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Investigation of concrete crack kinematics through probability density field 
of the location of acoustic emission events 
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A B S T R A C T   

Monitoring or identifying structural cracks is crucial for assessing the health of existing concrete structures. Key 
information about structural cracking encompasses the location of the crack and its kinematics, which include 
movements perpendicular and parallel to the crack face. Acoustic emission (AE) is a sensitive technique for 
detecting the location of internal concrete cracking. However, the state-of-the-art AE monitoring methods offer 
limited information on crack kinematics, restricting the use of AE in crack assessment. To bridge this gap, this 
paper uses a recently proposed AE data analysis method that quantifies the spatial distribution of AE events along 
a crack probabilistically. This method uses a parameter referred to as the probability density of AE events (pdAE). 
By combining pdAE and crack kinematics measured by digital image correlation in a series of real-scale concrete 
beam tests, this paper investigates the relationship between AE events and crack kinematics. The analysed cracks 
are generated by a combination of bending moment and shear forces, as commonly observed in real structural 
concrete members. We find that the amount of AE events is not only related to crack width (the crack movement 
perpendicular to the crack face), as most literature suggests, but also to the complete crack kinematics 
throughout the loading history of the member. We then provide a physical explanation for the observed re
lationships between concrete crack kinematics and the quantity of AE events.   

1. Introduction 

Many existing concrete structures are nearing the end of their service 
life [1,2]. Due to increasing load and deterioration of material, the 
structural capacity may not meet the requirement. Decisions on the in
terventions to these bridges are needed—whether to demolish, refur
bish, or take no action. From sustainable construction perspective, 
maintenance is preferred. A proper intervention plan requires informa
tion on the structural health condition. 

Cracking is a typical damage in reinforced concrete structures [3,4]. 
It may reduce the structural capacity depending on its location and 
magnitude. According to theoretical models of structural failure, espe
cially those concerning the critical shear failure mode [3,5,6], important 
indicators of structural capacity are the crack locations and the complete 
crack kinematics including crack opening and sliding. Crack width is the 
crack opening in normal direction to the crack faces, and shear 
displacement refers to the tangential displacement or sliding between 
the two crack faces. 

Various techniques are available to measure concrete cracking, 

including linear variable differential transformers (LVDT), unmanned 
aerial vehicles (UAV), digital image correlation (DIC) [7]. Among these, 
acoustic emission (AE) stands out due to its sensitivity to cracking, its 
ability to detect internal damages, its real-time crack detection capa
bilities, and the ease of sensor installation on the structural surface [8]. 

The basic principle of AE is that concrete cracking releases energy 
and generates elastic waves from a localized source which is often 
idealized as a point source [9]. The waves propagate from the source to 
the AE sensors installed on the surface. By processing the received AE 
signals, one can estimate the locations of cracks even inside the struc
tural member (which is called source localization [10]), distinguish the 
source types (which is called source classification [11]) and evaluate the 
structural integrity [12]. 

AE has been widely applied in monitoring the cracking conditions of 
concrete structures, including new [13,14] and existing [15–17] con
crete structures. A common observation is that more AE hits/energy are 
obtained at more severe concrete cracking. 

Many experimental studies have attempted to establish a relation
ship between the amount of AE hits/energy and crack width. Some 
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researchers propose relating AE energy to the fracture energy of con
crete [18,19]. Such relationships are strongly related to the experiments 
and cannot be extrapolated to other experimental conditions [20,21]. 
Carpinteri et al. suggested that the AE energy originates from the kinetic 
energy related to the unstable local snapback during the cracking pro
cess of concrete [22,23], which has been implied by some experiments 
[24,25]. But no direct link has been found between AE energy and crack 
width. 

The studies in the literature focus mostly on relating AE to crack 
width. But in real-life structural concrete members, concrete cracking 
can result from more complex actions, including but not limited to 
bending moments and shear forces. As a result, the relationship between 
AE events and cracking is not complete without considering both the 
crack width and the shear displacement between the two crack faces. 

Few studies in the literature employ AE to examine the complete 
kinematics of cracks including crack width and shear displacement. 
Moment Tensor Analysis (MTA) is a method used to characterize the 
source of AE, including tensile cracking (Mode I), shear cracking (Mode 
II) and the mixed mode [26,27]. However, the term ’shear cracking’ in 
MTA refers to the formation of micro-cracks caused by shear stress. The 
’shear displacement’ that is needed in structural assessments pertains to 
a next stage where these micro-cracks have evolved into a macro-crack, 
and frictions occur between the two crack faces due to the shear force. It 
is this shear displacement that contributes to the shear capacity via 
aggregate interlock. Close to failure, a large increase of shear displace
ments is often observed [5] and for a structural assessment it is partic
ularly important to be able to monitor these shear displacements. 

Therefor this paper studies the AE events originating from complete 
crack kinematics using a series of failure tests of large-scale reinforced 
concrete beams. The analysed cracks include both flexural cracks driven 
by the tensile stresses at the crack tips and flexural shear cracks driven 
by a combination of tensile and shear stresses at the crack tips [28]. The 
crack kinematics were tracked by DIC measurements, and the associated 
AE signals were recorded. We use a recently proposed AE data analysis 
method [29] that computes a parameter called probability density of the 
location of AE events (pdAE). The parameter considers the source 
localization errors and probabilistically estimates the amount of AE 
events at a location. Then we compare the pdAE with the crack kine
matics obtained from DIC at multiple locations along the cracks. The 
beams were loaded in cycles during the tests. Therefore, we study 
different mechanisms in the load cycles: during the loading process, the 
main mechanisms are crack opening and/or sliding; while during the 
unloading process, the main mechanisms are crack closure and/or 
sliding. 

This study is unique in several ways: from a data analysis perspec
tive, the pdAE allows for a more realistic quantification of AE spatial 
distribution, while its association with DIC enables us to relate AE events 
to local crack mechanisms; from an application perspective, the studied 
cracks originate from large-scale tests under complex stress states, dis
playing crack mechanisms comparable to those found in actual concrete 
structural members. 

The results indicate that, unlike idealized small-scale fracture tests 
focusing on a single fracture mode, both tensile cracking and friction are 
the dominant AE sources in large-scale structures, particularly within 
the vast volume of concrete between the reinforcement layers. The 
amount of AE events should be related to the complete crack kinematics 
including both crack width and shear displacement, particularly 
considering their sequence in the crack opening history. The obtained 
pdAE-crack kinematics relationship allows for a more rational assess
ment of concrete cracking using AE. 

2. Methods 

In this section, we introduce the methods employed to estimate the 
local crack kinematics from DIC measurements (Section 2.1) and the 
recently proposed AE data analysis method to estimate the local amount 

of AE events (Section 2.2). 

2.1. Estimation of the crack kinematics using DIC 

Crack kinematics at a location along a crack refer to crack opening 
and sliding, or more specifically, the normal and tangential displace
ments between the two crack faces. The normal displacement is 
perpendicular to the local crack profile and the tangential displacement 
is parallel to it. Fig. 1c illustrates the normal and tangential displace
ments at a location along a crack. Throughout the remainder of this 
paper, the normal displacement is referred to as the crack width (noted 
as w), and the tangential displacement is referred to as the shear 
displacement (noted as Δ). 

Crack kinematics can be calculated based on DIC measurement re
sults [30]. The direct output of DIC is the displacement field, which is 
then converted into the principal strain field (as exemplified in Fig. 7a, 
which is discussed in Section 3). The obtained strain field reflects the 
crack pattern. We then approximate the crack pattern to a series of 
continuous nominal crack segments (Fig. 1a). Each segment has its own 
angle, representing the angle of the local crack profile (Fig. 1b). Once the 
differential displacements on both sides of a crack and the angle at a 
location are known, we can determine the crack kinematics including 
crack width and shear displacement at that location (Fig. 1c) as 
(

w
Δ

)

=

(
sinα − cosα
cosα sinα

)(
dx
dz

)

(1)  

where dx, dz are the differential displacement of the two crack faces at a 
local position in × and z direction respectively, α is the crack angle with 
respect to the × direction at the local position, w is the calculated crack 
width and Δ is the shear displacement. 

2.2. Quantification of AE events using probability density function in 
space domain 

To assess the amount of AE events at a location, we first need to 
localize the AE events using AE source localization techniques [10]. 
However, due to the localization errors [31], the estimated location may 
not be the actual one, which impacts the counting of AE events at a given 
location. 

We recently proposed a probability-based analysis approach to es
timate the amount of AE events locally, taking into account the sto
chastic nature of localization errors. In this approach, we define a 
parameter called the probability density of the location of AE events 
(pdAE), which represents the likelihood of the total amount AE events at 
a location. Locations with larger pdAE values have a higher chance of 
having more AE events. The pdAE at a random location x is calculated as 

pA(x) =
∑

a∈A
f
(
x, xg,a

)
=

∑

a∈A

1
( ̅̅̅̅̅

2π
√ )k

1
σke− ‖x− xg,a‖

2/2σ2
, k ∈ {1, 2, 3} (2)  

where, A is a set of all AE events that occurred within the measurement 
time and spatial range, xg,a is the estimated location of event a, k is the 
dimension of the measuring zone which could be 1D, 2D or 3D, σ is the 
standard deviation of the localization error component (which is 
assumed to be the same for all dimensions). We use σ = 39 mm based on 
a previous evaluation of source localization error in concrete structures. 
The details can be found in the authors’ previous paper [29]. 

Fig. 2a exemplifies the pdAE field of one AE event a1. Due to source 
localization error, this event can be estimated at any point in space with 
varying likelihood. The probability densities at two points p1 and p2 are 
75.32 m− 2 and 12.76 m− 2 respectively. This indicates that the AE event 
has a higher chance of being located at p1 than at p2, which makes sense 
considering that p1 is closer to the actual location than p2. When more 
AE events occur, by superimposing the field of each event, we can obtain 
the pdAE field of all AE events. Fig. 2b exemplifies the pdAE field of 
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three AE events a1, a2 and a3. The probability density at the same point 
p1 increases to 125.27 m− 2, meaning that the likelihood of AE events 
being at point p1 increases as more AE events occur. The integral over 
the entire space is equal to the number of AE events (which is 3 in our 
example). 

Previous applications of this analysis method have demonstrated 
that the pdAE field can more effectively indicate crack patterns and 
rationally quantify the spatial distribution of AE events, taking locali
zation error into account [32]. 

The AE data analysis method also incorporates a location-dependent 
source amplitude threshold. Fig. 3 presents an example of such a source 
amplitude distribution for a given sensor layout in test I123A (one of the 
tests used in this paper). The grey scale illustrates the minimum source 
amplitude required for an AE source to be localized. We observe lower 
values in the centre of the sensor grid compared to the edge (71 dB and 
82 dB respectively). This means that at measuring locations near the 

centre, more AE events with lower source amplitude can be localized 
(those with source amplitudes below 82 dB and above 71 dB). The sensor 
layout is more sensitive to AE events originating near the centre of the 
layout. Detailed descriptions of calculating the required source ampli
tude for a given sensor layout can be found in Chapter 6 of the thesis of 
the author [33]. To ensure consistent sensitivity of AE events throughout 
the coverage volume of the AE sensors, we only consider AE events with 
a source amplitude above the maximum value in the required source 
amplitude distribution (which is 82 dB for the test I123A in Fig. 3). 

3. Experiments 

We apply the aforementioned methods to establish the pdAE-crack 
kinematics relationship in a series of failure tests of reinforced con
crete beams. A total of five tests are used, named H601A, H602A, 
H603A, H604A and I123A. These tests were originally designed to study 

Fig. 1. Illustration of the crack kinematics at a location along a crack: (a) approximation of the crack pattern to nominal crack segments, (b) angle of a nominal crack 
segment and (c) crack kinematics at location i. 

Fig. 2. Illustration of probability density field of (a) one AE event and (b) multiple AE events.  

Fig. 3. Distribution of the required source amplitude for localization in test I123A.  
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the shear behaviour of reinforced concrete beams without shear rein
forcement [34]. This section only introduces the test setups and the 
measurements related to the purpose of this paper. 

3.1. Test setups 

The five tests have similar setups. The dimensions of the beams are 
10000 mm × 300 mm × 1200 mm. A commercial concrete mixture of 
C65 was used. Longitudinal reinforcements are present at the outer 
layers, where the tensile and compressive stress are at their maximum. 
Between the longitudinal reinforcement layers, only bulk unreinforced 
concrete is present. Fig. 4 shows the beam configuration and rein
forcement layout. Except for test H602A, the beams were loaded in 
cycles. Fig. 6 shows the loading positions. The detailed material prop
erties and loading history can be found in the experiment report [34]. 

3.2. Measurements 

For DIC measurement, before loading, we applied a random speckle 
pattern on one side of the beam (Fig. 5b). The size of the speckles is 
about 1–2 mm. A high-resolution camera with 8688 × 5792 pixels was 
used to take photos during load testing. At every load step when the load 
was held, a minimum of three photos were taken. Additionally, two 
flashes were used to maintain sufficient and constant illumination. 
Detailed setups of the DIC measurement can be found in Zarate Garnica 
[30]. 

The AE sensors have a central frequency of 60 kHz [35]. The sensor 
was attached to the specimen surface using a steel holder, as illustrated 
in Fig. 5a. A grease-like material was used as a couplant between the 
sensor surface and the specimen surface [36]. The data acquisition 
system has 16 channels. The threshold level for recording an AE hit was 
set to 50 dB. 

After installation, pencil lead break tests were conducted near the 
sensor to ensure sufficient coupling effect. A 2H grade pencil lead with a 
diameter of 0.3 mm was used. Coupling was considered adequate when 
the peak amplitude of the received signal exceeded 90 dB. 

Before designing the AE sensor layout, preliminary measurements of 
wave speed and attenuation were taken. We estimated the wave speed to 
be around 4100 m/s and the material attenuation to be around 20 dB/m. 
The total wave attenuation is a combination of material attenuation and 
geometric spreading loss [37]. After 1 m, the total attenuation was 55 
dB. Considering a source amplitude of 100 dB and a threshold level of 

45 dB, the maximum sensor spacing was determined to be 1 m. Fig. 6 
shows the AE sensor layout. 

3.3. Combining the pdAE and the crack kinematics data 

DIC measured the crack pattern on one side of the specimen in the x-z 
plane. Fig. 7a shows the crack pattern from DIC in test H601A at failure. 
We manually selected 10 measuring locations along every crack, from 
the crack tip to the bottom, to approximate the crack path (as exem
plified in Fig. 7a). At each measuring location, we calculated the crack 
kinematics, including crack width and shear displacement, from the DIC 
measurements using the method outlined in Section 2.1. 

Unlike DIC, which measured from the side surface, AE detected all 
signals originating from the entire cross-section of the beam. Since the 
width (y) dimension is small compared to length (x) and height (z), we 
localized the AE events in the 2D x-z plane. Fig. 7b illustrates the AE 
source locations in test H601A until failure (excluding those during 
unloading). Based on the estimated source locations, we calculated the 
pdAE field. Fig. 7c presents the pdAE field of all AE events. At a certain 
height, the local peak of pdAE aligns with the centre of the crack 
observed in the experiment. For example, at the height z = 0.82 m 
(marked in Fig. 7c), the pdAE distribution has five local peaks corre
sponding to the centres of the five cracks CR1-CR5 (shown in Fig. 7d). 

It is important to note that the crack patterns measured by DIC and 
AE do not exactly match. Fig. 7c projects the measuring locations 
marked along the crack pattern by DIC (the black ‘×’) onto the pdAE 
field. For example, at × = 2.75 m, z = 0.82 m (point a, highlighted as 
the red ‘×’), the local peak of pdAE is actually at × = 2.71 m. A devi
ation of 0.04 m is observed. This difference could result from variations 
in crack patterns in the width direction of the specimen, as DIC 
measured from the side surface while the pdAE indicates the average 
value of the entire volume in the width direction. We account for this 
variation by using the location of the nearest local peak of pdAE at the 
same height (z) as the correspondence to the measuring location from 
DIC. 

Generally, no validated pdAE results were obtained in two regions of 
the specimens. One region is around the longitudinal reinforcement 
where distributed secondary cracks are present. The AE source locali
zation error exceeds the tolerable limit due to multiple cracks in a sensor 
grid. Consequently, in this region, the crack pattern could not be clearly 
recognized by the pdAE field. The locations where pdAE could not 
clearly identify the crack patterns are circled in Fig. 7c. The other region 

Fig. 4. A sketch of beam configuration including beam dimension, reinforcement layout and locations of supports and load.  

F. Zhang et al.                                                                                                                                                                                                                                   



Construction and Building Materials 400 (2023) 132595

5

is near the edge of the AE measuring zone. When calculating the pdAE, 
an infinite space is assumed, which is not valid at the edge. Without 
clarifying the effect of assuming an infinite space at the edge, this paper 
excludes the points that are within 0.09 m to the edge (which takes the 
95-percentile localization error from the simulation [29]). 

After these adjustments, Fig. 7e displays the measuring locations 
where the pdAE and the crack kinematics from DIC are related in test 
H601A. They are numbered from the crack tip to the bottom. The black 
‘×’ indicates the measuring locations marked from DIC, and the white 
‘+’ shows the corresponding locations in the pdAE field. The same 
approach was applied to other tests. 

Fig. 8 shows a schematic cyclic loading, where the paths of loading 
and unloading are marked in red and blue respectively. During loading, 
the pdAE considers the cumulative AE events from the start of test 
(which is marked in the figure). Correspondingly, the crack kinematics 
in the same part of loading path is considered. During each unloading 
path, the pdAE considers the cumulative AE events from the start of 
unloading in that path (marked in the figure). Accordingly, the crack 
kinematics is calculated. 

4. Results 

This section presents the obtained relationships between the pdAE 
and the crack kinematics at the measuring locations in the five tests. The 
relationships in the loading and unloading paths are reported separately 
(in Section 4.1 and Section 4.2). 

4.1. Relationship between the pdAE and the crack kinematics during 
crack opening 

Fig. 9 shows the relationship between the pdAE and the crack width 
during loading at the measuring locations of all the selected cracks of the 
specimens. A dotted line represents the change in the pdAE and the crack 
width at a measuring location with increasing load (Fig. 9b). For clarity, 
only the value at the maximum load level is marked (by the solid dot). 
Different lines indicate the relationships between the two parameters at 
various measuring locations. 

The obtained pdAE-crack width relationships are categorized into 
three groups, coloured as red, yellow and green in Fig. 9a. With a same 

Fig. 5. Applied sensors in beam tests: (a) load cell, LVDTs, laser, AE sensors on one side and (b) DIC pattern on the other side (photos taken from test H601A).  

Fig. 6. AE sensor layout in the tests. The grey circle shows the AE sensor on the side surface and the grey rectangular shows the AE sensor on the bottom surface.  
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crack width, the pdAE is the largest in the red group and the smallest in 
the green group. The three groups are divided by two curves: 
p1 = 15000 arctan(5w) and p2 = 7500 arctan(5w), where w is the crack 
width and p is the pdAE. For every relationship (the dotted lines), the 
values of pdAE and crack width at the maximum load level (shown by 

the solid dot) determine the group to which the relationship belongs. 
Fig. 9b exemplifies the group determination at one measuring location. 
The pdAE and crack width at the maximum load are denoted as pmax and 
wmax respectively. The pmax divided by arctan(5wmax) is 17,365, which is 
over 15,000; therefore, the relationship is categorized into the red 

Fig. 7. Calibration of the crack patterns detected by 
DIC and AE in test H601A: (a) DIC crack pattern, 
where 10 measuring locations along each crack are 
selected, (b) estimated source locations until failure 
(excluding those during unloading), (c) pdAE field, 
with measuring locations from DIC projected, (d) 
pdAE distribution at z = 0.82 m, where the nearest 
local peak is used to find the corresponding location 
and (e) the measuring locations which are numbered 
from the crack tip. The ‘x’ marker shows the location 
from DIC, and the ‘+’ marker shows the correspond
ing location from AE.   

Fig. 8. A schematic cyclic loading history with one loading path and three unloading paths, to indicate the data organization during loading and unloading.  
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group. The other relationships are categorized in the same manner. 
Fig. 10 marks the measuring locations with the three groups of re

lationships. The colour of the markers corresponds to the group colour. 
We can find that the locations with green group relationships are mostly 
at cross-sections with larger bending moment over shear force ratios and 
at the bottom part of a cross-section (the tensile zone). The locations of 
markers belonging to the red group relationships are closer to the 
compressive zone of a cross-section. The locations of the yellow group 
are between the green and the red groups. This turns out to be a more 
general observation: the relationship between the pdAE and the crack 
width depends on the location of the measurement on the crack. Typi
cally, with the same crack width, more AE events are expected at loca
tions in the compressive zone than in the tensile zone, and more AE 
events are observed at cross-sections with larger shear force. 

The dependency of the pdAE-crack width relationship on the loca
tion of measurement can be explained by the crack opening history. 
Fig. 11a displays the crack opening history (development of crack width 
and shear displacement during loading) obtained from DIC at the 
measuring locations of all the cracks in the tests. A dotted line shows the 
crack opening history at the same measuring location. For clarity, only 
the crack width and shear displacement at the maximum load level are 
marked (by the solid dot). According to the group that this measuring 
location belongs to, the colour of the line corresponds to the group 
colour. Generally, in the red group, a larger shear displacement occurs at 
a small crack width. While in the green group, the crack first opens 
wider, and slides gradually afterward. Some measuring locations in the 
red group are found to have negative crack width in the beginning. 
These locations are mostly in the compressive zone and were under 
compression before the crack tip reached the location. 

When the crack first slides at a small crack width (the condition of 
the red group), the two crack faces are still in contact, resulting in more 
AE events from friction. When the crack first opens wide (the condition 
of the green group), the contact area between two crack faces is reduced. 
The subsequent sliding would generate less friction, thus fewer AE 
events. 

Fig. 11b picks up three measuring locations, where similar crack 
width and shear displacement are observed at the maximum load level, 
but significantly different pdAE are obtained. The pdAE at the maximum 
load at these three measuring locations are given in the plot. Tracing 
back their crack opening history, we can find that at the location from 
the red group, more sliding first occurs at smaller crack width. There
fore, the amount of AE events is not only related to the absolute crack 
width, but also depends on the crack opening history. 

To elaborate on this observation, we idealize the relationships 

between the pdAE and the crack width in Fig. 12 with two extreme 
hypothetical situations corresponding to the green and the red groups in 
Fig. 9-Fig. 11. Fig. 12a shows the relationships between the pdAE and 
the crack width. Fig. 12b shows the corresponding crack opening his
tory. Fig. 12c shows the locations where these relationships may be 
found in a beam. 

In Type I crack opening history, the crack faces initially move in the 
perpendicular direction of the crack path with limited sliding (corre
sponding to the green group). The pdAE increases with the crack width 
first and then stabilises. The stabilisation signifies a limited increase of 
pdAE. In this stage, the two crack faces make little contact, generating 
limited AE events. This type of cracking normally occurs in the tensile 
zone. The second extreme situation is defined as Type II crack opening 
history (corresponding to the red group). The crack faces slide simuta
niously with opening, resulting in a significant increase in pdAE in the 
beginning. Afterwards, further opening would hardly increase pdAE. 
This type of crack opening history normally occurs in the compressive 
zone. 

4.2. Relationship between the pdAE and the crack kinematics during 
crack closure 

The relationship between pdAE and the crack kinematics during 
crack closure is studied using test I123A. In the initial cycle of reaching a 
load level, the unloading process was performed in steps (as shown in 
Fig. 13a). At each unloading step, DIC measurement was carried out to 
track the crack kinematics during unloading, which is used to compare 
to pdAE from the same part of the unloading path. 

The authors note that in the ideal case the pdAE-crack kinematics 
during crack closure would be investigated for all five tests. However, 
except for test I123A, no stepwise unloading and related DIC measure
ments were performed for the other tests. 

Fig. 13b and c show the two unloading paths and the incremental AE 
events at constant time steps in test I123A. These AE events are from the 
entire measuring zone, which describe the closure of existing cracks 
during unloading. At 250 kN, the existing cracks are CR2 and CR3, and 
at 300 kN, the existing cracks are CR2, CR3 and CR4. CR1 is not included 
as it is outside the measuring zone. The location of these cracks can be 
found in Fig. 10. 

During unloading, we initially observe a limited increase in AE 
events. It is not until the load is reduced to a certain level that AE events 
begin to increase more noticeably. Further unloading leads to an even 
greater increase in AE events. This phenomenon may be linked to the 
increasing contact area between two crack faces during unloading, as 

Fig. 9. Relationships between pdAE and crack width during loading: (a) at all the measuring locations and categorized into three groups: red, yellow and green, and 
(b) an example illustrating the group division. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 10. The locations of the three groups. The dashed red lines indicate the estimated location of the compressive strut. The grey circles indicate the AE sensors on 
the side surface and the grey rectangles indicate the AE sensors on the bottom surface. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 11. Crack opening history during loading: (a) at all the locations of the three groups and (b) at one example from each group. The colour corresponds to the 
group colour. 
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illustrated in Fig. 14. At the onset of unloading, the crack is at its 
maximum width, and the two crack faces barely make contact. As a 
result, minimal AE events are generated between the crack faces. This 

phase is referred to as the ‘free closure stage’ characterized by a lack of 
contact between crack faces. As unloading continues, the faces move 
closer until they make contact, causing AE events to increase. Further 

Fig. 12. Two extreme hypothetical situations Type I and Type II corresponding to the green and red groups respectively: (a) relationship between pdAE and crack 
width, (b) crack opening history and contact area at shear displacement Δ, (c) locations in a beam. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 13. (a) The studied unloading paths in test I123A, and incremental increase of AE events during unloading paths: (b) from 250 kN and (c) from 300 kN.  

Fig. 14. Illustration of crack closure process: before unloading, the crack is widely opened without contact between two faces; the faces start to contact at a certain 
crack width; the contact area increases until fully unloaded. 
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closure reduces the crack width and enlarges the contact area between 
the crack faces. We hypothesize that a larger contact area results in a 
more significant increase in AE events. 

After discussing the evolution of AE events during unloading in the 
entire measuring zone, we study the relationship between the pdAE and 
crack kinematics locally at the measuring points along a crack. Fig. 15 
shows the relationship between the pdAE and crack width during 
unloading from 250 kN and 300 kN at the measuring locations along the 
two selected cracks CR2 and CR3. These cracks can be attributed to Type 
I crack in the opening stage, according to Fig. 10. Every line in Fig. 15 
shows the relationship at one measuring location. We only mark the 
pdAE and crack width before unloading, at the onset of AE events and 
after unloading (by the dots):  

• Before unloading, the crack width is at its maximum (denoted as wm).  
• During unloading, the crack width reduces, and we start to observe 

AE events when the crack width is reduced to w0. The start of AE is 
determined by a pdAE threshold of 105 m− 2.  

• After the specimen is completely unloaded, the crack width will not 
return to zero. The residual crack width is denoted as wr. 

When the maximum crack width wm before unloading is large (for 
example, point 7 in Fig. 15a), the crack initially closes freely without the 
two faces making contact, generating few AE events. As a result, the 
crack width at the onset of AE events w0 is smaller than wm. When the 
maximum crack width wm before unloading is small (for example, point 
5 in Fig. 15a), the crack faces are already in contact at the beginning of 
unloading, leading to the immediate occurrence of AE events. The crack 
width at the onset of AE events w0 is close to wm. 

The factor determining the onset of AE events during crack closure is 
the mismatch between the two crack faces. In the case of idealized 

smooth crack faces, there is no mismatch, so the two crack faces only 
make contact when fully closed. However, for most concrete cracks, the 
two crack faces cannot perfectly close due to mismatch. We call the 
crack width at which the two crack faces begin to make contact the 
mismatch width wmis. When wm > wmis, the crack first closes freely, and 
AE events start to occur at the mismatch width wmis. When wm ≤ wmis, 
the two crack faces are already in contact at the beginning of crack 
closure, and AE events are generated immediately. Therefore, the crack 
width at which AE events start is limited by the minimum of the 
maximum crack width and the mismatch width (w0 ≤ min{wm, wmis}). 

Fig. 16 idealizes the relationship between the pdAE and crack width 
during crack closure of a flexural crack. When the maximum crack width 
is larger than the mismatch width (at location i), a free closure stage is 
present without contact between the two crack faces. AE events start 
after the crack width reduces to the mismatch width when the crack 
faces contact. When the maximum crack width is within the mismatch 
width (at location j), AE events start at the beginning of unloading. 

5. Discussion 

5.1. A potential physical model to relate AE events and concrete crack 
mechanisms 

The pdAE-crack kinematics relationship observed during crack 
opening in Section 4.1 has clearly shown that the amount of AE events is 
not solely related to the crack opening in terms of crack width as most 
literature suggests. Instead, it relates to the complete crack kinematics 
during the opening history, including both crack opening and sliding. 
During crack sliding, friction at the localized contact areas between the 
two crack faces plays a significant role in generating AE events. As 
observed in Fig. 9a, the amount of AE events can increase by up to four 

Fig. 15. Relationship between the pdAE and the crack width during crack closure in test I123A: (a) at points along CR2 at 250–0 kN, (b) at points along CR2 at 300–0 
kN, (c) at points along CR3 at 250–0 kN and (d) at points along CR3 at 300–0 kN. The point number follows that in Fig. 10. 
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times in some cases when comparing the results from the red group to 
those from the green group. This increase in AE events is attributed to 
the higher number of contact points between the crack faces, particu
larly when the crack width is small. 

The influence of the contact area on the amount of AE events is also 
reflected in the observations made during crack closure in Section 4.2. 
AE events are only observed after the crack faces make contact, and the 
amount of AE events increases more with crack closure, likely due to a 
larger contact area. Previous research has also shown that the amount of 
AE events decreases with more load cycles [38], possibly due to the 
smoothening of crack surfaces and a reduction in mismatches, resulting 
in less contact during crack closure. 

Therefore, we propose using the contact area to clarify the quantity 
of AE events generated by the friction (sliding) mechanism during crack 
opening and closure. We can differentiate AE events from friction based 
on distinct signal features using the method proposed by Zhang, Yang 
[39]. A potential physical model can be developed to associate the AE 
events from friction with the contact area. Various physical models have 
been presented in the literature to compute the contact area based on 
crack kinematics in the context of mechanical behaviour of cracks in 
concrete. One well-established model is the aggregate interlock theory 
[40]. In future work, we can connect the calculated contact area and the 
classified AE events from friction, which will essentially explain the 
quantity of AE events generated by friction. 

5.2. A more rational use of AE to assess the concrete cracking 

Assessment of concrete crack condition including the crack location 
and kinematics is important for the structural safety. The crack location 
can be determined by the localized AE events. Through the recently 
proposed parameter pdAE, the crack location can be identified with 
accuracy comparable to optical-based methods like DIC. The crack ki
nematics, on the other hand, is hard to be directly linked to the amount 
of AE locally. Nevertheless, insights from this paper help quantify the 
crack kinematics more rationally using AE. 

The findings of this paper emphasize that crack width alone is not 
sufficient to explain the amount of AE events. Instead, a sound estima
tion of the amount of AE events should be based on the evolution of both 
the width and shear displacement. The contact area between the two 
crack faces is proposed as a potential parameter to indicate the amount 
of AE due to friction, which is also directly related to the mechanism of 
shear stress transfer along a crack according to the aggregate interlock 
theory [40]. 

Before developing a model that integrates the complete crack kine
matics, most cases continue to primarily use crack width to evaluate the 

damage condition. Insights from this paper can also enhance the crack 
width estimation using AE for current cases. The pdAE-crack width 
relationship depends on the crack location within a structure, as 
demonstrated in Section 4.1. Relationship Type II should be considered 
when assessing cracking in the compressive zone of a concrete member, 
while Type I should be adopted for the tensile zone (as indicated in 
Fig. 13). If an equal amount of AE events are observed in both zones of a 
structure, the crack width in the compressive zone will be smaller than 
that in the tensile zone. 

The tensile zone, typically located at the outer layer of a cross- 
section, allows for crack width measurement using sensors on the 
structural surface, such as LVDT and DIC. The measured surface crack 
width in the tensile zone can be used as a reference for estimating the 
internal crack width in the compressive zone, according to the pdAE- 
crack width relationships in both zones. 

The pdAE-crack width relationship is rather consistent throughout 
the five specimens that were casted at different time and different batch 
of concrete. Nevertheless, it is necessary to recalibrate the approach for 
new tests involving concrete specimens with different reinforcement 
layouts, dimensions, or concrete mixtures. The methods presented in 
this paper can be used for recalibration, ensuring the applicability and 
adaptability of the approach in various scenarios. 

6. Conclusion 

This paper presents a detailed comparison between AE events and 
crack kinematics during crack opening and closure in large concrete 
beams. Thanks to the recently developed monitoring and data analysis 
techniques, namely DIC and pdAE, a detailed comparison between AE 
events and crack kinematics at each segment of a crack becomes possible 
for the first time in literature. This comparison provides a deeper un
derstanding of the AE events generated during concrete crack opening 
and closure. 

During crack opening, the relationship between pdAE and crack 
width depends on the evolutions of both width and shear displacement 
of the crack. Two types of crack kinematics and their respective re
lationships between pdAE and crack width are defined. Type I crack 
opening history, which often occurs in the tensile zone of a beam, 
generates fewer AE events due to less contact between crack faces during 
sliding. Type II crack opening history, often found in the compressive 
zone of a beam, generates more AE events due to more contact between 
crack faces at an early crack opening stage with an initially small crack 
width. 

During crack closure, AE events do not occur until the crack width 
reduces to a certain value when the two crack faces contact. This value is 

Fig. 16. Illustration of the relationship between the pdAE and the crack width during crack closure of a flexural crack.  
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related to the mismatch of the two crack faces. Further reduction of 
crack width leads to more contact, generating more AE events. 

Compared to the literature, we are able to explain the observed re
lationships between AE events and concrete crack kinematics with a 
clear physical background. The insights gained in this paper allow for a 
more rational use of AE to assess concrete cracking conditions. As a next 
step, we will study the relationship between crack kinematics and AE 
events by separating AE sources of tensile cracking and friction. AE 
events from tensile cracking are related to the creation of the crack faces. 
And AE events from friction are related to the friction at the contact. 
Potential physical models could be developed to relate AE events and the 
crack mechanisms more rationally. 
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