340 345 345 350
z [mm] 550 550 550 550 550 550 550 550

two digital cameras are employed, one focusing on the side surface and
the other on the bottom surface, for digital image correlation (DIC)
measurements, as illustrated in Figs. 8(a) and 8(b). The camera coverage
areas are also indicated in the figure. For tracking deformation and
strain changes during the test, several LVDTs are strategically placed on
the member. However, in this study, we specifically use one LVDT at the

midspan, positioned as shown in Fig. 8, to assess the load-deflection
curve at this critical location. A photo of the test setup can be found in
Fig. 8(c). Further details on the experimental setup and structural per-
formance can be found in our prior work [82,83].

The loading protocol for the flexural test is shown in Fig. 9. Note that
the load levels in Fig. 9 represent the total load applied by both jacks.
The ultrasonic measurements are conducted at specific loading steps,
marked by red dots in Fig. 9. At each measurement point, data acqui-
sition follows a round-robin approach: each sensor acts as the trans-
mitter in turn, while the remaining sensors (excluding the active
transmitter) function as receivers. The measurement sequence com-
pletes after N cycles (N is the number of sensors), ensuring every sensor
serves as the transmitter exactly once. To achieve this, we developed a
multi-channel multiplexer-based data acquisition (DAQ) system, which
can automatically perform these acquisition tasks during signal
recording [84]. The input electrical signal for sensor activation is a
one-cycle squared pulse with a duration of 18.5 ps and an amplitude of
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Fig. 7. Dimension of the AAC slab and the sensor layout (black arrow on the sensor indicates its polarization direction). (a) Cross-sectional view of the slab (unit:
mm). Blue lines indicate the transverse reinforcements. (b) Front view of the middle beam (unit: mm). The precise locations of the sensors are detailed in Table 6. (c)
Front view of the side beam (unit: mm). The precise locations of the sensors are detailed in Table 7.
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Table 6
Locations of sensors in the middle beam relative to the coordinate (coloured in
red) in Fig. 7(b).

Sensor SF1 SF2 SF3 SF4 SF5 SF6 SF7 SF8

x [mm] 3030 3290 3550 3795 4050 4300 3030 3290
y [mm)] 77 77 77 77 77 77 77 277
z [mm] 0 0 0 0 0 0 0 0
Sensor SF9 SF10 SF11 SF12 SF13 SF14 SF15

x [mm] 3550 3795 4050 4300 3420 3680 3925

y [mm] 277 277 277 277 340 340 340

2z [mm] 0 0 0 0 0 0 0

Table 7
Locations of sensors in the side beam relative to the coordinate (coloured in red)
in Fig. 7(c).

Sensor SS1 SS2 SS3 Ss4 SS5 SS6 SS7
x [mm] 275 535 795 1015 1265 1535 535
y [mm] 77 77 77 77 77 77 277
z [mm] 1100 1100 1100 1100 1100 1100 1100
Sensor SS8 SS9 SS10 SS11 SS12 SS13

x [mm] 795 1015 1265 690 945 1185

y [mm] 277 277 277 340 345 345

z [mm] 1100 1100 1100 1100 1100 1100

200 V. The sampling rate is 3 MHz, and the maximum duration of the
recorded signal is 3000 ps (9000 samples). Random noise is reduced
using a stacking process, in which 5 repeated signals are averaged.

The shear test configuration for the composite beam is shown in
Fig. 10, with the loading point situated 1200 mm away from the sup-
port. Aligning with the approach employed in the flexural test, we
incorporated two digital cameras for DIC measurements, one dedicated
to the side surface and the other to the bottom surface, as also depicted
in Figs. 10(a) and 10(b). Additionally, a vertical LVDT placed beneath
the loading point is used to track the load-deflection curve at this critical
location, and its placement is indicated in Fig. 10. A photo of the test
setup is shown in Fig. 10(c). The shear test loading protocol is illustrated
in Fig. 11, with red dots marking the load levels where ultrasonic
measurements were taken. Each measurement adhered to the same data
acquisition method described earlier.

For the slab flexural test, the loading point is positioned at the
midspan of the middle beam, as shown in Fig. 12. A single camera is
deployed to cover the area of the bottom surface under the loading
point. A vertical LVDT is used to track the deflection at the midspan, as
also indicated in Fig. 12(a). It should be noted that the type of support
used in the slab test differs from that in the beam tests. The beam tests
utilize hinge and roller supports, whereas the slab tests employ elasto-
meric supports. A photo of the test setup can be found in Fig. 12(b). The
loading protocol for the slab flexural test is illustrated in Fig. 13, with
red dots marking the load levels where ultrasonic measurements were
taken. Each measurement adhered to the same data acquisition method
described earlier.

The slab shear test is conducted on the same slab for the flexural test
but performed nine days later. The load is applied 1200 mm away from
the support, with the loading point situated between the middle beam
and the side beam, as depicted in Fig. 14. To capture the cracking
behaviour beneath this loading point, a digital camera was positioned to
cover the corresponding area. The deflection of the side beam containing
sensors was measured through a vertical LVDT, whose placement is also
indicated in Fig. 14(a). A photo of the test setup is shown in Fig. 14(b).
The loading protocol for the slab shear test is illustrated in Fig. 15, with
red dots marking the load levels where ultrasonic measurements were
taken. Each measurement adhered to the same data acquisition method
described earlier.
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5. Validation of damage indicators

5.1. Time-domain signal analysis and parameter selection for damage
indicators

Before proceeding with the signal processing for DIs, we first check
the received waveforms. Fig. 16 shows the time-domain responses of the
measured signals under varying applied loads in the beam for the shear
test. Raw signals are used without any pre-processing or filtering. In
Figs. 16(a) and 16(c), the complete waveforms are presented over a time
interval of 0-3000 ps received by the sensor pairs BS2-BS3 and BS8-BS3,
where the initial sensor number indicates the actuator. Discernible
variations in amplitude can be observed as the applied load increases.
Additionally, the signal amplitude for the sensor pair BS2-BS3 at 390 kN
remains relatively high, while that for the sensor pair BS8-BS3 at the
same load level decreases dramatically. To facilitate a more detailed
comparison, Figs. 16(b) and 16(d) provide magnified views of a selected
time window with a length of 100 ps. These enlarged figures indicate
that the differences in amplitude, phase shift, and waveform become
more pronounced with the increasing load. Additionally, the phase
delay of the signal collected from the sensor pair BS8-BS3 is more sig-
nificant than that collected from the sensor pair BS2-BS3. Collectively,
these results demonstrate that applied mechanical loading exerts a sig-
nificant influence on the temporal features of the propagating signals.
Furthermore, the signal responses collected from different sensor pairs
exhibit different signal characteristics.

As mentioned in Section 2.2, given the subtle nature of crack initi-
ation in concrete, we use the CC value, computed with the wave inter-
ferometry technique, as a metric for data analysis. In the context of
detecting the crack initiation, the primary emphasis is on identifying this
initiation within the prestressed beam of the bridge. This beam serves as
the primary load-bearing component critical to the structural integrity
of the entire system. Therefore, it is crucial to note that, in this section on
the initial crack detection, only the sensors placed in the prestressed
beams are used.

When applying the DWI technique, two key aspects were considered:
(1) the time window should be sufficiently long to ensure that the wave
propagation envelope samples the bottom surface of the beam, where
flexural cracks initiate; (2) since ultrasonic measurements were con-
ducted only at discrete load steps rather than continuously, the simi-
larity between successive waveforms should remain high in order to
maximize sensitivity to the onset of cracking. Based on the first aspect,
we select a time window beginning at the first arrival with a duration of
100 ps, which is expected to contain sufficient P-wave energy. This
window contains at least five oscillation cycles, as shown in Figs. 16(b)
and 16(d), which ensures statistical robustness for correlation analysis
[85]. For two adjacent sensors along the bottom row, since the selected
100 ps window starts at the first arrival, roughly 50 ps, the latest arrivals
included are around 150 ps, corresponding to a maximum propagation
distance of ~600 mm (estimated by assuming a P-wave velocity of
4000 m/s), which is much larger than the reflected wave path from the
bottom surface of around 294 mm (calculated using a sensor distance of
250 mm and the distance from the sensor to the bottom surface of
77 mm). Hence, the wavefield within this time window is expected to
sample the bottom surface region where cracks initiate. Regarding the
second aspect, we employ a stepwise reference approach, where each
signal is compared with that from the previous load step, to stabilize the
CC across discrete load steps and enhance sensitivity to cracking.
Furthermore, using a longer time window would integrate more inco-
herent wave components, thus reducing the CC even in the absence of
cracking and lowering its sensitivity to initial crack formation. For these
reasons, the 100 ps window provides a balanced choice between geo-
metric coverage and sensitivity for crack detection.

Fig. 17 illustrates the different behaviours of velocity change
retrieved using DWI for sensor pairs in the tension and compression
zones of the beam during the flexural test under increasing load. For the
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Fig. 8. Flexural test setup for the AAC composite beam. (a) Front view (unit: mm). (b) Bottom view (the red dot indicates the location of vertical LVDT for measuring
deflection; unit: mm). (c) Photo of the test setup.
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Fig. 9. Measuring points for the flexural test of the AAC composite beam (total
load of two jacks).

sensor pair BF1-BF2 in the tension zone shown in Fig. 17(a), stepwise
DWI results show that the differential velocity change remains relatively
stable at lower loads, but a sudden jump occurs around 380 kN,
accompanied by a CC below 0.5. The apparent magnitude of this ve-
locity change exceeds 50%o, which is orders of magnitude larger than
can be explained by the acoustoelastic effect in concrete (typically below
2%o0/MPa [86-88]). This unrealistic result indicates an artefact caused
by cycle skipping, where the correlation procedure mistakenly aligns
with an adjacent oscillation cycle [89]. Because cycle skipping can
seriously compromise the reliability of DWI and mislead physical
interpretation, the UPV technique is used to more robustly track crack
propagation.

Furthermore, two drops in CC are observed before 400 kN: one at
260 kN and another at 380 kN. At 260 kN, no significant velocity change
is detected, and the negative shift may reflect the combined influence of
tensile stress and microcracking, making it difficult to draw firm con-
clusions. In contrast, CC is more directly related to structural changes in
the medium, and previous studies have shown that a significant CC
reduction is strongly associated with cracking in concrete [50]. This
motivates the use of CC as the primary indicator for initial cracking.

Fig. 17(b) shows the accumulated velocity change and CC from
sensor pairs in the compression zone (BF9-BF8 and BF9-BF10) and
tensile zone (BF3-BF2 and BF3-BF4). Since ultrasonic measurements in
both the compression and tension zones were performed under identical
experimental conditions using the same instrumentation, noise-,
instrumentation-, and environment-induced variations in the accumu-
lated velocity change and CC can be considered comparable in the two
zones and are therefore excluded as the primary cause of the observed
differences. The CC in the compression zone remains close to 1, with
only minor fluctuations. This suggests that the stress and environmental
variations during testing produce only small changes in CC. Conse-
quently, the pronounced CC reduction observed in the tension zone
cannot be attributed to stress or environmental effects alone.

The increase in accumulated velocity change is consistent with the
acoustoelastic effect [90-92], where wave velocity increases linearly
with increasing compressive stress. Strictly speaking, the observed
response reflects a coupled effect of stress and temperature variations.
Given that the test was conducted in the laboratory over only a few
hours and that the accumulated velocity change varies almost linearly
with the applied load, stress-induced effects are likely to account for the
larger portion of the measured velocity changes. To relate these obser-
vations to stress-induced effects, we carried out a simplified sectional
analysis at the load level of 380 kN. Assuming a rectangular cross sec-
tion (1100 x420 mm?) and a neutral axis at mid-depth of the section,
the tensile and compressive stresses at the sensor locations in the tensile
and compression zones are about + 8.6 MPa and —4.3 MPa, respec-
tively. The tensile-zone stress amplitude is therefore roughly twice that
in the compression zone. Using the measured velocity changes in the
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compression zone together with these stresses, we estimate an effective
acoustoelastic parameter of about 1.3 (GPa)~! for the geopolymer
concrete, i.e. a change of 1 MPa in stress leads to an order of 1.3%o
change in wave velocity. This value is consistent with the order of
magnitude reported in the literature for concrete [43,54,86,87,93].
Even allowing for mechanical response differences between tension and
compression, a factor of two in stress amplitude cannot reasonably ac-
count for the approximately sevenfold difference in velocity-change
magnitude between the tensile and compression paths. We therefore
conclude that the velocity changes in the tensile zone are dominated by
the combined effect of stress and cracking, with cracking playing the
leading role. This also supports our original choice not to use velocity
change as an indicator of crack initiation in Section 2.1.

For robustness against non-structural changes (i.e., spatial fluctua-
tions of mechanical properties [47]) in the concrete, the proposed DI
employs relative wave velocity calculated using UPV, which is relative
to the wave velocity at 0 kN before the test. Unlike DWI, UPV does not
require a stepwise reference because it relies solely on the arrival time of
the direct wave, which can be identified even when overall waveform
similarity is low.

5.2. DI for crack initiation

The CC values at various load levels (140 kN, 200 kN, and 260 kN)
for the flexural test beam are depicted in Fig. 18. Prior to reaching
140 kN, there is no significant change in CC values, suggesting the
absence of visible cracks. However, at 200 kN, a noticeable drop in CC
values occurs at specific sensor pairs (BF2-BF3, BF3-BF4 and BF5-BF6),
registering values below 0.85, as shown in Fig. 18(d). This decline in-
dicates changes in the structure between 140 kN and 200 kN. The
reduction in the waveform coherency is strongly influenced by the
structural changes in the medium [94], reinforcing the likelihood that
these CC drops are linked to concrete cracking. Additionally, the
magnitude of CC reduction also aligns with the observation of
crack-induced CC reduction from the literature [48,50,51], where
similar magnitude of CC reduction, around 0.15, and crack initiation
were observed simultaneously.

To validate the possible crack initiation in the beam, we cross-
referenced the ultrasonic results with the DIC measurements on the
bottom surface of the beam midspan, as illustrated in Fig. 19. At 140 kN,
no cracks are evident in the DIC measurement. However, upon reaching
200 kN, the DIC measurement confirmed the presence of a crack be-
tween BF3 and BF4, aligning with the ultrasonic findings. Notably, it is
difficult to observe cracks in the sensor pairs BF2-BF3 and BF5-BF6. The
former sensor pair is obstructed by the vertical LVDT at midspan, while
the latter is affected by high noise levels in that region due to out-of-
plane motions [95]. Since this bending-induced out-of-plane motion is
non-rigid, current compensation methods (e.g., the one proposed by Pan
et al. [96]) cannot resolve the issue. Out-of-plane motions may introduce
spurious strain fluctuations, which may further reduce the sensitivity of
DIC to detect small strain localizations associated with early crack
initiation. As a result, the strain patterns in the outer zones are domi-
nated by noise and less informative for crack identification. Neverthe-
less, the strain localization patterns in the central region remain
consistent with the test image, confirming the robustness of the DIC
result in this region, as shown in Fig. 19(c). Therefore, although the
outer areas are influenced by noise and less sensitive to crack initiation,
DIC images, especially their central region, provide meaningful infor-
mation regarding crack patterns. At higher load levels of 260 kN, as
shown in Fig. 18(c), more trajectories within the sensor network exhibit
low CC values, signifying the presence of multiple cracks. This obser-
vation is corroborated by the DIC measurement at this load level, as
illustrated in Fig. 19(c). In Fig. 18(d), we examined alternative CC
thresholds of 0.90 and 0.80. Using CC = 0.90 causes the onset flag to
appear at relatively low loads (for some paths around 140 kN), i.e.,
ahead of any cracking indicated by DIC. In contrast, adopting CC = 0.80
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Fig. 10. Shear test setup for the AAC composite beam. (a) Front view (unit: mm). (b) Bottom view (the red dot indicates the location of vertical LVDT for measuring
deflection; unit: mm). (c) Photo of the test setup.

11



H. Cheng et al.

700—— . , : : : i S

600

« Ultrasonic measurement points
540kN

(3]

(=

o
T

Load [kN]
8
o

OkN

0 : : i : ; :
11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30 15:00 15:30
Time Nov 19, 2021

Fig. 11. Measuring points for the shear test of the AAC composite beam.

shifts the first threshold crossing to later load steps, when cracking is
already apparent in DIC. Hence, neither extreme provides a robust
crack-initiation criterion for the beam flexural test.

For the shear test beam, the CC values at various load levels (250 kN
and 310 kN) are shown in Fig. 20. A drop in CC value is observed be-
tween 250 kN and 310 kN. Similar to the flexural test of the beam, a CC
value below 0.85 corresponds to this change, as shown in Fig. 20(c). It is
crucial to note that, despite this observation, direct validation using the
DIC technique faces challenges. In Fig. 21, we present DIC measure-
ments from the bottom surface of the beam at 310 kN. Although the
outer regions again exhibit substantial noise due to out-of-plane mo-
tions, a consistent strain localization pattern is still visible (Figs. 21(a)
and 20(b)), confirming that the DIC results remain reliable. For Fig. 20
(c), we repeated the check with CC = 0.90 and 0.80. The 0.90 threshold
proves overly sensitive and tends to declare crack initiation earlier than
supported by the DIC observations. Lowering the threshold to 0.80
produces crack-onset loads that are generally close to those obtained
with 0.85, although a few sensor paths show noticeable differences in
the trigger point. Given the need for a single, comparable criterion
across members, we maintain CC = 0.85 as a pragmatic compromise
that limits premature triggering while preserving sensitivity to the first
cracking stage.

In the flexural test of the slab, a notable decrease in CC values is
observed between 280 kN and 400 kN, as illustrated in Fig. 22. Specif-
ically, CC values along suspicious trajectories fell below 0.85, as shown
in Fig. 22(c), aligning with the previous observations of crack initiation.
The DIC measurements at 280 kN and 400 kN are presented in Fig. 23.
Despite the constrained observable area, a discernible crack is still
evident between the sensor pair SF1-SF2. Since the shear test of the slab
was conducted later than the flexural test with cracks already initiated in
the structure, we do not discuss the crack initiation in the shear test of
the slab. Threshold sensitivity was also evaluated in Fig. 22(c) by
comparing the value 0.85 with 0.90 and 0.80. With CC = 0.90, several
paths remain above the threshold throughout the test, so crack initiation
would not be detected at the load step where DIC first identifies
cracking. With CC = 0.80, early cracking can be missed on specific paths
(e.g., SF1-SF2) or detected only after the DIC-observed onset. Consid-
ering these outcomes together with the beam and slab results, CC = 0.85
provides the most consistent match to the DIC-based crack-initiation
stage across the tested specimens and is therefore adopted in this study.

5.3. DI for crack propagation

To monitor the behaviour of prestressed beams and the cast-in-situ
layer in the loading process, we extend our analysis to include sensors
embedded both in the beam and the cast-in-situ layer. In Fig. 24(a), the
relative velocity is depicted at the load level (200 kN), where crack
initiation is observed during the flexural test on the beam. Notably, there
is no conspicuous change in relative velocity. This is because the
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calculation of CC employs the waveform within a certain time window,
whose wave paths sample a larger region. Consequently, CC is particu-
larly sensitive to potential cracks within this region. In contrast, the
wave trajectory of ballistic velocity is a straight line between the
transmitter and receiver, making it sensitive only to major cracks that
cause significant delays due to possible alternations in the wave path.
Given that cracks in the flexural test initiate on the bottom surface where
the trajectories of the first arrival waves cannot extend, these initial
cracks have very limited impact on the relative velocity derived using
the UPV technique.

Between load levels of 200 kN and 320 kN, cracks develop gradually,
and no significant change in relative velocity is apparent (see Fig. 24
(b)). At a load level of 380 kN, the relative velocity of the sensor pair
BF1-BF2 experiences a sudden and substantial decrease, falling below
0.9, as shown in Fig. 24(c). The observed velocity change, more than
10%, cannot be explained by the stress change in the beam, which
typically induces velocity changes on the order of 1%o [54]. The only
plausible explanation for this reduction is the development of cracks
along the wave trajectory, which causes significant delay due to po-
tential alterations in the wave path. Consequently, this magnitude of the
relative velocity reduction is attributed to cracking. Fig. 24(d) shows the
relative velocity vs. applied load for selected sensor pairs on the bottom
row. After reaching 380 kN, the relative velocity of these sensor pairs
continues to reduce, and the relative velocities of all selected sensor
pairs are below 0.9 at 500 kN.

Additionally, as explained in Section 2.3, when the propagation di-
rection of elastic waves is perpendicular to the crack orientation, the
travel time increases significantly, leading to a consequential decrease in
velocity. Considering that cracks in the flexural test initiate at the bot-
tom fibre and propagate upward during loading, the observed cracks at
the locations of two sensor pairs are likely the result of propagated
flexural cracks. Notably, given that the bottom row of sensors is posi-
tioned higher than the centroid of prestressing strands, cracks reaching
the sensor network suggest a probable extension to the strands as well.
At the same load level, substantial cracks can be observed in the bottom
DIC measurement, as shown in Fig. 25. Additionally, after reaching the
380 kN load level, the load-deflection curve shown in Fig. 26 immedi-
ately manifests strong nonlinearity, signifying the presence of residual
deformation in the member. At 500 kN, where the relative velocities of
all sensor pairs on the bottom sensor row are below 0.9, the whole
structure exhibits obvious nonlinearity in the load-deflection curve.
Given the limitations of the DIC technique in capturing crack propaga-
tion inside concrete structures, the use of embedded sensors enables
exploration of the internal damage of the structure, providing insights
into the processes that the DIC technique may not effectively capture.

In the shear test of the beam, crack initiation occurs at 310 kN.
Fig. 27(a) illustrates that, at this load level, there are no significantly low
values in the relative velocity within the sensor network. However, at
the next load level of 390 kN, specific sensor pairs between the top and
bottom rows of sensors exhibit a relative velocity lower than 0.9, while
others maintain relatively high levels, as shown in Fig. 27(b). In Fig. 27
(c), we present the relative velocities for the selected inclined sensor
pairs (BS8-BS3, BS8-BS4, BS8-BS5, BS8-BS6, BS8-BS7). At 390 kN, three
trajectories have relative velocity lower than 0.9, while all these selected
trajectories show low relative velocities after this load level. These low
relative velocities are most likely attributed to cracking.

As mentioned in Section 2.3, ballistic wave velocity is sensitive to
cracks oriented perpendicular to wave propagation. The relative veloc-
ities depicted in Fig. 27(b) suggest that the orientation of cracks is from
the origin to the loading point, characteristic of diagonal cracks in the
shear-critical zone, which are identified as shear cracks. These cracks,
occurring inside the prestressed beam covered by a cast-in-situ layer,
remain undetected by surface measurements such as DIC measurements.
Fig. 28 presents the DIC measurements at 390 kN, revealing no
observable evidence of shear cracks in the beam. Similar to the obser-
vation in the flexural test of the beam, strong nonlinearity in the load-
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Fig. 12. Flexural test setup for the solid slab. (a) Bottom view (the red dot indicates the location of vertical LVDT for measuring deflection; unit: mm). (b) Photo of
the test setup.
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Fig. 13. Measuring points for the flexural test of the solid slab.

deflection curve is observed beneath the loading position immediately
after the observation of diagonal cracks, as illustrated in Fig. 29.

Similar behaviour is observed in the slab tests. In the flexural test on
the slab, relative velocities for nearly all sensor pairs on the bottom row
at 810 kN fall around or below 0.9, as illustrated in Fig. 30. Concur-
rently, a subtle nonlinearity in the load-deflection curve at midspan
becomes apparent, as highlighted in Fig. 31. For the shear test of the
slab, this drop is observed at 760 kN (refer to Fig. 32). Additionally, the
propagation of diagonal cracks is clearly shown in Fig. 32(b), where the
relative velocity decreases progressively along the ordered sensor pairs
(SS7-SF3, SS7-SF4, SS7-SF5). Upon examining the load-deflection curve
from the LVDT beneath the loading point, the structure demonstrates
slightly nonlinear behaviour beyond this load level, as illustrated in
Fig. 33.

6. Discussion

6.1. Possible delamination at the interface between cast-in-situ layer and
precast beam

In Section 3.3, we noted our intention to use the middle row together
with the top row to monitor potential compression failure in the
compression zone or delamination between the precast beam and the
cast-in-situ layer. However, a low relative velocity in this region was
observed only in the beam subjected to the shear test, as shown in
Fig. 34. Consistent with the observation in Fig. 27(b), only the trajec-
tories running from top left to bottom right exhibited low relative ve-
locities. As discussed in Section 5.3, this trajectory pattern indicated that
the crack in this region was most likely a diagonal crack rather than
delamination. If delamination had occurred, all trajectories would have
exhibited low relative velocities. Because this finding is limited to a
single member (the shear-test beam), it did not allow us to draw a
generalized conclusion regarding the interface performance between the
precast beam and cast-in-situ layer. Nonetheless, the observation in
Fig. 34 highlights the potential risk of hidden damage in this region,
which may not produce visible surface signs. Embedded ultrasonic
sensors offer a promising solution for monitoring such damage. Future
work should therefore explore more systematic monitoring strategies to
cross-validate ultrasonic findings. In particular, ultrasonic pulse echo
tomography [97] and embedded distributed fibre optic sensors [22]
installed along the interface could complement ultrasonic sensors, to
validate the detection and assessment of internal cracks.

6.2. Dispersion of elastic wave caused by the interaction between elastic
waves and cracks

In this study, we deliberately focused on wave velocity as the pri-
mary indicator, since our objective was to propose a metric that could be
applied robustly and reliably in practical structural monitoring
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scenarios. Although dispersion analysis is valuable for revealing addi-
tional information such as crack size and aperture, it is more sensitive to
noise and generally increases implementation complexity. Therefore,
this analysis was not considered in this study.

Nevertheless, in future work, we plan to investigate the dispersion of
body waves in cracked concrete, with the aim of estimating crack width
from travel-time changes across different frequency ranges. A possible
approach will be to use the wavelet cross-spectrum (WCS) [98] to
evaluate frequency-dependent travel-time changes and relate them to
crack size. Two issues, however, will require careful consideration:

e The measured frequency-dependent travel-time change is a coupled
effect, reflecting both fracture-induced and stress-induced contribu-
tions, as observed in our previous study [54]. To isolate the
fracture-induced effect, it will be necessary to first quantify the
magnitude of each contribution and then decouple them.

e When the medium is heavily cracked, the WCS technique may
become less effective, since the similarity between two waveforms
can be low and the phase change may be restricted to the range - to
7. In such cases, phase unwrapping may be required to reconstruct
the true travel-time change [98].

6.3. Suggestions for the in-situ applications on concrete bridges

The threshold values of the DIs used in this study correspond to
different limit states of the structure. Specifically, the value of 0.85 for
CC is associated with the SLS, indicating the onset of serviceability-
related crack initiation in the prestressed member. The value of 0.9
for relative velocity is related to the ULS, representing a condition where
irreversible signs of structural damage may occur. These thresholds were
established for a specific high-performance AAC system under
controlled load-holding laboratory conditions and, therefore, cannot be
directly applied to actual in-situ bridge behaviour, where traffic loads
are transient. They should be regarded as indicative reference values for
the AAC mixtures and structural configuration investigated here, rather
than universal values for all AAC or ordinary concrete.

For long-term monitoring of concrete bridges using embedded sen-
sors, signals can in principle be acquired periodically in an active
transmitter-receiver mode to track the evolution of the structural con-
dition over time. In this sense, the proposed DIs are intended to support
lifetime monitoring, because they provide local ultrasonic features that
are sensitive to crack-related changes. However, under real long-term
service conditions, the interpretation of these DIs is not yet straight-
forward, since the measured responses may reflect the coupled influence
of transient traffic-induced stress fluctuations, crack opening and
closure under moving loads, shrinkage and creep, environmental vari-
ations, and possible long-term drift of the sensing system. Consequently,
changes in CC and relative wave velocity cannot yet be uniquely
attributed to a specific damage state without additional contextual in-
formation and decoupling procedures. For example, the long-term
monitoring projects reported in the literature using embedded sensors
mainly focus on tracking environment-induced changes [99,100] rather
than directly assessing the structural state. In particular, the definition of
a long-term baseline cannot at present be reduced to a single fixed
reference state, because the reference response itself may evolve under
these coupled environmental, operational, and material-aging effects.
Therefore, the present study should be understood as a first step towards
lifetime monitoring: it establishes and validates damage-sensitive ul-
trasonic features under controlled conditions, while further research is
needed to develop multi-factor decoupling and adaptive baseline
updating strategies for robust in-service interpretation. As a near-term
and more interpretable application route, the proposed DIs may also
be combined with proof load testing [101-103], where the loading
history is known and the ambiguity of DI interpretation can be sub-
stantially reduced.

In this context, the relative wave velocity should not be interpreted
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Fig. 14. Shear test setup for the solid slab. (a) Bottom view (the red dot indicates the location of vertical LVDT for measuring deflection; unit: mm). (b) Photo of the
test setup.
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as a direct quantitative measure of residual load-carrying capacity, nor
as a standalone parameter capable of resolving all stages of crack
development under normal service conditions. Rather, within the pre-
sent framework, it should be regarded as a warning-oriented indicator
whose interpretation becomes more meaningful when combined with
complementary information on crack reopening/propagation, structural
nonlinearity, stiffness degradation, and the loading and environmental
context. Under unconstrained long-term in-service conditions, such
interpretation will require further development of decoupling strategies
to separate damage-related changes from other coupled influences.
Controlled proof-loading scenarios provide an important intermediate
application case, because the load history is known and the reopening of
existing cracks can be intentionally promoted, thereby allowing the
significance of relative wave velocity changes to be interpreted with
reduced ambiguity.

As a near-term practical application route, proof load testing may be
used to evaluate the proposed DIs under controlled boundary conditions.
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Fig. 16. Selected received signals in the beam for the shear test. (a) Signals collected from sensor pair BS2-BS3 at different load levels. (b) Magnified views of signals
collected from sensor pair BS2-BS3 in the time window from 50 ps to 150 ps. (c) Signals collected from sensor pair BS8-BS3 at different load levels. (d) Magnified
views of signals collected from sensor pair BS8-BS3 in the time window from 70 ps to 170 ps.
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Fig. 18. CC values in the beam during the flexural test. (a) CC values within the sensor network at 140 kN (blue rectangles indicate sensors). (b) CC values within the
sensor network at 200 kN (blue rectangles indicate sensors). (¢) CC values within the sensor network at 260 kN (blue rectangles indicate sensors). (d) CC values vs.

applied load for selected sensor pairs.

Proof load testing consists of applying a controlled load to the structure,
usually up to a prescribed fraction of its expected capacity, to verify
whether the bridge can safely sustain SLS or ULS demands. The test is
terminated before unacceptable structural damage occurs, while
continuous monitoring of deflections, strains, and crack opening is used
to ensure safety. Here, crack opening refers to the re-opening of pre-
existing closed cracks. Project-specific DI thresholds can be calibrated
in the laboratory before conducting the proof load testing. There are four
key requirements for the calibration testing. First, components should be
made with the same, or at least representative, concrete mixture and
curing conditions as those of the concrete used in the real bridge. Sec-
ond, the cross-sectional dimension of the component should preferably
be the same as that of the real bridge component to be tested. If this is
not feasible, the cross-sectional dimension should be sufficiently large so
that the analysed waveform is not dominated by boundary reflections,
provided that the selected time window used for waveform coherency
analysis in the real bridge does not contain many boundary reflections,
as in the case presented in this paper. Third, component-level loading
tests should be designed to reproduce the stress state of the monitored
bridge cross section under the target proof-load level. Fourth, the
number of embedded sensors adopted in the calibration testing can be
less than those adopted in the field application; however, it is recom-
mended that the sensor spacing and the distance from the sensors to the
surface of the component be comparable to those adopted in the field. If
the indicative DI thresholds were unexpectedly reached during proof
loading, which should not occur at the relatively low load levels used,
this would reveal the presence of pre-existing cracks and highlight the
need for remedial measures to prevent further deterioration. During
proof load testing, the initial unloaded state can be adopted as a test-
specific baseline: relative wave velocity is referenced to this state,
whereas the first CC value is obtained by comparing the signal recorded
at the first loading stage with that measured in the unloaded condition.
Additionally, measurements from sensors in the compression zone are
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recommended as control measurements to track stress-, noise-, and
environment-related effects, because the concrete in this region is
typically expected to remain uncracked during the test. In this context,
the compression-zone measurements are intended primarily as test-
specific control measurements during proof loading, rather than as a
permanent baseline for the entire service life. For lifetime monitoring,
baseline definition and updating are expected to require an adaptive
interpretation framework that accounts for evolving environmental,
operational, and material-related effects, which remains a subject for
future research.

During proof load testing, a finite element (FE) model may play a
crucial complementary role. First, it provides a framework to relate local
DI measurements to the global behaviour of the bridge, thereby enabling
a more comprehensive interpretation of the test data. Since DIs are tied
to the location of the sensor network, they are inherently local and may
only represent the condition of the monitored region. By contrast, the FE
model allows the assessment to extend to unmonitored zones. Second,
the two approaches can serve as mutual validation tools: if DI trends
agree with the FE-predicted responses, confidence in both the mea-
surements and the model is strengthened; conversely, marked discrep-
ancies may indicate modelling inaccuracies or reveal hidden structural
anomalies. Thus, combining DIs with FE analysis not only enhances the
reliability of proof load testing but also broadens the scope of condition
assessment beyond the immediate vicinity of the installed sensors.

Before these DIs can be used routinely in practice, their performance
should ideally be calibrated in a more formal framework, both in terms
of threshold selection (to control false positives and false negatives) and
in terms of detection capability (minimum detectable crack size and
orientation). In principle, receiver operating characteristic (ROC) anal-
ysis [104-106] could be employed to quantify the trade-off between
detection and false-alarm rates and to identify optimal threshold levels.
However, such an analysis requires independent crack labels at the level
of individual sensor paths and load steps, as well as controlled
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Fig. 19. DIC observation on the bottom surface of the beam for the flexural test at different load levels. (a) 140 kN. (b) 200 kN. (c) Comparison between the DIC
result and a test image at 260 kN.
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Fig. 20. CC values in the beam during the shear test. (a) CC values within the sensor network at 250 kN (blue rectangles indicate sensors; the black dotted line
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position). (c) CC values vs. applied load for selected sensor pairs.

(a)

(b)

Fig. 21. DIC observation on the bottom surface of the beam for the shear test at different load levels. (a) 310 kN. (b) 390 kN.

information on crack geometry. For full-scale AAC bridge members with
embedded sensors presented in this study, this is not experimentally
achievable, because internal cracking along the wave paths cannot be
directly observed and interface cracks under the topping cannot be
characterized in a systematic way. As a consequence, the present study
interprets the DIs at the level of cracked versus uncracked behaviour of
monitored cross sections and does not attempt to quantify a minimum
detectable crack size or a formal detection probability, which is a limi-
tation of the current work. Future research will therefore focus on
smaller, more controllable specimens and/or numerical simulations
with fully known crack sizes and orientations, for which ROC-based
optimization of CC and relative-velocity thresholds and systematic
assessment of detection limits under different stress and environmental
conditions can be carried out.

Cycle skipping is an important signal-processing artefact that needs
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to be addressed in applications. In the stretching-based DWI approach,
cycle skipping is fundamentally associated with the quality and co-
herency of the recorded waveforms. The most effective mitigation
strategy is to improve acquisition quality, thereby reducing the likeli-
hood of cycle skipping at the source. Accordingly, several practical
measures can be adopted for field monitoring of bridges. First, the SNR
can be increased by using contact-type transducers with stable coupling
and, where permissible, increasing the excitation energy while
remaining within the linear operating range of the piezoelectric sensor.
Second, a lower excitation frequency (approximately 50 kHz) is ad-
vantageous in concrete because attenuation is reduced, which improves
the coda-wave SNR and decreases the probability of cycle skipping.
Third, cycle skipping can be further mitigated by reducing the mea-
surement interval, where feasible, and by using stepwise referencing to
limit waveform divergence between consecutive measurements. These
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Fig. 22. CC values in the middle beam of the slab during the flexural test. (a) CC values within the sensor network at 280 kN (blue rectangles indicate sensors). (b) CC
values within the sensor network at 400 kN (blue rectangles indicate sensors). (¢) CC values vs. applied load for selected sensor pairs.
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Fig. 23. DIC observation on the bottom surface of the middle beam during the flexural test at different load levels. (a) 280 kN. (b) 400 kN.
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Fig. 24. Relative velocity in the beam during the flexural test. (a) Relative velocity within the sensor network at 200 kN (blue rectangles indicate sensors). (b)
Relative velocity within the sensor network at 320 kN (blue rectangles indicate sensors). (c) Relative velocity within the sensor network at 380 kN (blue rectangles

indicate sensors). (d) Relative velocity vs. applied load for selected sensor pairs.

Fig. 25. DIC observation on the bottom surface of the beam for the flexural test
at 380 kN.

acquisition measures should be complemented by automated quality-
control procedures. In particular, SNR-based screening can be applied
to reject propagation paths or time windows with SNR below a pre-
defined threshold prior to DWI analysis. In addition, the stretching
technique should be evaluated over multiple time windows to verify the
consistency of the estimated velocity change. Specifically, velocity
changes can be computed for all windows beginning at the first arrival,
and estimates exhibiting anomalously large jumps or strong window-to-
window inconsistency can be flagged for exclusion or re-fitting.

6.4. Sensitivity of DIs to specimen geometry and concrete type

The proposed DIs, namely waveform coherency and relative velocity,
exhibit different levels of sensitivity to specimen geometry. Waveform
coherency is strongly affected by geometrical conditions, since the
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Fig. 26. Load-deflection curve at the midspan during the beam flexural test
(the red dashed line corresponds to the load level of 380 kN).

choice of time window must be carefully adapted to the cross-sectional
dimension of the specimen in order to adequately capture the changes in
the target region. In contrast, the relative velocity indicator focuses only
on the first arrival of the direct wave and is therefore less sensitive to
specimen cross-sectional dimensions than waveform coherency.

With respect to material dependence, both indicators are in principle
applicable to different concrete types, including AAC and conventional
concrete. As reported in recent work on AAC, the strength and cracking
behaviour of AAC depend on a number of mix-design and curing pa-
rameters, such as precursor type and content, water-to-binder ratio, and
curing regime [107-109]. These effects can be understood in two cate-
gories: (1) baseline material-state effects and (2) crack-evolution effects.
First, variations in precursor, liquid-to-binder ratio, curing regime and
age can change porosity and reaction products, which affect baseline
wave velocity, dispersion and attenuation (i.e., the waveform
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Fig. 27. Relative velocity in the beam during the shear test. (a) Relative velocity within the sensor network at 310 kN (blue rectangles indicate sensors; the black
dotted line indicates the loading position). (b) Relative velocity within the sensor network at 390 kN (blue rectangles indicate sensors; the black dotted line indicates
the loading position). (c) Relative velocity vs. applied load for selected sensor pairs.
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Fig. 28. DIC images on the beam during the shear test at 390 kN. (a) Bottom surface. (b) Side surface.

characteristics prior to cracking). Second, variations in tensile strength,
fracture energy and, if applicable, fibre bridging can modify the crack
pattern (distributed microcracking versus fewer wider cracks), crack
opening and crack-growth rate. However, these variations do not
invalidate the fundamental principle of damage indicators that (i) crack
initiation is associated with a marked loss of waveform coherency, and
(ii) extensive crack growth leads to a significant reduction in apparent
wave velocity along affected paths.

For bridges made with different AAC mixtures or with conventional
Portland cement concrete, the same ultrasonic DIs can therefore still be
applied, but the quantitative DI thresholds corresponding to SLS and
ULS must be recalibrated for the specific material and structure, in
practice using project-specific material tests combined with structural
tests in which the onset of cracking and relevant limit states are iden-
tified independently by conventional means. This suggests that future
work should focus on systematic threshold determination to extend the
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applicability of the proposed indicators across a wider range of concrete
materials and structural configurations. Even though the associated
threshold values need to be calibrated for each specific bridge configu-
ration, the experimental results indicate that, within the tested mem-
bers, the two proposed DIs can provide early warning of stiffness
degradation and allow typical flexural and shear failure mechanisms to
be monitored when sensors are embedded at key cross sections. At the
same time, the present findings are based on a limited number of full-
scale specimens and do not yet include a formal statistical assessment
of indicator variability or a fully quantitative validation against crack
width, crack depth or prestress loss; these aspects will require further
experimental and modelling work before the indicators can be used in a
statistically calibrated framework.
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Fig. 29. Load-deflection curve at the loading point during the beam shear test
(the red dashed line corresponds to the load level of 390 kN).

6.5. Future applications of multi-indicator cooperative monitoring

In the literature on structural health monitoring and bridge perfor-
mance assessment, traditional damage and performance indicators (e.g.,
condition index, deterioration index, structural safety indicator, traffic
safety indicator) primarily serve to evaluate the residual life, service-
ability and maintenance priority of entire structural components, sys-
tems or networks [13-16]. These indicators most often derive from
visual inspections, non-destructive testing or monitoring systems, and
are applied at relatively coarse spatial or temporal resolutions. By
contrast, the two indicators proposed in this study are designed specif-
ically to detect and quantify the early evolution of cracks as well as
structural degradation under both SLS and ULS. Through quantifying
waveform coherency and relative velocity, they enable
higher-resolution monitoring of damage onset and progression. In doing
so, these indicators complement the existing macro-level indices by
filling the gap between microscopic damage initiation and macroscopic
performance loss. While direct quantitative comparison with established
indicators remains the subject of future work, this study contributes a
new monitoring capability that can be integrated into a multi-indicator
cooperative monitoring framework for enhanced validation, coverage of
different resolutions, and improved decision-support in bridge
management.

From a practical implementation perspective, however, the proposed
embedded ultrasonic DI method should not be viewed as a replacement
for conventional bridge assessment and SHM techniques, but rather as a
complementary tool with a distinct role in monitoring critical local re-
gions. In engineering practice, its added value must be considered
together with factors such as installation effort, suitability for contin-
uous monitoring, operation and maintenance requirements, data
acquisition and interpretation complexity, and the ability to detect
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sensors). (b) Relative velocity vs. applied load for selected sensor pairs.
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Fig. 31. Load-deflection curve at the midspan during the slab flexural test (the
red dashed line corresponds to the load level of 810 kN).

internal cracking. To clarify the practical positioning of the proposed
method, Table 8 provides a qualitative comparison with periodic visual
inspection, proof load testing, and distributed fibre-optic sensing.

In terms of installation cost, periodic visual inspection and proof load
testing do not require permanent sensor installation on the bridge,
whereas both the proposed ultrasonic method and distributed fibre-
optic sensing require sensors to be installed in advance on or within
the structure. The installation cost of the proposed ultrasonic method is
therefore higher than that of visual inspection and proof load testing, but
is often expected to be lower than that of distributed fibre-optic sensing
in the type of application considered here, particularly because DFOS
commonly requires a more expensive interrogator system; however, the
actual cost will depend on project-specific instrumentation scale and
installation requirements. In terms of operation cost, the proposed ul-
trasonic method and distributed fibre-optic sensing can be repeatedly
used once installed, whereas periodic visual inspection requires dedi-
cated personnel for repeated inspections, and proof load testing requires
traffic control, loading equipment, and additional instrumentation such
as LVDTs and strain gauges for each test; therefore, proof load testing
has the highest event-based operation cost. Please note that, once the
system has been installed, the per-measurement operational cost of the
ultrasonic method may be relatively low. However, long-term mainte-
nance, sensor reliability, and data interpretation still require dedicated
effort. Regarding potential suitability for continuous acquisition, both the
proposed ultrasonic method and distributed fibre-optic sensing are
suitable for repeated long-term data acquisition after installation,
although the interpretation of long-term measurements remains chal-
lenging because measurements may reflect coupled effects from struc-
tural, environmental, and operational influences. By contrast, periodic
visual inspection and proof load testing are more suitable for periodic or
event-based assessment. In terms of data acquisition and interpretation
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Relative velocity in the middle beam of the slab during the flexural test. (a) Relative velocity within the sensor network at 810 kN (blue rectangles indicate
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Fig. 32. Relative velocity in the side beam of the slab during the shear test. (a) Relative velocity within the sensor network at 760 kN (blue rectangles indicate
sensors; the black dotted line indicates the loading position). (b) Relative velocity vs. applied load for selected sensor pairs.
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Fig. 33. Load-deflection curve under the beam with sensor embedded during
the slab shear test (the red dashed line corresponds to the load level of 760 kN).

complexity, the proposed ultrasonic method is the most demanding
because it requires both signal processing of the acquired waveforms
and subsequent interpretation of the derived DIs with respect to struc-
tural behaviour. In comparison, the displacement and strain data ob-
tained during proof load testing and the strain data obtained by fibre-
optic sensing can be used more directly for structural assessment,
whereas periodic visual inspection has the lowest interpretation
complexity. With respect to the ability to detect internal cracking, the
proposed embedded ultrasonic method has a clear advantage because an
array of embedded sensors can directly investigate the interior of the
structural member. Periodic visual inspection cannot detect internal
damage, and proof load testing by itself cannot directly identify internal
cracking unless combined with additional sensing techniques. Distrib-
uted fibre-optic sensing can provide some sensitivity to cracking, but
this depends strongly on the sensor location, since this method is mainly
sensitive to cracking occurring close to the sensing path. In terms of
spatial coverage, the proposed ultrasonic method and distributed fibre-
optic sensing are both local methods, the former being focused on
instrumented critical sections and the latter along the installed sensing
line. By contrast, periodic visual inspection provides a more global
condition assessment, while proof load testing supports assessment at
the structural level because displacement and strain measurements can
be collected at several critical locations.

Overall, the practical role of the proposed method is not to replace
existing approaches, but to complement them. In particular, a proof-
load-assisted multi-sensor assessment strategy appears especially suit-
able at the current stage, in which embedded ultrasonic DIs may be
combined with distributed fibre-optic sensing and conventional mea-
surements such as LVDTs. Such a strategy allows multiple complemen-
tary indicators to be established and cross-validated, thereby improving
redundancy and confidence in the assessment results. Since proof load
testing cannot be performed frequently, periodic visual inspection can
serve as a practical supplementary approach between proof load tests.
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Fig. 34. Relative velocity within the sensor network in the beam for the shear
test at 590 kN (blue rectangles indicate sensors; the black dotted line indicates
the loading position).

Table 8
Qualitative comparison of the proposed embedded ultrasonic DI method with
selected bridge assessment and monitoring approaches.

Method Proposed Periodic Proof Distributed
embedded visual load fibre-optic
ultrasonic DI inspection testing sensing
method

Installation cost Moderate Low Low High

Operation cost Low to moderate ~ Moderate High Low

Potential Yes No No Yes

suitability for
continuous
acquisition

Data acquisition High Low Moderate Moderate

and
interpretation
complexity

Ability to detect High Poor Indirect Moderate

internal only
cracking

Spatial coverage Local, Global Global Local along
concentrated at sensing line
instrumented

critical sections

7. Conclusion

This paper outlines a series of laboratory tests conducted on AAC
bridge elements with the aim of proposing DIs for future long-term
monitoring applications. Embeddable ultrasonic sensors are employed
to generate and detect elastic waves in concrete. The use of these sensors
enables the tracking of crack initiation and propagation within the
present full-scale tests on AAC bridge components, a capability that is
difficult to achieve using surface-based measurement techniques alone.
The experiments involved two prestressed AAC composite beams and a
solid slab comprising three beams. Based on the test outcomes, we
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identified two key structural DIs tailored for the long-term monitoring of
precast AAC slab bridges using embedded sensors:

e The first DI is based on the reduction in waveform coherency, spe-
cifically targeting the detection of crack initiation in the precast
beam, and also serves as a means to assess SLS.

e The second DI, based on relative velocity, aims to detect crack
propagation in the precast beam. It functions as an early warning for
deterioration of flexural behaviour at the critical cross section of the
slab strip, as well as potential brittle shear failure caused by shear
crack propagation in the shear-critical zone.

Within the present full-scale tests on AAC bridge components, these
two ultrasonic indicators consistently correlated with the observed crack
development and changes in global structural response, indicating that
they are promising indicators for distinguishing, within the present
controlled tests, between SLS-related crack initiation and more
advanced damage states when sensors are embedded at key cross sec-
tions. However, the threshold values identified in this study are specific
to the investigated AAC system, geometry and loading conditions and
should be regarded as indicative rather than universal. Application of
the proposed framework to other AAC mixtures, geometries or con-
ventional concrete bridges will require project-specific calibration and
additional experimental and modelling verification.

Supplementary material

Plots of the CC and relative velocity for each measurement are
available in the supplementary material.
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