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Structural assessment

Many existing concrete structures require effective assessment of the bearing capacity. A critical failure mode is
shear, especially for concrete structures without or with limited shear reinforcement. The shear failure is brittle
and often leads to loss of property and lives. Therefore the shear failure should be indicated before it occurs. A
potential solution is to use acoustic emission (AE) monitoring, which is sensitive to minor changes in concrete,
even micro-cracking, both on the surface and inside the structure. By combining the knowledge of shear failure

processes and AE techniques, this paper presents an AE-based shear failure indication system. The system
automatically identifies three levels of structural damage levels up to shear failure, which are categorized from
minor to severe levels as green-light, yellow-light, and red-light criteria. The ’traffic light system’ is validated
using six shear tests on full-scale reinforced concrete beams without shear reinforcement. The robustness of the
system is also validated across these tests.

1. Introduction

The safety of existing concrete structures is crucial for society. Many
existing structures built in the 1960s and 1970s were designed according
to the past codes which are now considered deficient by the current
codes [1,2]. Moreover, the aging of material over time leads to a further
reduction in structural bearing capacity. Meanwhile, the load applied to
the bridges increases due to heavier traffic. Outdated design details,
aging materials, and increasing loads may lead to structural failure.

A critical type of failure for concrete structures is shear, especially for
those without or with limited shear reinforcement [3]. Shear failure is
brittle, thus hard to be detected before it occurs [4]. The consequence of
shear failure is catastrophic, which could be loss of properties and lives.

To prevent shear failure, effective assessment of the bearing capacity
against shear is needed. Two methods are usually applied for structural
assessment: proof load testing [5] and long-term monitoring [6]. In both
cases, information of structural behaviour is needed. In the case of shear
failure of reinforced concrete without shear reinforcement, the critical
information is related to the crack location and magnitude [7-11].

Many monitoring techniques can be used to obtain the crack infor-
mation, such as Linear Variable Differential Transformers (LVDT) [6],
strain gauge [12], Digital Image Correlation (DIC) [13], Fibre Optical
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Sensors (FOS) [14], Ground Penetration Radar (GPR) [15], Infrared
Thermography (IR) [16], Radiography [17], Ultrasonic pulse velocity
(UPV) [18], Impact echo (IE) [19], Acoustic Emission (AE) [20], etc.
These techniques have their pros and cons for the purpose of monitoring
concrete cracking. Some techniques such as LVDT and DIC are only
suitable for monitoring concrete surface cracking, losing the information
of internal damages which could be critical for shear failure. Some
techniques such as GPR, Radiography and UPV require active mea-
surement. In the case of low measurement frequency, these techniques
cannot detect the crack development in real time, which will influence
the timely decisions regarding the shear failure.

Among these techniques, AE stands out for its promising features: it
can detect not only surface cracking but also internal cracking; it is
sensitive to minor changes in concrete even microcracking [21] so that
the crack detection can be at an early state; it can serve for near real-time
monitoring; moreover, AE sensors are easy to install on the structural
surface. By combining the knowledge of AE and shear failure, we aim to
develop AE-based shear failure indicators.

We begin by reviewing the theoretical shear failure process in rein-
forced concrete structures without shear reinforcement. A critical failure
mode is selected for assessment: flexural shear failure, where shear ca-
pacity is determined by the shear transfer mechanisms along the flexural
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shear crack. The theoretical review motivates a potential indicator for
flexural shear failure, which is the damage level of the strut. The strut
refers to the compressive field between the load and the support. Then,
we monitor the strut damage condition using AE. A recently proposed
AE data analysis method by the authors is applied. This method com-
putes a parameter called the probability density field of AE events
(pdAE), which quantifies the spatial distribution of AE events more
realistically. In a previous study, we found that pdAE is related to crack
kinematics, including crack width and shear displacement, depending
on the location of the crack. We use pdAE to evaluate the damage level
of the strut as an indicator of the flexural shear failure.

Based on this evaluation, we propose an AE-based indication system
that can automatically identify three levels of structural damage before
shear failure of reinforced concrete beams without shear reinforcement.
These levels are categorized from minor to severe damages as green-
light, yellow-light, and red-light criteria. The proposed shear failure
indicators are validated using experimental data from six full-scale shear
tests. These indicators can support structural assessment in both proof
load testing and long-term monitoring.

2. Integrity of strut as a shear failure indicator

Understanding the shear failure process is essential for developing a
reliable indicator. According to the mechanical models of shear failure
in reinforced concrete structures without shear reinforcement [7-11],
the process begins with the formation of flexural cracks. As the shear
force increases, the inclination of the flexural cracks also increases, and
the dowel crack begins to open from the bottom of the existing flexural
crack (Fig. 1). At this stage, due to the larger crack width, the contri-
bution from aggregate interlock reduces. At a certain shear force, a
flexural shear crack forms. Then, depending on whether the flexural
shear crack damages the strut which is an estimated compressive region
between the load and the support as marked in Fig. 1, the shear capacity
of the structure varies.

For an uncracked strut, the structural shear capacity is often higher,
determined by the concrete compressive strength (shear compression
failure). For a cracked compressive strut, the capacity is lower, deter-
mined by shear transfer mechanisms along the flexural shear crack
(flexural shear failure) [22]. The shear failure process highlights the
importance of the integrity of the strut to the shear capacity of rein-
forced concrete structures without shear reinforcement.

Compared to shear compression failure, flexural shear failure
generally results in a lower shear capacity and is therefore more critical
for this type of structure. This paper focuses on identifying flexural shear
failure.

3. Probability density field of AE events and its relationship with
crack kinematics

To effectively monitor the integrity of the strut, an appropriate
technique should: (1) be sensitive to internal concrete cracking, as the
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strut region is located within the structure, (2) be capable of performing
full-field measurements, since the crack location in the strut is not al-
ways predictable, (3) be easy to install both in the lab and on-site, and
(4) provide near real-time monitoring so that timely interventions can
be taken as needed.

AE fulfils the above requirements due to its working principle.
Sudden changes in concrete like cracking even microcracking will
release energy and generate waves. The waves will propagate from the
source location to the sensor location on the structural surface. By
processing the received signals at sensors, AE can estimate the location
of the sources which do not need to be at the location of sensors but also
can be inside the structure. This process is called source localization
[23]. In AE monitoring, sensors are installed on the structural surface
thus easy to install. And the signals from the cracking can be acquired
and processed time-efficiently, therefore giving near real-time data.

However, AE source localization can only estimate the location of the
cracking activities, but provides limited information on crack kine-
matics, such as the crack width and shear displacement. These are
essential information to indicate the damage level of the strut.

To relate AE data to crack kinematics, the spatial distribution of AE
events must be properly quantified. We recently proposed an AE data
analysis method that calculates a parameter called the probability
density of AE event locations (pdAE) to quantify this spatial distribution
[24]. The parameter pdAE accounts for various uncertainties in the AE
source localization process, such as arrival time picking errors, presence
of crack, and sensor locations. The resulting localization error (the dis-
tance between the actual and estimated source locations) was evaluated,
and based on the error characteristics, the probability of AE event lo-
cations was estimated. Fig. 2 exemplifies the localized AE events from a
beam test when two cracks opened (CR1 and CR2) and the pdAE field,
which more clearly identifies the crack pattern. This example is taken
from beam test which is introduced in Section 5.1.

The parameter pdAE was further related to the crack kinematics,
depending on the crack location in a beam according to our study re-
ported in a previous paper [25]. Fig. 3a shows the pdAE-crack width
relationships with each dashed line measured at a location along a crack.
The locations of these measurement can be found in the previous paper.
Fig. 3b shows the crack opening history at those measured locations.
Fig. 3c illustrates the locations in a beam and the contact area between
the two crack faces. The data presented in these figures were obtained
from the same tests presented in this paper (in Section 5.1).

We experimentally found two types of pdAE-crack kinematics re-
lationships. Type I relationships usually occur in the tensile zone of a
structure, where the crack first opens perpendicular to the crack face and
then shear displacement occurs. Due to larger crack width, the contact
area between the two crack faces during shear displacement is smaller,
resulting in fewer AE events. Type II relationships mostly occur in the
compressive zone of a structure, where shear displacement occurs at the
beginning of cracking when the crack width is small. The contact area
during shear displacement is larger, resulting in more AE events. These
results indicate that pdAE is not only related to a single variable, such as
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Fig. 1. Formation of the flexural shear crack: development of the inclined crack and the dowel crack from the flexural crack. The determination of the geometry of

the strut is indicated.
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Fig. 2. Demonstration of the pdAE field: (a) localized AE events from concrete cracking CR1 and CR2, and (b) the pdAE field of the localized AE events. (The figure is

taken from [24].).

contact area

o e o
N » (=]

(=)

shear displacement A [mm]

1 0
crack width w [mm]

(@)

crack width w [mm]

0.5 1

(b)

Fig. 3. Relationship between AE events and crack kinematics in Type I and Type II: (a) pdAE-crack width, (b) crack opening history and (c) locations with illustration

of contact area. (The figure is taken from [25].).

crack width or shear displacement; rather, it is connected to the full
kinematics of the crack.

4. ‘Traffic light system’ to indicate shear failure

Combining the AE methods and the knowledge of shear failure
process in reinforced concrete structures without shear reinforcement,
we evaluate the strut integrity using the pdAE, which is developed as a
shear failure indicator. In the strut region, the pdAE increases with the
crack width following the Type II relationship (Fig. 3), so the maximum
pdAE in that region reflects the maximum crack width, representing the
damage condition of the strut. As the load increases, the strut becomes
more damaged, leading to an increase in the maximum pdAE. When near
shear failure, one of the flexural crack develops into a critical flexural
shear crack in the strut [26,27], which is usually accompanied by large
shear displacement along the crack, resulting in a significant increase in
pdAE. Fig. 4b illustrates the increase in pdAE in the compressive strut
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with load using a red line.

Then, we automate the evaluation of the strut integrity by taking an
AE reference. This reference is taken as the maximum pdAE in the tensile
region of the same structure. In the tensile zone, the pdAE increases with
the crack width following the Type I relationship (Fig. 3), so the AE
reference reflects the maximum crack width in the reference region. As
the load increases, the crack width also increases, leading to an increase
in the AE reference until the two crack faces no longer make contact.
Fig. 4b illustrates the increase in pdAE in the tensile region with load
using a green line.

Fig. 4a illustrates the strut region and the reference region. The strut
region takes on an idealized prismatic shape. The width of a prismatic
compressive strut is determined by the loading plate dimension and the
height of the equivalent concrete tensile tie. The determination of the
geometry is indicated in Fig. 1. According to the Eurocode [17], the
height of the equivalent concrete tensile tie for specimen under bending
is given by h. o = min{(h —x.)/3,2.5(h —d) }, where h is the height of

—
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Fig. 4. The traffic light system for shear failure indication: (a) cracking behaviour at the criteria and (b) determination of the criteria by comparing the maximum

pdAE in the strut and the reference region.
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cross section, x, is the compressive zone height, d is the effective cross
section height. The reference region has a height of h .4 and a length

equal to the estimated flexural crack spacing [, = <1 +pMe

—1/1pine + (plne)2 >d/kc, where p) is the reinforcement ratio, n, is the

elastic modulus ratio between steel and concrete, and k, is the inclina-
tion of the stress line [28]. We use a length of one crack spacing to ensure
that at least one flexural crack can be covered by the region. The esti-
mated region of strut and tie may deviate from the actual ones, which is
acceptable since the strut and tie model is based on a lower-bound
approximation of the actual load bearing mechanism [19].

The benefits for selecting this reference are as follows:

For reinforced concrete members without shear reinforcement,
under regular loading conditions, the tensile chord with the
maximum bending moment will always crack first. Therefore, the
pdAE in the tensile chord first shows the sign of cracking and can be
used as a reference to indicate the cracking in the compressive strut
which occurs later.

Taking the reference from the same structure avoids the influence of
uncertainties related to the structural type, material property, AE
setup and environmental noise.

The reference is taken near the surface of the structure, where the
crack pattern can be easily calibrated using observations or other
displacement measurements like LVDTs.

The pdAE in the reference region mainly come from flexural
cracking. Other mechanisms, like bond slip or yielding of rein-
forcement, have been found to have limited influence on the ob-
tained pdAE for structures with a large bulk of concrete.

By comparing the maximum pdAE in the strut to the AE reference, we
can identify three structural damage levels up to the flexural shear
failure (Fig. 4b). We propose a ‘traffic light system’ concept to describe
these three levels:

e Green-light criterion: the onset of AE reference. This criterion in-
dicates the formation of flexural cracks in the reference region
(Fig. 4a). The onset of AE reference is determined when an obvious
increase in pdAE is found in the reference region (Fig. 4b). The value
of the AE reference at this criterion is used as a threshold for crack
initiation in the strut.

Yellow-light criterion: the maximum pdAE in the strut region ex-
ceeds the threshold for crack initiation obtained from the green-light
criterion (Fig. 4b). The yellow-light criterion indicates the initiation
of the first crack in the strut (Fig. 4a).

Red-light criterion: the maximum pdAE in the strut region exceeds
that in the reference region at the same load level (Fig. 4b). This
criterion is usually observed at the critical flexural shear cracking in
the strut (Fig. 4a), where larger shear displacement occurs at rela-
tively small crack width, leading to more AE events from friction.
The red-light criterion, which indicates the development of a critical
flexural shear crack in the strut, is close to failure of both the strut
and the entire structure.

It is important to note that when comparing the pdAE in the strut and
the reference region, for a given value of pdAE, the crack width in the
strut region is typically smaller due to different pdAE-crack width re-
lationships, as illustrated in Fig. 3.

5. Experimental validation of the AE-based ‘traffic light system’
The ’traffic light system’ proposed in this paper is validated by six

shear tests on full-scale reinforced concrete beams without shear rein-
forcement [29]. They are named as H601A, H602A, H603A, H604A,
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HB851A and I123A. Fig. 5 shows photos of the test setup and the sensors.
5.1. Description of the experiments

The dimensions of the beams are 10000 mm x 300 mm x 1200 mm.
A commercial concrete mixture with strength class C65 is used. Only
longitudinal reinforcements were present at the outer layers where the
tensile and compressive stress are maximum. Between the longitudinal
reinforcement layers, only bulk unreinforced concrete presents.

The beams were simply supported with a span of 9000 mm which
was the distance between the centres of the two supports. The beams
were loaded by a single point load. The distance between the centre of
the point load and the closer support (defined as shear span) was one of
the main variables, which was between 3000 mm and 4500 mm. The
load was applied through a hydraulic jack in a displacement-controlled
manner. Fig. 5a is a photo of the test setup including the beam, loading
frame, supports and hydraulic jack.

Table 1 lists the essential configurations of the listed tests, including
concrete cubic compressive strength (fccube) at a certain age, rebar
configuration, rebar characteristic yield strength (fyk), reinforcement
ratio (p1), shear span (a), effective depth (d), shear span ratio (a/d) and
load type.

AE sensors of type R6I from MISTRAS [30] were applied to monitor
the cracking behaviour. The central frequency is 60 kHz. The sensor was
fixed to the specimen by a steel holder (Fig. 5b). The couplant between
the sensor surface and structural surface is grease-like material from
MOLYKOTE [31]. The data acquisition system is MISTRAS Sensor
Highway II.

Fig. 6 shows the AE sensor layouts. The sensors on the side surface
are marked in circles and the ones on the bottom surface are marked in
rectangles. The sensors on the bottom surface were in the middle line of
the width direction. The sensor spacing in the length and height di-
rections were around 0.5 m, with minimum 0.45 m and maximum
0.75 m.

Table 2 lists the load level when the first flexural crack was observed
(Pcr1), the load level when the critical flexural shear crack was observed
(Py), the maximum load (P,) and the failure mode of the tests. The
failure mode includes flexural shear failure (FS) and shear compression
failure (SC). In a flexural shear failure, the specimen failed at formation
of a critical flexural shear crack (P, = P,). For shear compression failure,
after formation of critical flexural shear crack, compressive strut carried
additional force, leading to larger failure load (Pp, > Py).

Fig. 6 also includes the crack patterns at failure, observed from one
side of the beams. The major cracks are numbered from CR1 to CRn
according to their opening sequence. Generally, cracks first appeared at
the cross section with the largest bending moments; therefore, the crack
number increased from the load side to the support side. Cracks that
were outside the AE measuring zone are not numbered. They were
mostly at the other span which is not interesting for this study.

By marking the estimated strut region, we find that the integrity of
the strut influenced the shear capacity. In tests H603A, H604A and
H853A, the flexural shear cracks did not completely cross the width of
the strut. After formation of flexural shear cracks, the compressive strut
carried additional shear force, leading to shear compression failure with
larger shear capacity. In the other tests (H601A, H602A and 1123A), the
flexural shear cracks went across the complete width of the strut, leading
to flexural shear failure with lower shear capacity.

5.2. Performance of the ‘traffic light system’

Fig. 7 exemplifies the evaluation of the strut integrity in test I123A.
Plot (a) shows the determined region of strut and the reference region
with crack pattern at failure. Plot (b) shows the evolution of the
maximum pdAE in the strut region and in the reference region with
increasing load. Plot (c) shows the evolution of the pdAE field with the
increase of load levels.
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Fig. 5. Photos of the tests on reinforced concrete beams: (a) test setup including frame, hydraulic jack, support and one side of the beam with DIC pattern and (b)
applied sensors on the other side of the beam including the load cell, AE sensor, LVDT and laser.

Table 1
Test configurations.

Test no. H601A H602A H603A H604A H853A 1123A
fe.cube 86.40 86.08 86.08 86.08 82.99 78.24
[26]
Age [d] 31 38 46 66 86 85
Rebar 4025 4025 4025 4025 6025 8025
Config. Ribbed Ribbed Ribbed Ribbed Ribbed Plain
Sy [26] 500 500 500 500 500 240
p1 [%] 0.57 0.57 0.57 0.57 0.85 1.14
a [mm] 4500 4500 3000 3500 3000 3000
d [mm] 1158 1158 1158 1158 1150 1150
a/d [-] 3.89 3.89 2.59 3.02 2.61 2.61
Load Cyclic Monotonic Cyclic Cyclic Cyclic Cyclic
type

AE reference shows cracking activities in the tensile chord at 180 kN
(with pdAE of 3950 m~3). This was the load level when CR2 first
opened. We set the cracking threshold to be 3950 mm 2 in this test.
Afterwards, the AE reference increased and stabilized at around
10,000 m~3. This met our expectation that further crack opening
generated limited AE events, because the crack faces hardly made
contact.

According to the ‘traffic light system’, the three criteria were reached
at load levels of 180 kN, 250 kN and 290 kN respectively. At red-light
criterion (290 kN), we observed a significantly increase of AE events.
This was due to the friction between the two crack faces induced by the
large shear displacement near failure.

Fig. 9 shows the traffic light criteria applied in the six shear tests of
reinforced concrete beams without shear reinforcement. The plots on
the right-hand side show the three criteria per test. The plots on the left-
hand side show the corresponding cracking behaviour in the strut and
reference region. The cracking behaviour at the criteria generally meets
our descriptions in Section 4. For tests failed in shear compression

Table 2
Cracking load and failure mode.

Test no. Pcr1 (KN) P, (kN) P (KN) Failure mode*
H601A 145 306 306 FS
H602A 125 306 306 FS
H603A 150 271 589 SC
H604A 150 251 445 SC
H853A 175 273 500 SC
1123A 170 300 300 FS

* . .
FS represents flexural shear failure, SC represents shear compression

reference

H603A PPy §
o @

H604A

1123A P=P, |

Fig. 6. Relative location between observed crack patterns and estimated compressive strut in beam tests.
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Fig. 7. Evaluation of compressive strut integrity using the maximum pdAE in I123A: (a) region of the strut and the reference region, (b) maximum pdAE in the strut
region and the reference with increasing load, (c) pdAE field at the selected load levels, with the locations of the maximum pdAE in the strut and reference marked.

(H603A, H604A and H853A), the critical flexural shear crack reached
the strut but did not propagate across it, thus the remaining strut pro-
vided additional shear force after the formation of the flexural shear
crack (which are greyed out in Fig. 9). When the beam failed in shear
compression, resulting the maximum load level (Pp,) larger than P,. We
consider the ultimate shear capacity P, critical, since it is not always
known beforehand whether the strut can carry additional force after
critical flexural shear cracking.

Table 3 lists the ratio between the load levels when a criterion is
reached and the load level when shear failure was obtained in the tests.
The values of P, can be found in Table 2. P,, P, and P3 are the load level
where green-light, yellow-light and red-light criteria are fulfilled
respectively. The ratio between shear span a (distance between the
centre of load and support) and effective height of cross section d is also
listed.

The green-light criterion indicates a safe condition, with the load
ratio in range of 44 %-60 %. This is reasonable as only flexural cracks
form at this stage. The yellow-light criterion is fulfilled at load ratio in
range of 49 %-87 %. Within the presented tests, the load ratio at yellow-
light follows a certain relationship with the shear span to depth ratio
(Fig. 8). With a larger shear span to depth ratio, the load ratio at yellow-
light reduces. The red-light criterion could indicate a dangerous situa-
tion for flexural shear failure, with two out of six tests reaching 90 % of

Table 3

Load ratio at the three criteria in the beam tests.
Beamtest a/d[-]  P;/P, (green- P,/P, (yellow- P3/P, (red-

light) light) light)

1123A 2,61 0,6 0,87 0,93
H601A 3,89 0,46 0,56 0,82
H602A 3,89 0,44 0,49 0,53
H603A 2,59 0,46 0,74 0,85
H604A 3,02 0,6 0,76 0,99
H853A 2,61 0,55 0,73 0,73

| 01123A

08} :
@HGOSA OHB04A

0 07| 2HB53A |
QN

H601A0O
HB02A0 1

3.5 4
a/d [-]

Fig. 8. Relationship between load ratio at the yellow-light criterion and shear
span to depth ratio.

the ultimate shear capacity. Additional experiments are needed to more
accurately characterize the distribution of the load ratio, including the
mean value and standard deviation. Fig. 9

The proposed ’traffic light system’ has been implemented in the
workflow of the commercial AE monitoring system AEwin provided by
Mistras and it could also be implemented in any other similar system. In
a monitoring session like the ones presented in this paper, the indicator
maximum pdAE can be updated nearly real-time when new AE events
are measured. For example, in a load step of 200-225 kN in test H602A,
the computational time required to calculate the pdAE field and the
traffic light criteria using the detected 849,939 AE signals was
197 seconds. This calculation was performed using Matlab with the code
provided in Gitlab [32]. With a more efficient programming language,
such as C or C+ +, the computing time could be further optimized,
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making the system even more suitable for real-time monitoring.
5.3. Robustness of the ‘traffic light system’

The ’traffic light system’ relies on the maximum pdAE to determine
the three structural damage levels before shear failure in reinforced
concrete beams without shear reinforcement. This parameter can be
influences by many factors such as the variation of the crack profile
locally.

The local crack profiles are in various angles to the crack opening
direction. Irrespective to the global crack direction, locally, the crack
profile direction may not be in line with the global crack direction
(Fig. 10). In this case, the different local crack kinematic will lead to
variation of pdAE value.

We evaluate the variation of the pdAE in the reference region and the
strut from experiments. The variation is described by the standard de-
viation of pdAE at a given crack width. Fig. 11 shows the distribution
and standard deviation of pdAE at several selected crack widths in a
range of 0.2 — 0.8 mm. These measurements of pdAE and crack widths
were taken at various locations along different cracks across the six
beams. The specific measurement locations are detailed in the previous
paper [25]. For Type I, we take the mean of standard deviations at these
crack widths which is 1171 m~2, denoted as o1. For Type II, we take the
standard deviation at crack width 0.2 mm which is 3160 m~2, denoted
as oy. The standard deviation at other crack widths is not considered for
Type II due to shortage of data.

The variation of the pdAE will influence the criteria, as shown in
Fig. 12 for test I123A. Plot (a) shows the criteria without considering the
variation of the measurement. while plots (b) and (c) illustrate possible
situations where the variation is over- or underestimated. In these cases,
the yellow-light criterion is reached at different load levels.

Using the same method, Table 4 calculates the load ratios when the
three criteria are fulfilled in all the tests, taking into account the vari-
ations. The load levels that are influenced by the variation are denoted
as P’j, P’y and P’; for green-light, yellow-light and red-light criteria
respectively. The influences on green-light criterion are limited, with the
load ratio increasing from 0.46 to 0.55 at the maximum (in test H603A).
The influences on the red-light criterion are generally acceptable
because most changes leaning towards the safe side. The influences on
the yellow-light criterion are acceptable except for test H604A, where
the corresponding load ratio increases from 0.76 to 0.99, which is
considered unsafe.

Other uncertainties, such as the spatial variation of concrete quality,
may also influence the pdAE and the criteria. Generally, at locations
with lower concrete quality, AE signals are more attenuated, resulting in
fewer detected AE events. Further research and testing can help refine
the system, accounting for uncertainties and improving its applicability
in real-world scenarios.

6. Discussion on application and future work
6.1. Suggestion on application
The three criteria in the ’traffic light system’ indicate three levels of

structural damage, which can support structural assessment and in-
terventions regarding the target structure. Since the criteria are

local profile direction

global crack direction

~— .— crack opening direction
i )]

<

Fig. 10. Illustrated directions of crack opening, global crack pattern and local
crack profile.
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Fig. 11. Distribution of the pdAE at some selected crack widths.

calculated time-efficiently, near real-time decision-making is possible.
Depending on the objectives of the users, we suggest the following
actions:

o If the objective is to estimate the first cracking load, the green-light
criterion should be used, which indicates the first cracking in the
reference region. Users can repair the cracks afterwards.

If the objective is to check the safety of the structure against shear
failure, the yellow-light criterion should be used, which indicates the
first cracking in the strut. The structure can still be used under lower
load levels or be maintained to prolong its service life.

If the objective is to get the actual shear capacity but avoid the
collapsing of the structure, the red-light criterion should be used,
which indicates critical cracking in the strut. But it should be noted
that the structure is very close to failure at this criterion. The bridge
should be closed immediately, and safety measures should be taken
against collapse. Users can replace or repair according to the need.

Applying the ’traffic light system’ to existing concrete structures
requires information on the presence of existing cracks. These cracks can
be identified through visual inspection or techniques such as Ultrasonic
Pulse Velocity (UPV). Alternatively, a small load can be applied to the
structure and then removed. During unloading, existing cracks will close
and generate AE events. By localizing these AE events, the locations of
existing cracks, especially internal ones within the strut, can be identi-
fied [33]. Based on the existing crack patterns, the damage condition of
the strut and the level of criteria met in the structural past service life
can be determined, allowing for appropriate actions to be taken.

Moreover, selecting a reference region in existing structures differs
from the approach in new structures due to existing cracks. If flexural
cracks have already developed in some areas, the reference should be
chosen in an uncracked region as close as possible to sections with
maximum bending moments to allow for earlier detection of new flex-
ural cracks. In this case, the detected flexural cracks will not be among
the first few cracks in the structure. According to the findings of this
study, selecting a different flexural crack as a reference will not signif-
icantly affect the performance of the traffic light criteria (Fig. 11 and
Table 4).

The ‘traffic light system’ was designed to enable automated deter-
mination of the three criteria. A key component of this system is the
threshold indicating when a flexural crack initiates in the reference re-
gion (the green-light criterion), which also informs the yellow-light
criterion. This threshold is currently identified by an obvious increase
in pdAE in the reference region. However, setting a fixed value for this
‘obvious increase’ is challenging due to differences in AE setup and
material properties across tests. An alternative approach could involve
establishing a fixed pdAE threshold based on the pdAE-crack width
relationship for Type I cracks in Fig. 3a. This approach equals to setting a
crack width threshold to indicate crack initiation. However, this pdAE-
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Table 4
Load ratio at the traffic light criteria in beam tests, influenced by the variation of
the crack pattern.

Green-light criterion Yellow-light criterion Red-light criterion

Beam test Py/Py P1/Py Py/P, P’y/P, P3/P, P’3/Py
1123A 0.6 0.6 0.87 0.6-0.93 0.93 0.6-0.97
H601A 0.46 0.46 0.56 0.47-0.65 0.82 0.82
H602A 0.44 0.44-0.49 0.44 0.49-0.53 0.53 0.49-0.65
H603A 0.46 0.46-0.55 0.74 0.68-0.85 0.85 0.85
H604A 0.6 0.6 0.76 0.64-0.99 0.99 0.76-0.99
H853A 0.55 0.55 0.73 0.68-0.73 0.73 0.68-0.73

crack width relationship also needs verification across different tests.
Without sufficient verification, expert judgment may initially be needed
to establish the green-light criterion, after which the system can function
automatically.

6.2. Future work

To allow broader application of the ’traffic light system’, further
development is suggested in the following perspectives. First, the
dependence of the yellow-light criterion on the shear span and depth
ratio needs to be further studied with more tests. In these tests, both the
dependency and associated uncertainties will be examined. Addition-
ally, the underlying reasons for the observed relationships should be
further clarified.

Second, the robustness of the ‘traffic light system’ is now only vali-
dated in laboratory conditions, more demonstrations in real structures
are needed to ultimately validate the system. For monitoring real
structures, factors such as sensor protection and weather changes need
to be considered.

Third, the system can be extended to monitor other type of rein-
forced concrete structures without shear reinforcement under different
loading conditions. The region of strut and reference can be determined
according to the stress distribution. For instance, in the case of a
distributed load, a fan-shaped strut region can be estimated [34]. And in
the case of members with larger width, such as slabs, 3D AE monitoring
is required, and the 3D strut region needs be determined. Then, a same
methodology can then be used: comparing the maximum pdAE in the
strut to that in the reference, to indicate the integrity of the strut which is
closely related to the shear failure of the structure. The extension to
another type of structure, reinforced concrete slab, is presented in a
subsequent paper.

7. Conclusion

This paper presents AE-based indicators for shear failure of rein-
forced concrete structures without shear reinforcement. For this type of
structure, the compressive strut is unreinforced, thus suffers from brittle
failure. Failure of the strut would lead to the flexural shear failure of the
structure. Therefore, evaluation of the integrity of the strut along the
shortest load transfer path between loading point and support as an
indicator to shear failure.

To evaluate the integrity of the strut, we used the maximum pdAE in
the strut which is compared to the maximum pdAE in the reference
region. The selection of strut and reference region was according to a
typical strut and tie model: a prismatic compressive strut was assumed
between the load and the support; and a reference region was selected
within the tension chord where the flexural cracks form.

Based on the evaluation of the strut integrity, we proposed a ‘traffic
light system’ which indicates three levels of structural degradation
against flexural shear failure: the green-light criterion corresponds to the
first formation of flexural crack; the yellow-light criterion corresponds
to the initiation of cracking damage in the compressive strut; the red-
light criterion corresponds to the situation that a critical flexural shear
crack propagated across/along the strut, which was close to the flexural
shear failure.

The traffic light system is validated with a set of six large scale shear
tests. In the validation, the green-light criterion was reached at load
level 44 %-60 % of the shear capacity. The yellow-light criterion was
reached at load ratio in range of 49 %-87 %, related to the shear span to
depth ratio. The red-light criterion indicated a very dangerous situation
for flexural shear failure, with load levels close to the shear capacity. We
also validated the robustness of the traffic light system to the variation of
local crack profile within the presented tests.

The AE-based ’traffic light system’ contributes to the field of pre-
dicting shear failure of concrete structures. Its strong physical back-
ground of using AE parameters to indicate the strut integrity, criteria to
indicate the multiple levels of structural damage, applicability to
different structures, and computational efficiency of calculating AE pa-
rameters make it a promising tool for future applications in structural
assessment of reinforced concrete structures without shear
reinforcement.
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