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Highlights

® The acoustic emission distribution through the depth of RC beam sections is
studied.

® AE parameters can characterise behaviours of RC beams in the depth direction.

® AE event intensity shows a higher correlation than energy-based parameters in the
study.

® The correlation between AE and stress responses was demonstrated to be very
strong.

® A new option for estimating stress levels in engineering and science is considered.

Abstract

Two established techniques for monitoring concrete under loading are Acoustic
Emission (AE) and strain gauges. The distribution of strain, along with that of stress, on
a beam cross section is well established both theoretically and experimentally.
However, the AE distribution through the depth of the cross section has received little
attention previously. In addition, the correlation between the AE distribution and that
of stress on the section could provide valuable insight into the condition of a structure.
Therefore, these topics are experimentally addressed in this article. Specifically, six
Reinforced Concrete (RC) beams were tested. AE and Digital Image Correlation (DIC)
were employed to monitor the beams during loading. Finally, the AE and stress
distributions were analysed. The results showed that AE parameters are capable of
characterising behaviours of RC beams in the depth direction. Furthermore, the
distribution of AE events strongly correlated with that of compressive stress, especially
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in the post-reinforcement yielding stage. According to these findings, it is highly
possible to estimate stress levels of RC beam structures in engineering and science by
adopting the AE technique.

Keywords

Acoustic Emission, Reinforced Concrete, compressive stress distribution, event intensity,
absolute energy, signal strength.

1 Introduction

Reinforced Concrete (RC) is one of the most extensively used materials in infrastructure,
including bridges, dams, tunnels and buildings. These structures are exposed to
deterioration or damage in service due to overloading, ageing, corrosion, fatigue, and
environmental hazards, etc. Acoustic Emission (AE) is a non-invasive and passive
Non-Destructive Testing (NDT) approach. AE may be defined as the transient elastic
waves that are generated by the rapid release of energy from damage sources within a
material [1]. AE techniques have been applied to damage diagnosis in civil engineering
for decades, for example, on RC structures [2-7], pre-stressed concrete (PC) structures
[8-11], glass fibre reinforced composite bridge decks [12] and constructions
strengthened with carbon fibre reinforced polymer (CFRP) [13-17]. Compared with
other methods, AE techniques have distinctive features. For instance, developing cracks
can be located [18].

AE-related concrete research has been carried out for decades, and includes
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concrete crack classification, damage assessment and non-destructive monitoring. Hu, et
al. [5], investigated concrete crack propagation using AE techniques to determine the
initial load, crack propagation and final concrete structure failure. Rouchier, et al. [19],
used two parameters, the number and amplitude distribution of AE signals, to assess
cracking damage. Mohamed, et al. [20], studied the use of AE acquired during loading
as a substitute for conventional deformation measurements to assess the integrity of PC
beams. Ohtsu and Mori, et al. [21], compared the total number of AE hits with a
phenomenological model of steel embedded in concrete subjected to marine
environments, and showed that the two curves are in a remarkable agreement. Jochen
[22] presented a new concept of automatic AE three-dimensional source localization
based on developments from geodesy and ideas from seismology. Vishnuvardhan, et al
[23], characterised the sensitivity of active-sensing acousto-ultrasound-based Structural
Health Monitoring (SHM) techniques with respect to damage detection, and identified
the parameters that influence their sensitivity. The studies discussed above have shown
that AE parameters can be related to damage variables/indices, different failure
mechanisms and corrosion loss for steel in RC beams.

More work specifically linked to this investigation. Vidya, et al. [24] focused on

evaluating stress levels according to AE measurements. The researchers conducted an
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experimental study on the Kaiser effect at different stress levels on RC beams. Fu, et al.
[25], investigated if the Kaiser effect exists in both the Brazilian and bending tests, and
found that the cumulative AE events vs. stress curves are more suitable for AE
investigations than the cumulative AE energy vs. stress curve. Lehtonen, et al. [26],
explored the variety of geological and mechanical factors involved in in-situ rock stress
estimations, and concluded that stress measurement via the Kaiser Effect-based methods
is only likely to be successful if it is supported by key geological and other stress
measurement information. Tuncay and Obara [27] compared stress values obtained from
AE and the compact conical-ended borehole overcoming techniques, and found that in
some stages, the stress values obtained in AE tests were two or three times greater than
those obtained by the latter. In conclusion, many practitioners have linked common AE
parameters to stress via the Kaiser effect.

According to the literature reviewed in this paper, it is evident that the distribution
of AE through a cross section of a structure has so far received little attention; hence, we
carried out this investigation. This study also carefully examined the possible
correlation between the AE distribution and the stress distribution through the depth of

an RC beam.
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2 Fundamental aims

The Mechanics of Materials shows that strain develops linearly through the cross
sections of a structure under loading (e.g. Figure 1(a)). In addition, according to the
stress-strain relation of concrete (Figure 1(b)), different strain values correspond to
different stress magnitudes (Figure 1(c)), meaning that the pattern of the stress
distribution on the sections is deterministic and changes with load magnitudes. If the
magnitude of the load is sufficient, cracking occurs. Finally, well established research
[21, 28-33] has revealed that events, such as cracking, cause the release of energy in
materials, forming elastic waves, i.e. AE. Therefore, the following two questions are
considerably interesting in science and engineering:

1) How does the AE response vary through the cross sections?

2) What relations between AE and stress may exist during loading on the RC beam

structure to failure?

(a) In compression (b)

N\ [/

oc<0

Figure 1. (a) A typical theoretical distribution of strain on an RC beam cross section; (b)
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a stress-strain curve of the concrete material [34]; (c) the corresponding stress diagram
across the section.

Accordingly, in this study, six RC beams were tested, and the relationship between
stress/strain levels and AE signal properties were investigated. The primary attention
was paid to the possible correlations between structural and AE response distributions
through a RC beam cross section. Figure 2 presents the classic AE parameters used to
describe waveforms and perform characterisation of signals [24]. Meanwhile, a new
term, called the AE event intensity, was introduced and was referred to the number of

AE events acquired per unit area.

Rise time
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Figure 2. Important AE-related concepts discussed in this paper.
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3 Experiment setup
3.1 Experimental specimens

Six RC beam specimens were tested in this study. The beams were cut from a previous
experiment. All specimens were carefully examined before being tested in this study to
make sure that no severe damage had occurred.

The details of these specimens are shown in Figure 3 and Table 1. The sections of
all beams are rectangular, 120mm wide and 150mm or 155mm deep, with a clear span
of 620 mm (Table 1). In every specimen, one steel bar (N1), 12 mm in diameter, is
provided as tensile reinforcement, and another bar (N2), 6 mm in diameter, is used as
compressive reinforcement. Stirrups (N3), 6 mm in diameter, are placed at 50 mm c/c
distance to avoid shear failure. The beams were designed in accordance with British
Standard for grade C40, and the mixture proportion of the concrete was that cement :
fine aggregate : coarse aggregate : water = 1:2:3:0.5, by weight. Steel fibres, 30mm or
60mm long, were mixed in the concrete, with a ratio of 1% or 2% (by weight), to obtain
the Steel Fibre Concrete (SFC). The specimens were cast in a specially made wooden

mould and a standard steel mould, and compacted using a needle vibrator.

Table 1. The dimensions, materials and test results of all six RC specimens

Sectional sizes/mm

Height x Width Material Strength/kN Failure mode
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Beam 1 155x120 SFC,2%, 30mm 83.41 Bending failure

Beam 2 150x120 Concrete, C40 68.12 Shear failure
Beam 3 150x120 Concrete, C40 68.05 Bending failure
Beam 4 155x120 SFC,1%, 60mm 85.20 Bending failure
Beam 5 155x120 SFC,1%, 60mm 79.62 Bending failure
Beam 6 155x120 SFC,2%, 30mm 82.43 Bending failure

139

140 To promote the failure of every beam at its mid-span, a 10 mm deep notch was

141  made. After they were tested, Beams 5 and 6 were cut in half at the failed positions, and

142  the depths of crushed concrete and the lengths of major cracks were then measured.

143
T8
| ‘ \
| | | )
| | |1E
| 1k
| \
L 116 Ni 62‘0 18 N3 (P N1 16 120
144 w |
145

146  Figure 3. (a) The design details of the simply supported RC beams tested in the study
147  (Units in mm), (b) a photo of all specimens.
148
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3.2 Instrumentation

AE signals were recorded with a MISTRAS system. The system consisted of
preamplifiers (40dB), R6D sensors (40-100 kHz) and a personal computer (PC) with
eight AE channels. A full suite of the AEWin software was installed on the PC. The

acquisition parameters adopted in the study are listed in Table 2.

Table 2. The parameters used during AE data acquisition.

Parameter Value
Threshold 45 dB
Velocity 4030 m/s
Hit definition time (HDT) 800 ms
Peak definition time (PDT) 200 ms
Hit lockout time (HLT) 1000 ms

As stated by Swit [35], since AE signals are mainly registered by sensors that are
close enough to the sources of AE events, all sensors were therefore placed around the
most probable site of damage — the notch and the pure bending region. Hence, as shown
in Figure 4, six sensors (S1 through S6) are mounted on the top and the bottom of every
beam. Brown grease was used as an acoustic couplant. Sensor S5 is placed adjacent to
each pre-cut notch. In order to make sure all sensors were mounted correctly, a

Pencil-Lead Breaks (PLBs) [36] test was completed prior to testing.
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Figure 4. The layout of all six AE sensors employed in tests (Units in mm).

Other instruments used in the study included a digital image correlation (DIC)
system, strain gauges and displacement transducers. In order to estimate the strain
distribution on a side surface of each RC beam, DIC was employed. The area of interest
on Specimen 1 was the whole side surface, while on the others the DIC cameras just

focused on the region under pure bending (Figures 4 and 5). Meanwhile, two electric
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resistance wire concrete strain gauges were affixed to measure point strain. As shown in
Figure 5, one gauge is 20mm away from the top of the beam, and the other is 20mm
away from the top of the notch. In addition, a displacement transducer was arranged

beneath the mid-span of each specimen.

(a) I (b)
| M 1 [ ; S
| : h I
| _ ‘ The surface without | Gauge
} Concrete strain gauges <] speckles | S
—
Notch ‘ Notch ]
} o ! (o] (¢ ‘ * ]%
N ] T o O ]
| 310 S 310 120 =

Figure 5. The layout of two concrete strain gauges on each beam: (a) Elevation, (b) The
mid-span cross-section diagram (Units in mm).

3.3 Loading conditions

As shown in both Figures 4 and 5, each specimen is subjected to four-point bending.
The loads increased monotonically with a rate of 0.005mm/s until one of the following
two criteria was satisfied. The first was that a part of the specimen was crushed
completely, which led to the failure of the structure, and the other was the loads dropped

from peak by 20% or greater.
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4 Results

In this Section, data obtained on Beam 1 are discussed extensively to examine the AE
activity across the depth of the beam. Meanwhile, some data of the other specimens are
also presented herein for the purpose of cross checks. Furthermore, several details are
explained as follows prior to further data analysis.

Data acquired just in a specific region on each specimen and in some stages during
testing are discussed in the following parts. More specifically, the volume surrounded
by all six AE sensors are treated as one “single” section, and just AE signals from it are
analysed. Namely, AE events whose x- and y-coordinates satisfy 235mm=x<-385mm
and 0<<y<<155mm (for Beams 1, 4, 5 and 6) or 0<<y<<150mm (only for Beams 2 and 3)
are considered hereafter, referring to Figure 4 for the coordinate definition. The reasons
are as follows. Firstly, in practice, it is impossible to acquire AE signals from a real
cross section. Secondly, the volume, with a length equal to only the beam depth (Figure
4), is very short, and all cross sections in the volume are subjected to bending moment
of the same magnitude. Simultaneously, the following analyses focus on processing AE
signals recorded during some typical stages and states of every RC beam. The reason
lies in that they indicate significant changes in cracks and decrements in stiffness or

load bearing capacity of the structure.
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Three AE descriptors, namely AE event intensity, absolute energy and signal
strength, were used in this study. In addition, strain and stress levels of specimens are
estimated based on the measurements provided by the two concrete strain gauges and
the DIC system. Furthermore, strain diagrams are calculated using the curve-fitting
approach and stress diagrams are obtained by combining the stress-strain relation of the

concrete material[32] with the strain estimations.
4.1 Typical loading stages and structural states of RC beams

The failure of Beam 1, i.e. a three-stage loading process, is detailed as follows. In the
first stage, no cracks were observed, and the stiffness of the beam was of the greatest
magnitude. Theoretically, all parts of each cross section are effective in resisting
external moment, and concrete stress is proportional to strain. The stage corresponds to
I-la in the first panel of Figure 6. In the second stage, cracks appeared in the tensile
zone very close to the notch, and the deflection of the beam increased significantly,
meaning its stiffness also appreciably declined. In theory, the stress increases with strain
nonlinearly, and to a cracked section, only a part of the section provides resistance to the
bending moment. The second stage corresponds to Il-11a in Figure 6. In the third stage,
many cracks appeared in both the tensile and compressive regions; and strain increased

rapidly until the bearing capacity of the beam was reached; simultaneously, tensile
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226  reinforcement yielded. More importantly, the stiffness dramatically reduced. Finally, a
227  part of the concrete in the compressive region was crushed, and then the beam
228  completely failed (See the lower panel of the figure). The last stage corresponds to

229  llI-lllain Figure 6.
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Figure 6 The load-deflection curve (Upper) and the failure shape (Lower) of Beam 1.

The above description regarding the failure of Beam 1 is in line with established
research [34, 37-39]. Testing of RC beam structures can be divided into several
important stages, and these stages can be identified on a load vs. deflection curve, such
as the upper panel of Figure 6. Accordingly, all critical stages studied in subsequent
parts are listed in Table 3. More importantly, their significance in structural respects is
also introduced briefly. Additionally, several critical states listed in Table 3 and Figure 6

are also investigated later.

Table 3. Critical stages and states of a typical RC beam loaded to failure.

Stages / states Structural significance Notations

No crack develops, and the beam behaves

The elastic stage ) Itola
elastically.
i Cracks develop in tensile regions, and the
The working stage ) . Il'to lla
stiffness therefore decreases slightly.
Cracks also appear in compressive regions.
The failure stage PP P B Il to llla

Reinforcement yields. The bearing capacity and
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stiffness decline significantly.

Yielding of The reinforcement in tension yields

. lato Il
reinforcement
Peak load The beam reaches its ultimate bearing capacity. Hlto P
Load decline The bearing capacity decreases rapidly. PtoD

When results are presented as follows, two approaches are employed. The first is to
show the AE response in a specific stage. The second is to assess data acquired from the

start of the test until the end of the current loading stage, namely the accumulated data.

4.2 In the elastic stage of RC beams

Figure 7 shows the AE data of Beam 1 obtained in the elastic stage and during the
period from la to Il. Note that the y-axis of all figures is the depth of RC beam section.
The cross-sectional height (155mm) is divided into 31 intervals, and three variables, i.e.
the AE events, absolute energy and signal strength, are related to each interval (5mm
high). When an event is located in an interval, the AE event amount variable increases
by one, and the quantities of the energy and the signal strength are added to the other
two variables, respectively. The x-coordinate is the amount of AE events (proportion to
the intensity), absolute energy or signal strength. Note that the total number of events
identified is 3,649, and the order of magnitude of the AE absolute energy and the signal

strength in the failure state of Beam 1 is 108.
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Figure 7 The distributions of the acoustic emissions acquired (a) in the elastic stage and
(b) during the onset of the first crack in the tensile area, across the depth of Beam 1
(Energy refers to the AE Absolute Energy, in al (attojoules); Strength is short for the
Signal Strength, in pVs (picovolt-seconds)).

As shown in the left panel of Figure 7, there are 31 AE events acquired within the
elastic stage of loading. The number is less than 1% of the total event amount (3,649),
demonstrating AE activity is very low. Furthermore, structural responses of the beam
can give deep insight into the characteristic of showing low AE activity at this stage.
Since the maximum tensile stress in the concrete is smaller than the modulus of rupture
at this stage, all parts of a concrete section are effective in resisting stress which is
proportional to strain[34, 37-39]. Namely, the beam is behaving elastically.
Theoretically, it is therefore, generally assumed that no damage has occurred [40].

Consequently, the AE activity inside the beam is very low. In conclusion, the structural
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responses come to a very good agreement with the AE detected.

The first crack appeared during the period from la to Il in Figure 6, and Figure 7
shows the corresponding AE measurements. The second panel of Figure 7 reveals that
19 AE events were recorded, similar to what happened in the previous stage. Therefore,
the AE activity in this period is also considered to be considerably low. However, as
shown in the load vs. deflection curve (Figure 6), the slope of the curve in the
post-elastic stage decreases slightly, meaning that the stiffness has reduced. For
comparison, the data from the same stage of testing in Beam 3 is shown in Figure 8 and

support the the above conclusions.
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Figure 8 The distributions of the acoustic emissions acquired in the elastic stage
through the depth (Left) and the load-deflection curve (Right) of Beam 3

4.3 In the working stage of RC beams

As shown in Figure 9, two features are considerably obvious at this stage. Firstly, 211
events, 581% larger than the amount of emissions captured in the elastic stage, were
acquired on Beam 1, meaning that the AE activity significantly increased. However, the
activity is still low as it represents only 5.78% of the total number of the events captured
in the entire test. Secondly, most of the events took place in the tensile zone of the beam,
meaning the AE event distribution roughly matched with that of the tensile stress (the
right panel in Figure 9). Meanwhile, the intensity of AE events in the compressive
region also rose. In addition, analysing the data of the AE absolute energy came to
similar conclusions, and the same characteristics were also found on the other

specimens, which are not presented here to save space.

19/36



302

303
304
305
306
307
308

309

310

311

Event amount Energy Strength
‘ 160 : 160 :

160
140 1140t 1140t
€
£ 120 1120 1120
=
o
B 100 1100 1100 f
[0
©
c 80 1 80 1 80
)
®
3 60 1 60 1 60
[2]
[2]
o 40 1 40 1 40
O
20 1 20 1 20
0 : 0 : 0
0 10 20 0 2 4 0 1 2
(@) %107 %107
Event amount Energy Strength
160 : 160 . 160 : -
E -330.1pe
140 1140 1140 19 The compressive region.
£ & _ ( 4
€ 120 1120 1120 1
Z
e
B 100 1100 1100 1
()
° £
c 80 1 80 1 80 1 £| £
-8 5 The tensile regi B
8 ﬁ e tensile region. =
2 60 1 60 1 60 1 i3
% |
8 40 1 40 1 40 1 3774ue
2 | 20 | 2 | L =
0 : 0 : 0 : - _
0 10 20 0 2 4 0 1 2
(b) %107 «10” (€)

Figure 9 The distributions of the acoustic emissions acquired (a) in the working stage,
(b) until the end of the stage and (c) the corresponding total strain distribution through
the depth of Beam 1.

4.4 In the failure state of RC beams

For Beam 1, more than 90% AE events were captured in the failure stage; therefore, it is
quite clear that the beam was very active in terms of AE. Meanwhile, several crucial

events, e.g. the yielding of reinforcement and the reaching of peak loads, occurred
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during this stage. Hence, the stage is analysed carefully as follows.

In Figure 10, all AE and DIC data acquired in the failure stage (Panel (a)) and

throughout the test (Panels (b) and (c)) are presented, while further analysis on the

corresponding behaviour of Beam 1 is shown in Figure 11. On the whole, Figure 10

shows two features. Firstly, the AE activity dramatically rises in the stage. For example,

as shown in Panels (a) and (b), the order of magnitude of the AE absolute energy and

signal strength is 108, while it is 107 in the previous stage. Secondly, the AE event

intensity in the compressive zone is far greater than that in the tensile region. Both

features are also observed on other specimens, such as Beam 4 (Figure 12). Additionally,

other researchers [19] also came to the same conclusion, namely overwhelming majority

of AE events appear during the final failure of structures.
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Figure 10 The distributions of the acoustic emissions acquired (a) in the failure stage,
(b) until the end of the test and (c) the corresponding total strain distribution through
the depth of Beam 1(The compressive concrete zone is circled with red rectangles).

More importantly, an insight into the AE results comes from the examination of the
correlation between the AE event intensity distribution and that of the stress in the
compressive zone (Figure 11). To analyse the correlation, the following three steps are
needed. Firstly, in Panel (a), the strain over the mid-span section of Beam 1 is calculated
according to the data (Figure 10(c)) obtained with the DIC device in the ultimate state.
Secondly, in Panel (b), the stress in the compressive zone is calculated according to the

stress-strain relation (Eq. (1)) [34].

ac kn —n?
fom 1+ (k=2)n
1)
7= ;—:1 £, < 0.0035, k = 1.055;,:: il
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where o, is the compressive stress value when strain is ¢.(< 0.0035), and &., is the
strain at peak stress. f.,, and E., are the mean compressive strength at 28 days and
the modulus of elasticity, respectively. &., f.;, and E.,, are specified in the code[34].
Note that only the compressive stress is considered here, because the concrete in the
tensile zone has been cracked due to vulnerability of the material [41]. Finally, the
distribution of the AE through the depth of the compressive zone is estimated using the
curve-fitting approach (Panel (c)). Note that in Panel (b), there is a blank (14mm high)
on the top of the section. This attributes to the excessive strain over the region. Eq. (1) is
just applied to cases where &, < 0.0035 (Figure 1(b)), however, &, in the blank
region does not satisfy the condition. Hence, the stress over the region cannot be
computed according to Eq.(1). In fact, &, > 0.0035 means that, physically, concrete
has been crushed. Additionally, the blank is confirmed in Figure 15 and is discussed in

Section 6 again.
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Figure 11 (a) The strain diagram on the mid-span section, (b) the corresponding stress
distribution and (c) the AE event intensity distribution in the compressive region of
Beam 1 (Length in mm, stress and strength in MPa).

As shown in Panels (b) and (c) of Figure 11, the distribution of the AE event
intensity correlates very well with that of the compressive stress over the zone. Firstly,
these two distributions are of very similar curve shapes. Secondly, the peak values of the
AE event intensity and the stress occur at almost the same location. More specifically,
the former appears 20mm away from the top, the latter 22mm. This was consistent in all
beams and demonstrated by Figure 12 from Beam 4. In conclusion, the AE intensity
variation pattern accurately correlates with the distribution of the compressive stress

through the cross-sectional depth in the failure stage.
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Figure 12 (a) The distribution of the acoustic emissions acquired in the test on Beam 4
through the depth and (b) the AE event intensity distribution over the compressive
region circled with red rectangles (Length in mm).

Three critical issues, i.e. the yielding of reinforced steel bars, the peak loads and
the decrease of the load, occurred during the failure stage, and they deserve further
investigation. The AE data corresponding to the first two sub stages are illustrated in
Figure 13. The figure shows that, compared with the AE response in the working stage,
the AE activity does not increase significantly. More specifically, the AE event intensity
remains at the same level, and the order of magnitude of the absolute energy and signal
strength remains unchanged. However, the activity in the compressive zone begins to
rise although it is still lower than that in the tensile region. In conclusion, the significant

changes in AE activity shown in Figure 10 do not occur in these two periods of time.
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Figure 13 The distributions of the acoustic emissions acquired (a) during the yielding of
reinforcement, (b) until the yielding of reinforcement, (c) during the period from Ill to
P and (d) until the peak load, namely Point P, through the depth of Beam 1.

In fact, as shown in Figure 14, the beam experiences a dramatic increase in the AE
response when the loads drop from peak and the beam reaches ultimate failure. 82.85%
of all AE events occur in the duration. Furthermore, as showed in Panel (c), the shape of

the AE event intensity distribution curve closely matches the stress diagram (Figure
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11(b)). Meanwhile, compared with the situations in the previous stages, the order of

magnitude of the AE absolute energy and the signal strength rises from 107 to 108

Accordingly, these data mean that Beam 1 shows the highest AE activity in this period.
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Figure 14 The distributions of the acoustic emissions acquired (a) during the period
from P to D, (b) until the Point D across the depth of Beam 1 and (c) the AE event
intensity distribution over the compressive region circled with red rectangles (Length
in mm).
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5 Discussions
5.1 Observations from cut cross sections

Beams 5 and 6 were cut at the failed sections after final failure. As shown in Figure 15,
two conclusions can be drawn based on observations from the cut sections. Firstly, the
thickness of the crushed concrete measured in Figure 15 matches with the estimation
(14mm high) in Figure 11(b). In the discussion regarding the zero-stress zone in Figure
11(b), it was theoretically concluded that the concrete on the top of the section was
crushed, which resulted in the 14mm-depth interval with zero stress. It is confirmed
here, and the thickness of the crushed concrete measured in Figure 15, ranging from
13mm to 20mm (the space in between the two pairs of red dashed lines), matches very
well with the estimation (14mm). Secondly, AE events occurred through the whole
depth. This conclusion is supported by the observation that cracks developed during
testing had penetrated through almost the entire cross section. This is very strong
evidence of the AE distributions shown in Figures 9, 10, 12, and 13. In conclusion,

these observations strongly support the outputs discussed previously.
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Figure 15 The cut cross sections of Beams 5 (Left) and 6, respectively.

5.2 AE on the specimen that failed in the shear mode

Only Beam 2 failed in the shear mode (See Table 1 and Figure 16). The AE variation
across the depth of the beam is distinctively different from those that failed in the
flexural mode. Firstly, as shown in the left panel in Figure 16, the amount of AE events
acquired in the compressive region is far less than that from the tensile area. The lower
activity in the compressive region of Beam 2 means that the damage level is relatively
low, suggesting the stress level of the beam is also low. More importantly, this indicates
that the strength potential of the concrete is not fully used due to the occurrence of the
shear failure. Secondly, the AE absolute energy and the signal strength of Beam 2 are at

least one order of magnitude smaller than that of the other specimens. As shown in
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Figures 10, 11 and 14, on Beam 2, the order of magnitude is 107 or 10°, while that of
beams failed in the flexural mode is 108. This also indicates the material in Beam 2 is

not completely utilised, and the conclusion matches with findings in traditional concrete

structure research [38, 39].
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Figure 16 The distribution of the AE acquired through the test on Beam 2 (Left) and the
shape when it failed (Right).

6 Conclusions

This study focused on AE distribution through the depth of an RC beam and the
correlation between AE and stress variations. Experiments on six beams were conducted,
and all critical stages of these beams, i.e. the elastic stage, the working stage and the
failure stage, were examined carefully. AE response, structural deflections and

strain/stress were measured and then analysed in detail. Based on this work, the
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following conclusions were drawn:

® AE is highly capable of characterising the behaviours through the depth of RC

beams. Furthermore, the AE event intensity outperformed the absolute energy
and the signal strength in the study.

In the elastic stage, the AE activity was very low. For example, less than 1% of
the total amount of AE events were acquired on Beam 1, and the order of
magnitude of both the AE absolute energy and the signal strength was 10°
(Figure 7).

In the working stage, the AE activity rose slightly, however, it was not yet very
high. More specifically, only about 5% of the total AE events were recorded.
The order of magnitude of the absolute energy/signal strength was 107 (Figure
9). Meanwhile, the AE response distribution matched with that of the stress
distribution.

In the failure stage, the overwhelming majority of AE were captured, meaning
that specimens were considerably active. More than 90% of the total AE events
were recorded, and the order of magnitude for energy was 108 (Figure 10).

Nevertheless, the beam was relatively inactive during yielding of reinforcement
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and at peak load (Figure 13). However, the AE was highly active when the loads
dropped from peak (Figure 14).

® The most significant finding in the study is that the distribution of the AE event
intensity accurately matches with that of the stress over the compressive zone.
(Figures 11, 12 and 14). Namely, the pattern of AE event intensity distribution
in the depth direction is very similar to the compressive stress diagram.
Meanwhile, the peak of the AE event intensity and the stress appears at almost
the same location.

The above conclusions suggest that the AE technology is of great potential to serve
as a measure to estimate critical stress levels of RC beam structures. This topic is
addressed in another article. Note that the idea, determining critical stress states in
structures via AE parameter distribution analysis, deserves researchers and practisers’
more work to extend it to more scenarios and inspire more innovations.
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