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Abstract

In this thesis, acoustic emission (AE) monitoring was employed to analyze, characterize,
and quantify the cracking behavior of a total of thirteen large-scale reinforced concrete
(RC) multi-layered beams under flexural testing. The experimental work performed in this
thesis was divided into two studies. In the first study, four RC beams were repaired with
engineering cementitious composites (ECC) in either the tension zone or the compression
zone of the beam. Two types of fibers were used in the ECC repair material: polyvinyl
alcohol fiber (PVA) and steel fiber (SF). Three control beams (reference beams used for
comparison) were tested for comparison including one normal concrete beam and two fully
cast ECC beams with PVA and SF. AE parameters such as number of hits, cumulative
signal strength (CSS), signal amplitude, peak frequency, absolute energy, and b-value
(defined as the log-linear slope of AE’s frequency-magnitude distributions) were
considered and used to evaluate the cracking behavior of both the repaired and unrepaired
beams. Furthermore, rise time/maximum amplitude (RA) vs. average frequency (AF)
analysis was implemented to categorize different failure modes (flexural, shear, or
debonding). Varying the fiber type as well as sensor location/repair location seemed to
have a significant effect on the signal amplitude and number of hits. With the aid of
analyzing AE parameters (number of hits, CSS, and b-value), the first crack for all tested

beams was successfully determined in the seven tested beams.

In the second study, the flexural testing of four ECC multi-layered beams incorporated
either crumb rubber (CRECC) or powder rubber (PRECC). Four beams were repaired in

either the tension zone or the compression zone of the beam. Three beams were fully cast
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in normal concrete, CRECC, and PRECC, and were used as control beams (reference
beams used for comparison). A variety of AE parameters such as number of hits and CSS
as well as b-value were used to analyze the crack propagation of the tested beams. Damage
quantification charts pertaining to different cracking stages (first crack and ultimate load),
based on historic index [H (2)] and severity [S,], were created in this study to categorize
and quantify damage severity in terms of crack growth in composite beams. Alternating
the rubber particle size, repair location or sensor location resulted in noticeable variations

in the AE parameters (signal amplitude, CSS, and number of hits).

For both studies, the addition of a new concrete layer (ECC incorporating fiber and/or
rubber particles) seemed to result in a noticeable effect on AE parameters such as signal
amplitude. In addition, varying the strengthening location, sensor location, and fiber type/
rubber particle size showed an impact on several AE parameters including number of hits,
CSS, and b-value. By carrying out the AE analyses mentioned, the first crack identification
for both the repaired and unrepaired beams was possible. Damage quantification and failure
mode classification charts were successfully obtained by intensity analysis and rise

time/amplitude analysis.
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1. Introduction

1.1. Background

In recent years, there has been a notable increase in the construction of concrete structures,
including bridges, parking garages, offshore structures, and marine structures.
(AbdelAleem and Hassan 2022; Mechtcherine 2013). Such structures are often vulnerable
to external factors such as harsh environmental conditions, aging, increased mechanical
loading, and impact stresses (Ramachandra Murthy et al. 2018). Consequently, those
factors result in the degradation of those concrete structures, which leads to concrete
spalling, cracks, reinforcement corrosion, and large deflections (Ramachandra Murthy et
al. 2018). Consequently, there is a need for strengthening and repair of such structures is
in certain situations. Typically, the process of repairing/strengthening of any reinforced
concrete structure is usually carried out by removing the old damaged concrete layer and

replacing it with a new concrete layer (Engindeniz et al. 2005).

In the past few decades, research was mainly focused on repairing concrete structures using
mortar, concrete, steel, and plastic composites (Kim et al. 2007). However, recently, there
has been a switch on focus to fiber reinforced polymers (FRP) as repair materials. Due to
its corrosion resistance, lightweight properties, and high strength, FRP has been viewed as
an effective strengthening material (Sui et al. 2018). However, recent studies showed that
the utilization of FRP as a strengthening material results in a weak bond between the
concrete and the FRP, resulting in debonding and shear cracks (Sui et al. 2018 &Pan et al.
2022). As a result, there is a need to develop repair/strengthening materials with
exceptional qualities such as high durability, strength, better bonding characteristics,
ductility, cost-effectiveness, and structural performance. Such superior qualities can be

1



achieved by using engineering cementitious composites (ECC). ECC were originally
formed by the micromechanics theory and offer very high tensile and compressive
strengths (Li 1993; Li 2012). ECC are characterized by metal-like ductile, multi-cracking
behavior (Li 1998). The maximum crack width accompanied by ECC are about 100 um
(Sahmaran and Li 2010). Furthermore, ECC exhibit ultimate tensile strengths ranging from
4 to 6 MPa with a strain capacity that can reach up to 5% (Li et al. 2002; Said and Razak
2015). Compressive strength of ECC falls within the range of 30 to 80 MPa with a strain
capacity ranging from 0.45-0.65% (Said and Razak 2015). In comparison to normal
concrete, ECC were found to exhibit a tensile ductility 600 times than that of normal
concrete. (Kong et al. 2003; Li 1998). The incorporation of polyvinyl fibers (PVA) and
steel fiber (SF) with a percentage of 2% has been found to have a favorable effect on the
overall cracking behavior of ECC. PVA fibers were proven to show better performance
(when compared to SF) at the pre-cracking stage due to their miniature size and low
density, which allows for more fibers to exist at the same paste when placed in comparison
with SF at the same fiber percentage. On the other hand, SF proved to show better
performance at the ultimate stage due to their hooked ends that enhance the pullout

strength, resulting in high compressive strength (Batran et al. 2021).

Waste rubber has recently been viewed as an economically friendly recyclable material for
the use of production in the ECC (Rashad 2016). Rubber particles are characterized by low
stiffness and high ductility and can further enhance the ductility, energy absorption and
impact resistance of ECC (Ismail and Hassan 2016; Parveen and Sharma 2013; Thomas et
al. 2016; Wang et al. 2013). Earlier studies have shown that augmenting the amount of

rubber particles in concrete leads to a decrease in the compressive and tensile strength



(Ismail and Hassan 2016; Siad et al. 2019). However, this negative effect is counteracted

in the ECC mixtures via the incorporation of fibers (AbdelAleem and Hassan 2022).

1.2. Structural Health Monitoring and Acoustic Emission Analysis Overview

The costs associated with the inspection and maintenance of several reinforced concrete
structures constitute a big portion of any structure’s life-cycle cost. According to the
American society of Civil Engineers (ASCE), a C+ grade was attributed to the structural
integrity of bridges: 25% of the US bridges are referred to as deficient (ASCE 2009). About
$20.5 billion is needed to be spent annually to eliminate deficient bridges (Volovski 2015).
A cost-effective method, therefore, is needed to ensure scheduled maintenance and repair

of any damage exhibited by such structures.

In recent years, the term “Structural Health Monitoring” (SHM) has been used to refer to
a variety of systems installed in civil engineering structures to monitor and alert the owners
on the structural state that might have gone through any gradual/sudden changes (Farrar
and Worden 2007). The changes any reinforced concrete structure can go through include
cracking, corrosion, and large deformations. SHM has a promising potential since it not
only has economic and practicality benefits, but also it has the ability to provide periodic
and scheduled updates/maintenance regarding a structure’s integrity. This will ensure that
all structures serve their intended function in the face of unavoidable factors such as aging

and environmental changes (D1 Benedetti 2012).

Acoustic emission (AE) monitoring is a SHM non-destructive evaluation (NDE) method
usually carried out in situ. It is also referred to as NDE because it is can be applied during
the loading period of the structure. AE monitoring is a unique method used to detect and

monitor damage in structures over a long period of time. It is a useful method because it

3



has the ability to detect damage at a very early stage which results in a maintenance process
that is cost-effective and efficient. AE works by releasing elastic waves as a result of any
strain occurring in a structure. The strain energy detected by the AE sensors are generated

from any source of damage (cracking, spalling, or corrosion) (Guo and Li 2020).

Generally, there are two types of AE analysis: parameter-based analysis and signal-based
analysis. In the signal-based analysis, as many complete signals of AE events as possible
are collected and saved together which is considered to be a more thorough and time-
consuming approach. (Grosse et al. 2003). In addition, in the parameter-based analysis,
signal characteristic parameters are used to assess damage severity and determine the type
of damage (Behnia et al. 2014). Figure 1-1 illustrates the basic parameters of an AE signal
(Behnia et al. 2014). Definition of all parameters can be found in ASTME1316. The
resulting parameter-based analyses include b-value analysis which is a very essential tool
in evaluating the cracking propagation behavior over time until failure in several concrete
structures (Colombo et al. 2003; Farhidzadeh et al. 2013; Schumacher et al. 2011). Intensity
analysis is also a very effective method in creating a damage quantification chart relating
to different damage levels (Abouhussien and Hassan 2017; Abouhussien and Hassan 2019;
Abouhussien and Hassan 2019; Abouhussien and Hassan 2020). Moreover, RA (risetime/
max amplitude) analysis is a successful approach in classifying different failure modes

(flexural, shear, or debonding) (Ohno and Ohtsu 2010; Shahidan et al. 2013).
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Figure 1- 1 Basic AE signal parameters (Behnia et al. 2014).

In the available literature, AE has proven to be effective in analyzing the cracking behavior
in several hybrid composite structures. For instance, RA analysis has been used to
characterize different failure modes (flexural, shear, or debonding) in composite multi-
layered beams (Ranjbar et al. 2016); b-value has been used to monitor cracking propagation
in FRP strengthened reinforced concrete beams (Selman et al. 2015); AE events vs time
was utilized to represent the crack growth in hybrid composite concrete beams
(Verbruggen et al. 2016). Furthermore, AE has proven efficacy in crack propagation and
structural integrity monitoring in a variety of composite structures including polymer
concrete slabs (Qin et al. 2020), carbon fiber reinforced polymer slabs (Degala et al. 2009),
ECC beam-column connections (Abouhussien et al. 2019), hybrid fiber reinforced polymer
columns (Mirmiran et al. 1999), ECC beams (Abouhussien and Hassan 2019), and many

others.

Even though the AE technique is a very promising, non-destructive method with several

practical advantages, it still comes with challenges/limitations to be considered. One of the
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main challenges/limitations in the application of AE is the wave attenuation which can be
a result of the non-homogeneousness of multi-layered concrete. Properties of the materials
investigated such as mechanical strengths, densities, and geometries need to be carefully
studied prior to AE analyses to understand the source of the wave attenuation. Additionally,
the location of the sensors within the area of interest is crucial for achieving a high level of
accuracy. Consequently, AE sensors must be carefully placed closest to the area with the
highest cracking activity (damaged zone). Finally, to remove any unwanted noise/signals
that could impair the accuracy of the AE results, filtering the raw AE data is a very crucial

step (Grosse et. al 2021).

The addition of new concrete to an old concrete layer (NC-ECC, for instance) is expected
to have some effect on the AE parameters. The existence of two different materials with
different microstructural properties is expected to result in signal attenuation (variation in
signal amplitudes) (Ervin et al. 2007; Schumacher et al. 2011). Another concern is studying
the effect of the repair location in terms of sensor location. AE waveforms collected by AE
sensors are anticipated to be significantly impacted by changing the repair locations in
repaired beams. Furthermore, the effect of repair using ECC, including different fibers or

different rubber sizes, is expected to have some effect on the AE parameters.

1.3. Research Objectives

This thesis aimed to investigate the changes in the AE waveforms traveling through
different concrete repaired beams under flexural loading. The experimental program of this
study included eight reinforced normal concrete beams repaired in either the tension side
or the compression side of the beams, four fully cast beams, and one normal concrete beam

used for reference. The repaired beams included ECC as a repair material with different



types of fibers and different rubber particle sizes while the fully cast beams were fully cast
in ECC containing different types of fibers and different rubber particle sizes. The purpose
of this study was to analyze the effect of adding a new concrete layer (ECC with either
fibers or rubber) to an existing layer with the aid of the variations in the AE parameters and
to investigate the effect of varying the repair material and location through the changes in
AE parameters and analyses. Furthermore, this research’s objective was also to create
damage quantification charts pertaining to different cracking stages as well as failure

characterization charts related to different failure modes (flexural, or shear/debonding).

1.4. Thesis outline
As previously mentioned, this study aimed to evaluate the changes accompanied by the

AE waves in thirteen ECC repaired beams and were titled as follows:

Chapter 2 titled “Crack Detection and Classification of Repaired Concrete Beams by
Acoustic Emission Monitoring” studies the effect of the sensor/strengthening location and

the fiber type (PVA or SF) on the AE parameters of ECC multi-layered beams.

Chapter 3 titled “Damage Characterization in Large-Scale Multi-Layered Reinforced
Concrete Beams by Acoustic Emission Analysis” investigates the behavior of AE wave
propagations emitted in ECC multi-layered rubberized concrete mixtures as a result of

using different rubber particle size as well as alternating strengthening/sensor location.

Chapter 4 includes a summary of the results presented in Chapters 2 and 3, and

recommendations for future studies.
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2. Crack Detection and Classification of Repaired Concrete Beams by
Acoustic Emission

2.1. Abstract

In this study, acoustic emission (AE) monitoring was used to investigate the cracking
behavior of normal reinforced concrete beams repaired with fiber-reinforced cementitious
composites (FRCC). The investigated beams were strengthened at two locations: tension
side and compression side of the beam. Two different fibers were used in FRCC
strengthening material: steel fibers and polyvinyl alcohol fibers. One normal concrete beam
and two fully cast FRCC beams were also tested for comparison. All beams were tested
under four-point loading until failure. The investigation considered the variations in several
AE parameters such as number of hits, cumulative signal strength, signal amplitude, peak
frequency, absolute energy, and b-value analysis. In addition, rise time/amplitude analysis
was successfully utilized in this study to classify the failure modes (flexural or
shear/debonding failure between the repair layer and existing beam) for all beams. The
impact of the fiber type, strengthening location, and sensor location on the aforementioned
parameters was clearly highlighted. Varying the fiber type of the FRCC or changing the
repair location of the beam seemed to have a significant impact on the resulting AE
parameters. A good correlation was found in repaired and unrepaired beams between AE
parameters and the progression of cracks beyond the first crack until failure. The results
also indicated that the AE analysis carried out in this study led to the identification of the

first crack in repaired and unrepaired beams.
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reinforced concrete beams; crack detection; failure mode.

2.2. Introduction

Many existing concrete structures are undergoing low to high levels of damage because of
concrete aging, environmental conditions, and/or lack of maintenance, (Ismail and Hassan
2021; Kenai and Bahar 2003; Mukherjeel and Joshi). This damage includes cracks,
concrete spalling, excessive deflections, and rebar corrosion (Ramachandra Murthy et al.
2018). In the past decade, several research efforts were focused on the topic of
repairing/strengthening concrete using repair materials such as mortar, concrete, steel, and
plastic composites (Kim et al. 2007). Recently, various types of repairing materials have
been receiving attention (Jumaat et al. 2006). These include hybrid fiber reinforced

concrete, steel fiber reinforced concrete, and engineered cementitious composites (ECC).

ECC were originally developed from the micromechanics theory which connects between
material structures and composite properties (Li 1993). ECC typically consist of cement,
fine silica sand, fly ash, fibers (polymeric fibers, carbon fibers, and/or steel fibers (SFs)),
and high range water reducer admixtures (Ismail et al. 2018; Ismail et al. 2018; Li 1998;
Singh et al. 2019). The volume of fibers present in ECC is typically 2% of the total volume
(Ismail et al. 2018; Li et al. 2002). ECC possess very high ductility characteristics when
provided with discontinuous fibers (Singh et al. 2019). One of the significant properties of
ECC is the tensile strain-hardening after the first crack and multiple microcracks with a
very small crack width. Other properties include high ductility under uniaxial tensile
loading and the improved ductility due to the appearance of the multiple microcracks with

tight widths (Sahmaran and Li 2010).
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Acoustic Emission is a unique, non-destructive method used to detect and continuously
monitor cracks in structures. AE works by the release of elastic waves whenever any
defects occur in a concrete structure (Guo and Li 2020). Many experimental and real-life
applications of AE monitoring have been performed in the past few years. These
applications include: maintenance of bridges by detection of damage (Golaski et al. 2002),
early corrosion detection of concrete pre-stressed girders (ElBatanouny et al. 2014),
mechanical analysis of multi-layered reinforced concrete composite beams (Ranjbar et al.
2016), classification of alkali—silica reaction damage in concrete (Abdelrahman et al.
2015), monitoring of crack propagation in reinforced concrete walls (Farhidzadeh et al.
2013), analysis of crack evolution in plain concrete (Saliba et al. 2016), and investigation
of fatigue damage of both rubberized and plain concrete (Wang et al. 2011). AE has also
proven to be successful tool in detecting the failure in different concrete types. For
example, AE was used to characterize the crack propagation in fiber reinforced concrete
(Abouhussien and Hassan 2019; Abouhussien and Hassan 2019), rubberized concrete
(Abouhussien and Hassan 2020; Abouhussien et al. 2019), and strain hardening cement-
based composites (Paul et al. 2015). AE parameters such as number of events and b-value
analysis, and/or rise time/amplitude (RA) analysis were also used to understand the crack
propagation with relation to the load and to categorize the failure mode in hybrid-composite
beams (Selman et al. 2015; Verbruggen et al. 2015). In another study (Aggelis et al. 2019),
AE parameters such as signal amplitude vs time was used to detect debonding in

lightweight hybrid concrete beams.

Repair of deteriorated concrete beam is usually performed by adding a layer of fiber-

reinforced cementitious composites (FRCC) to either the bottom side or the top side of the
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beam. The new repair layer is normally made with higher strength/performance concrete
compared to the concrete of existing beam in order to maximize the capacity of the whole
composite. Steel fiber or polypropylene fibers are commonly added in the repair layer
mixture to increase the flexural strength of such layer. The applications of AE in damage
detection and classification of FRCC-repaired concrete beams in both compression and
tension zones are very limited. In particular, the literature only includes experimental
studies in utilizing AE analyses in detecting damage in carbon fiber reinforced polymers
(FRP) strengthened reinforced concrete beams (Selman et al. 2015) and textile reinforced
cements and FRP composite beams (Verbruggen et al. 2015 and Aggelis et al. 2019). The
sensor location with respect to the FRCC repair layer is anticipated to have a significant
impact on the AE results. Signal attenuation, a phenomenon where there is a change in the
amplitude range, is expected to occur in repaired beams due to the presence of two different
materials with two different densities/microstructures (FRCC repair layer and existing
normal concrete beam). This is owing to the different AE wave propagation characteristics
through these materials as a result of their different densities/microstructures and the
interface (gap) between the two layers which contributes to wave attenuation when the AE
signal path travels through the layers (Ervin et al. 2007; Schumacher et al. 2011). In
addition, the variation in the type of fibers (PVA fiber or SFs, if present) in the repair
material is anticipated to have an effect on AE parameters. Moreover, the difference in
failure mode and crack propagation, particularly if the failure occurs in the bond between
the new layer and existing beam, is expected to yield variations in terms of AE parameters.

Therefore, more investigations are warranted to quantify the effect of wave attenuation in
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repaired beams with two different concrete materials and to understand the impact of these

factors on the AE parameters.

There is a gap in the literature involving the application of AE analysis on repaired concrete
beams. Especially, the literature lacks information regarding the application of the RA and
b-value analyses on large-scale repaired reinforced concrete beams. The purpose of this
study was to investigate the effectiveness of the AE analysis including b-value and RA
analyses in evaluating the cracking and failure behavior of repaired beams. This study also
involved understanding the effect of sensor location with respect to the repair layer, using
different fiber types, and changing the repair locations on the AE parameters. The results
of the AE analyses were used to assess the development of the cracking till failure and to
classify the failure mode (shear, flexural, or debonding failure) of large-scale repaired

beams with the aid of AE analysis.

2.3. Research Significance

The addition of a new concrete layer in the repaired beam is expected to have some impact
on AE readings. The presence of two different concrete layers with two different strengths
and compositions may cause acoustic signal attenuation. Also, the presence of fibers in the
repair concrete layer (if used) compared to no fibers in the existing beam may cause
different wave propagation in the two concrete layers. Moreover, in addition to normal
flexure and shear cracks, repaired beam may experience some crack activities at the
interface between the existing beam and the new repair layer, and this will also affect the
AE parameters. The available literature lacks information about the application of AE
analysis in multi-layered repaired beams. Specifically, there is a gap in the literature

regarding the effectiveness of using AE analysis for the evaluation of the crack propagation
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in large-scale FRCC-repaired beams with two different concrete layers in both compression
and tension zones. Therefore, this paper aims to cover this knowledge gap and to exploit
traditional AE parameters as well as RA and b-value analyses to investigate the cracking
behavior and development in large-scale reinforced concrete beams strengthened with
FRCC layer. This study also aims to assess the impact of sensor location with respect to
the repair layer, which is expected to have a significant effect on AE signal characteristics.
In addition, this study exclusively characterizes the fracture modes in the repaired beams
using RA analysis, which would be beneficial in understanding the structural behavior of

composite reinforced concrete beams.

2.4. Overview of AE Analysis in Composite Concrete Structures

Different AE parameters were used to detect damage in concrete structures including
energy, duration, counts, amplitude, and rise time (Abouhussien and Hassan 2015). Other
AE parameters such as number of hits and signal strength can also be used in damage
classification. Signal strength, one of the most crucial AE parameters, is described as the
area under the amplitude-time envelope. Signal strength has units that are corresponding
to V-s (a constant that is given by the AE instrument manufacturer). V-s incorporates the
absolute values of the positive and negative areas of the amplitude-time envelopes
(ElBatanouny et al. 2014). The collected raw AE parameters can be used to classify
different types of damages and failures. For instance, RA (rise time/amplitude) vs. average
frequency (counts/duration) is used to distinguish between flexural and shear failure
(Ranjbar et al. 2016; Ohno and Ohtsu 2010; Prem and Murthy 2017) (Behnia et al. 2014).
The values of cumulative signal strength (CSS), along with intensity analysis parameters

namely historic index (H (?)) and severity (S,) are used to detect early cracking in composite
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structures subjected to four-point loading (EIBatanouny et al. 2014). b-value analysis is
also another method to evaluate the cracking behavior of composite structures. b-value
which is the amplitude number of hits can be used to represent the changes in the AE events
to indicate the level of damage in a structure (Abouhussien and Hassan 2016; Abouhussien

and Hassan 2019; Abouhussien et al. 2019).
2.5. Experimental Program

2.5.1. Material Properties

In this study, seven large-scale reinforced concrete beams were tested. The seven beams
included one fully cast normal concrete (NC) beam, one fully cast FRCC beam with PVA
fibers (ECC), one fully cast FRCC beam with steel fibers (SFRCC), and four repaired NC
beams containing layers of either ECC or SFRCC. The mix design of the beams is
presented in Table 2-1. The NC mixture was comprised of Type 1 Portland cement
according to ASTM C150 (ASTM C150/C150M 2012), 10 mm crushed granite stone used
as coarse aggregate, and crushed granite sand used as fine aggregate. The specific gravity
of both aggregates was 2.6. The binder content in the ECC and SFRCC mixtures was a
combination of Type 1 Portland cement and class F fly ash (FA) complying with ASTM
C150 and ASTM C618 (ASTM C150/C150M 2012), respectively. Silica sand with a
specific gravity of 2.65 as a fine aggregate was incorporated in both the ECC and SFRCC
mixtures. ECC mixture consisted of 8 mm PV A fibers and the SFRCC design mix consisted
of 13 mm steel fibers (Ismail and Hassan 2021). The properties of each fiber type used in

this study are illustrated in Table 2-2.
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Table 2- 1 Mix Design (Ismail and Hassan 2021).

Mixture C/B| SCM |SCM/B| S/B | C.A./B | W/B | Fibers Fiber | f'c Ultimate
Type (%) type STS (MPa)
NC 1 - - 1.33 2 0.40 - - 59.0 4.4
ECC 0.45 FA 0.55 10.36 - 0.27 2 PVA |62.6 8.7
SFRCC 0.45 FA 0.55 10.36 - 0.27 2 SF 76.5 10.1

Notes: B=binder content; C=cement; SCMs: supplementary cementing materials; FA=fly

ash; S=sand; C.A. = coarse aggregate; W/B=water-to-binder (i.e., cement+ SCMs);

PV A= polyvinyl alcohol fiber; SF= steel fiber, f'« =compressive strength; STS = splitting

tensile strength.

Table 2- 2 Properties of Fibers (Ismail and Hassan 2021)

Ultimate
Tensile Diameter Length Young’s Density
Fibers Strength (um) (mm) Modulus (kg/m?)
(MPa) (GPa)
PVA 1600 38 8 40 1300
SF 1900 200 13 203 7800

2.6. Details of Tested Beams

The dimensions, steel reinforcements, and geometry of all the tested repaired and
unrepaired (control) beams are shown in Figure 2-1. As mentioned earlier, seven large-
scale beams were tested. The first, second, and third beam were fully cast NC, ECC, and
SFRCC, respectively. The fourth and fifth beams were referred to as ECC-C and SFRCC-
C, respectively. In these beams, the repair layer was placed at the compression zone of the
beam. The beam’s compression zone was repaired with ECC and SFRCC aiming to boost
its strength and strain capacity and then investigate the subsequent impacts of such
improvements on the structural performance of beam in terms of load-carrying capacity,
ductility, and energy absorption capacity. The sixth and seventh beams were referred to as

ECC-T and SFRCC-T, respectively, and had their repair layers were placed in the tension
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zone. The bond between the existing NC beam and the repair layer (ECC or SFRCC) was
achieved through the shear stirrups which served to connect the two layers. To further
enhance the bond between the NC and repair layer, the surface of the first casted layer was
roughened before pouring of the second layer. Full details of the tested beam can be found

elsewhere (Ismail and Hassan 2021).
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Figure 2- 1 Test Setup
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2.7. Test Setup, Instrumentation, Loading Procedures, and AE Setup

The test set up for all beams is illustrated in Figure 2-1. The beams were tested by a four-
point symmetrical vertical loading to analyze the flexural behavior. The load was
monotonically applied until the first crack was visible and then was manually applied at
constant increments of 45 kN until failure occurred. The loading was halted after each load
step of 45 kN to identify and measure the cracks developed after each load step by a crack
detection microscope. All beams were designed to fail in ductile flexural mode of failure.
To avoid shear failure, 10 mm stirrups were spaced at a 100 mm distance along the length
of the beam. Additionally, a single linear variable differential transformer (LVDT) was
used to measure the vertical mid-span deflection. To observe the reinforcement bars
yielding, strain gauges were placed at the mid-span of the longitudinal bars in the tension
zone (Ismail and Hassan 2021). Test results of all beams are illustrated in Table 2-3 (Ismail
and Hassan 2021).

The AE signals were continuously acquired throughout the loading by using three AE
sensors that were piezoelectric sensors having an integral preamplifier (R61-AST). These
sensors were selected for this research owing to their high sensitivity, low resonant
frequency, and suitability for variety of applications including metal, FRP, and concrete
structures (Physical Acoustics, 2005). This type of sensor was successfully used in
preceding AE analysis performed by the authors in similar previous investigations
(Abouhussien and Hassan 2015; Abouhussien and Hassan 2016; Abouhussien and Hassan
2019; Abouhussien and Hassan 2019). One sensor was placed at the surface of the beam
and two were placed at the bottom of the beam, as illustrated in Figure 2-1. Sensor (1) was

placed at the top mid-span of the beam while sensor (2) and sensor (3) were placed at the
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bottom of the beam at distances 250 mm and 500 mm, respectively, measured from sensor
(1). A two-part epoxy adhesive was used to attach the sensors to each beam prior to testing
and allowed to dry for a few hours to achieve the full contact between the surface of the
beam and the AE sensors. The AE data processed from the bending test was recorded using
a four channel AE data acquisition system and AEwin signal processing software (Group
2007). An amplitude threshold of 40 dB was kept as a constant for all tests which was
identified based on previous similar investigations (ElBatanouny et al. 2014; Abouhussien
and Hassan 2015; Abouhussien and Hassan 2016; Abouhussien and Hassan 2019). Other
acquisition system parameters are illustrated in Table 2-4. The values of the acquisition
parameters are based on previous studies involving the application of AE monitoring in
concrete structures (ElBatanouny et al. 2014; Abdelrahman et al. 2015; Abouhussien and
Hassan 2015; Abouhussien and Hassan 2016; Abouhussien and Hassan 2019; Abouhussien
etal. 2019). Several AE parameters were attained during the test. These parameters include
signal amplitude, rise time, duration, counts, peak frequency, average frequency, signal
strength, absolute energy, and energy. Definitions of the previously mentioned parameters

can be found in ASTM E1316 (ASTM 2014).
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Table 2- 3 Test Results of all Beams (Ismail and Hassan 2021)

Maximum
Crack Width Failure stage
at Service
Observed Load
Beam FIlJl(;sat dc(ll:;\?;( Failure | Number | Maximum Crack Failure Mode
Load of Crack Type
50% | 75% (kN) Cracks Width
(mm)
NC 15.1 0.30 0.55 390.1 23 3.2 VL Flexural
ECC 22.3 0.20 0.30 | 425.25 37 2.5 VL Flexural
SFRCC 18.7 0.10 0.25 460.8 32 2.8 VL Flexural
ECC-C 14.8 0.30 0.50 413.8 21 3.8 VL Flexural
SFRCC-C 15.5 0.25 0.45 420.3 24 3.5 VL Flexural
ECC-T 19.6 0.22 0.30 383.9 19 2.0 DL Shear-interface
debonding
SFRCC-T 17.9 0.15 0.28 321.6 27 3.0 DL Shear-interface
debonding

Notes: VL = vertical and DL= diagonal cracks.

Table 2- 4 AE System Configuration

AE Data Acquisition Setup

Threshold 40 dBae
Sample rate 1 MSPS
Pre-trigger 256 ps

Length 1 k points
Preamp gain 40 Db
Peak definition 200 us
Hit definition 800 us
Hit lockout time 1000 ps
Maximum duration 1000 ps
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2.8. Processing and Analysis of AE data

2.8.1. AE Filtering

The raw data obtained from the four-point flexural tests was filtered in order to reduce any
noise/unwanted signals, such as those generated due to the contact/friction between the
loading points and the tested beam. The filtering of the data was carried out through an
amplitude-duration-based-filter (Swansong II filter). The amplitude-based-filter was
successfully implemented in previous related studies on AE analysis of reinforced concrete
structures (Abouhussien and Hassan 2015; Abouhussien and Hassan 2016; Abouhussien
and Hassan 2019; Abouhussien et al. 2019). The mechanism of the filter depends on the
fact that actual AE signals with high signal amplitude are accompanied with large signal
durations and vice versa (Abdelrahman et al. 2015). The values for the acceptance/rejection
basis are presented in Table 2-5. The acceptance/rejection limits of this filter were
determined based on an extensive analysis in the form of visual inspection of the AE signals
obtained from all tested specimens. These ranges were also utilized in previous similar
studies and proved their effectiveness in minimizing the unwanted noise resulting from the
frictional or mechanical noise from the testing setups (Abouhussien and Hassan 2015;
Abouhussien and Hassan 2016; Abouhussien and Hassan 2019; Abouhussien et al. 2019).
The application of this filtering process resulted in a reduction of approximately 10-50%
of the raw data between the tested beams. After carrying out the filtering procedure, all
other AE signals are considered to be reliable and are a result of crack progression in the

tested beams.
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Table 2- 5 Rejection Limits for AE Data Filter

Duration (us)
Amplitude (dB) Lower Upper
40 <A <45 0 400
45 <A <48 0 500
48 <A <52 0 600
52 <A <56 0 700
56<A <60 100 800
60 <A <65 300 1,000
65 <A <70 500 2,000
70 <A <80 1,000 4,000
80 <A <90 2,000 7,000
90 <A <100 3,000 10,000

2.8.2. b-value Analysis
A number of AE parameters have been investigated in this study. These parameters
included the number of hits, cumulative signal strength (CSS), peak frequency, amplitude,
and absolute energy. b-value analysis utilizes the AE signal amplitude and number of hits
to create the b-value parameter. b-value is very sensitive to the crack development or
progression and has been used successfully in several previous studies (Abouhussien and
Hassan 2019; Abouhussien et al. 2019; Colombo et al. 2003; ElBatanouny et al. 2014) to
characterize the level of damage in concrete structures. The b-value was calculated for all
tested beams during the flexural tests using the following Eq. (2-1):

log N= a-b logA (2-1)
Where: N = number of hits having amplitudes larger than A; A = signal amplitude (dB); a
= empirically derived constant (a = 4.7 for all specimens); b = b-value (Colombo et al.
2003; ElBatanouny et al. 2014; Vidya Sagar and Raghu Prasad 2013). The constant value
“a” was acquired by plotting log N (y-axis) versus log A (x-axis) for all tested specimens.
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The average “a” value was then calculated and applied in Eq. (2-1) in each beam to

obtain the b-value.

2.8.3. RA Analysis

RA vs AF analysis is a useful tool in determining the failure mode. It has been used in
former studies in the literature (Behnia et al. 2014; Ohno and Ohtsu 2010; Prem and Murthy
2017; Ranjbar et al. 2016) to differentiate between tension and shear cracking in different

loading stages. RA and AF values are defined in Eqs. (2-2) and (2-3) as follows (Ohno

and Ohtsu 2010):
RA value = rise time/maximum amplitude (2-2)
Average frequency = AF = counts/duration time (2-3)

Different types of acoustic emission signals (waveforms and frequency) are related to
different types of failure modes. For instance, flexural failure that results in tensile cracks
is usually in the form of brief volumetric change in the structure in which the released
energy is transformed to longitudinal waves (P-waves). On the other hand, shear failure
that results in shear cracks is usually represented by distortional waves (S-waves) (Ranjbar
et al. 2016). It has been observed that at the beginning of the fracture process of any
structure that the AF values is usually very high compared to the RA values whereas at the
end of the process the RA value is usually very high compared with the AF values. This is
due to the fact that tensile cracks tend to appear at the beginning of any testing process
while shear cracks tend to appear towards the end. To further clarify, tensile cracks usually
correspond to high AF values while shear cracks are usually accompanied by high RA

values (Aggelis 2011; Grosse and Ohtsu 2008; Shahidan et al. 2013).
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2.9. Results and Discussion

2.9.1. Structural Performance and Cracking Behavior of the Tested Beams

Figure 2-2 represents the mid-span deflection curves for all beams. Tables 2-3 shows the
values for first and failure crack loads, crack widths, failure crack types, and failure modes
for all beams. Generally, the incorporation of fibers in the ECC beams resulted in enhanced
load carrying capacity and cracking load as well as high deformability, ductility, and
energy absorption, when compared to the NC beam (Table 2-3).

In the pre-cracking stage, all tested beams showed a linear relationship in the load vs
displacement graph. No cracks were formed at the beginning of the loading as all beams
had a high stiffness. At higher stages of loading, the first crack occurred at the maximum
moment (at mid span) in the tension side of the beams. The first visible crack width for all
beams was about 0.02 mm. During the post-cracking stage, the control beams (NC, ECC
and SFRCC) started to experience vertical cracks with the increase of the loading. As the
load increased, the width and length of the vertical cracks were also increased. Diagonal
cracks were developed afterward at the shear span (distance between loading point and
support). With the appearance of vertical and diagonal cracks, the stiffness of the beams
was decreasing. The three control beams also exhibited large deflection before failure. The
beams failed in flexural mode in which the longitudinal steel reinforcement at the tension
side reached the yield stress and the concrete was crushed at the compression side of the
beam. Compared to the NC beam, the ECC and SFRCC beams showed higher
deformation/deflection and higher number of cracks with narrower widths. The higher
number of cracks and narrow widths is due to the presence of fibers which prevents the

cracks from opening wider (Ismail and Hassan 2021).
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Figure 2- 2 Load vs. Displacement Curves for all Tested Beams

The repaired beams ECC-C and SFRCC-C both failed in flexure mode. Compared to the
NC beam, the repaired beams experienced higher deformation prior to failure due to the
high strain capacity of ECC and SFRCC. The deflection correlating to the peak load of the
ECC-C and SFRCC-C beam was 16.3 mm and 18.4 mm, respectively which were 53.8%
and 73.6%, higher than the deflection recorded by the NC beam (Figure 2-2). Both ECC-
T and SFRCC-T beams failed in debonding in the NC-FRCC interface layer and as a result
showed the lowest deflection. In the ECC-T and SFRCC-T, multiple thin cracks in the ECC
or SFRCC layer followed the appearance of the first crack. As the loading increased, new
cracks propagated at the NC-FRCC interface, spread to the NC layer (upward) afterward,
and then moved back to the FRCC layer (downward). The width and rate of increase of the

cracks was lower in the FRCC (ECC or SFRCC) than in the existing NC beam. The
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longitudinal steel reinforcement at the tension side of ECC-T and SFRCC-T beams reached
the yield stress but the concrete in the compression side did not crush. This is because of
the debonding failure that occurred in those beams which was followed by shear diagonal
cracks until failure (without crushing in the top compression zone). The angle of the shear
cracks ranged from 35° to 45°. To get desirable results and to avoid such failure, it is

recommended to use a higher strength FRCC, coarser interface and/or shear keys.

2.9.2. Evaluation of Damage Progression by AE analysis

This section discusses the effect of the crack progression on the AE parameters. AE
parameters such as number of hits, cumulative signal strength (CSS), b-value, amplitude,
peak amplitude, and absolute energy were considered. Figure 2-3 represents the variations
of the AE parameters collected during the testing process of the SFRCC-C beam (Sensor
3) in order to understand the changes in the cracking behavior of the beams. The purpose
of this figure was to correlate between the time-dependent changes in AE parameters
including number of hits, CSS, b-value, amplitude, peak frequency, and absolute energy to
the crack initiation and propagation in the SFRCC-C beam. These parameters were
recorded during the four-point testing as the loading was increasing until failure. SFRCC-
C beam (sensor 3) was chosen to be a representative example (shown in Figure 2-3) as a
typical sample of other sensors and beams. Other tested beams showed similar trends to
those shown in Figure 2-3 for all the studied AE parameters throughout the tests till failure.
Figures- 3(a) and 3(b) show an overall increase in both the number of hits and CSS which
is a presentation of crack propagation over time. In general, the increase in AE activity is
correlated to the progression of cracks until failure. The changes and fluctuations in the

CSS chart are very similar to those of the number of hits. It can be inferred that the first
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increase of number of hits (change in slope) is detected at about 80 s which is also similar
to the first change in slope in the CSS curve which is also detected at about 80 s. This
increase can be correlated to the occurrence of the first crack at the midspan of the beam
which was confirmed by means of the visual inspection of the beam during the test similar
to other previous studies (Abouhussien and Hassan 2019; Abouhussien et al. 2019).
Figure 2-3(c) represents the b-value which experienced a general decreasing trend as the
crack propagation increased over time. As the load increased and AE activity increased,
the h-value decreased. The fluctuation and jumps in the b-value also corresponded to the
increases in the AE activity (slope changes in the number of hits and CSS curves). To
further corroborate the time of the occurrence of the first crack, the lowest decreasing trend
in the b-value was also spotted at about 80 s. b-value is an important tool that can be used
to emphasize the location of high AE activities during the tests.

The amplitude, peak frequency, and absolute energy showed an overall fluctuation over
time while CSS, number of hits, and b-value showed either increasing or decreasing trend
over time. In Figures 2-3(d), 3(e) and 3(f), it is noticed that the areas of high fluctuations
correspond to slope changes in Figures 2-3(a) and 3(b). The increase or fluctuations is due
to the propagation of cracks which is a further corroboration along with the number of
events, CSS, and b-value charts. The locations of the slope change and/or the sudden jumps
of the aforementioned AE parameters have been found to be correlated to the occurrence
of high AE activities (Colombo et al. 2003; ElBatanouny et al. 2014; Abouhussien and
Hassan, 2019). These increased AE activities have been found to be associated with the
fracture related properties of various types of FRCC (Thirumalaiselvi et al. 2020). The

same parameters (number of hits, cumulative signal strength, h-value, amplitude, peak
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amplitude, and absolute energy) were analyzed for all the tested beams similar to the
example shown in Figure 2-3. The AE activity for all beams increased overtime until
failure and this is due to the initiation of both micro and macro cracks. The values of the
studied AE parameters for all tested beams at failure are summarized in Table 2-6. These
results indicate that good correlation was found in both repaired and unrepaired beams

between the AE parameters and progression of cracks beyond the first crack until failure.
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Figure 2- 3 Typical Variations in AE Parameters for SFRCC-C Beam (Sensor 3)
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Table 2- 6 AE Parameters for all Beams at Failure

Average CSSx b-value Number of
Mixture AE sensor Amplitude 107 Hits
name (dB) (pV.s)
AE 1 44 44.1 0.407 27686
NC AE 2 44 65 0.263 29200
AE3 43 80.1 0.140 30500
AE 1 44 101 0.09 40000
SFRCC AE?2 44 67.1 0.12 36250
AE3 43 33.1 0.265 34150
AE 1 44 40.5 0.40 29225
SFRCC-C | AE2 45 121 0.27 41500
AE3 43 123 0.17 41615
AE 1 42 12.1 0.71 10900
SFRCC-T | AE2 44 22.7 0.41 15350
AE3 44 14 0.44 14011
AE 1 48 142 0.86 34020
ECC AE?2 49 140 0.88 33230
AE 3 45 136 0.90 32560
AE 1 44 60.2 0.78 28345
ECC-C AE?2 45 94.6 0.48 33581
AE3 43 134 0.25 34866
AE 1 44 13.25 0.54 9930
ECC-T AE2 46 17.4 0.09 12620
AE3 45 152 0.12 11732

2.9.3. Comparison of the First Crack Time between the Tested Beams

The time of the occurrence of the first crack for each beam based on evaluating the
aforementioned AE parameters is summarized in Figure 2-4. In the NC tested beam, the
first crack (slope change in both AE and CSS curves) was detected at about 80 s. The other
fiber repaired beams (ECC and SFRCC) showed the first cracks at about 120 s and 100 s,

respectively. The delayed occurrence of the first crack in the FRCC beams compared with
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the NC beam was due to the presence of the fibers which tend to have crack arresting

abilities that tend to delay the crack formation.
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Figure 2- 4 Time for the First Crack for all Tested Beams

The ECC beam showed a more delayed crack initiation (at about 120 s) when compared to
SFRCC beam (at about 100 s) due to the presence of the PVA fibers present in ECC that
had lower density compared to the steel fibers present in SFRCC. Since both fibers were
added at the same volume fraction in the mixture, there was a higher number of PVA fibers
in ECC compared to steel fibers in SFRCC, resulting in a more delay of crack initiation.
SFRCC-C and ECC-C beams (containing the repair layer in the compression side) showed
a first crack at 80 s and 65 s, respectively, which were very comparable to the value

recorded by NC. On the other hand, the recorded first cracks for beams repaired in the
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tension side (ECC-T and SFRCC-T), were relatively higher than the control NC beam (110
s and 90 s in ECC-T and SFRCC-T, respectively). The higher first crack time for the ECC-
T beam with the repair layer at the tension side was due to the ECC’s higher energy

absorbing ability, which resulted in higher deformability.

2.9.4. Classification of Damage Using AF and RA Analysis

As previously mentioned, AF values tend to be high at the beginning and RA values tend
be high at the end of any beam flexural testing (Aggelis 2011; Grosse and Ohtsu 2008;
Shahidan et al. 2013). The reason for the previously explained phenomenon is that tensile
cracks tend to appear at the beginning of testing (high AF) while shear cracks tend to appear
at the end of testing (high RA when compared to AF) (Nejati et al. 2020). Figure 2-5
shows the RA analysis from the beginning of the load application until failure for all tested
beams. The average values of the rise time, max amplitude, and AF for all three sensors
for each beam were first obtained and then RA and AF values were calculated based on 50
hits as defined in JCMS (B 2003). The proportion of the AF and RA value was set to be
1:100. The diagonal line separating the fracture modes was acquired by manually drawing
a 45° line (Ohno and Ohtsu 2010; Prem and Murthy 2017). In Figures 2- 5(a), 5(b), 5(c),
5(d) and 5(f), it is evident that the cracks are dominating the left side of the diagonal line
even though there are also some cracks on the right side of the line. The majority of the
cracks were tensile cracks and therefore it is considered as a flexural mode of failure.
However, in Figures 2-5(e) and 5(g), it is shown that the cracks are domineering the right
side of the diagonal line (even though some points lie on the left side of the line). The
majority of cracks were shear cracks and therefore the mode of failure was depicted as

shear (debonding). All beams except for SFRCC-T and ECC-T have failed in flexural after
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the yielding of the longitudinal reinforcement and the crushing of the concrete at the
compression zone. On the other hand, beams that were repaired in the tension zone
(SFRCC-T and ECC-T) have failed in debonding which is the loss of the connection
between the FRCC and NC interface. The cracking pattern of all tested beams at failure are
shown in Figure 2-6. The debonding was characterized by diagonal (shear) cracks which

is confirmed based on the RA vs AF analysis in Figure 2-5(e) and 5(g). Based on these
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results, RA vs AF analysis proved to be a useful tool in differentiating the fracture mode

for all tested beams.
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Figure 2- 5 Failure Mode Classification Based on AF vs RA for all Beams: (a) NC, (b)

ECC, (c) SFRCC, (d) SFRCC-C, (e) SFRCC-T, (f) ECC-C, and (g) ECC-T

39



Figure 2- 6 Cracking pattern of the tested beams at failure: (a) NC, (b) ECC, (c¢) SFRCC,

(d) ECC- C, (e) SFRCC-C. (f) ECC-T, and (g) SFRCC-T (Ismail and Hassan 2021).
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Despite the use of shear reinforcement (stirrups) as well as surface roughening to connect
the NC beam with the repair material (i.e., ECC or SFRCC), these two beams (SFRCC-T
and ECC-T) suddenly failed in shear-interface debonding. It is worth noting that, the use
of a FRCC layer in retrofitting the NC beam both in tension and compression was expected
to result in a flexural (ductile) failure. The results of AF and RA analysis confirmed that
both beams repaired on the compression side (SFRCC-C and ECC-C) failed by flexure as
can be depicted from Figures 2- 5(d) and 5(f). However, a shear (brittle) failure was
predominant in both SFRCC-T and ECC-T beams as can be seen in Figures 2-5(e) and
5(g) as a result of shear-interface debonding. In particular, it can be observed that Figures
2-5(e) and 5(g) that majority of the events are below the diagonal line for both SFRCC-T
and ECC-T beams. This result could be attributable to the loss of bond between the FRCC
repaired layer and the NC layer leading to the formation of a major diagonal crack starting
from the interface upward to the loading point (Figure 2-6). This observation suggests that
there is a need for further studies to enhance the FRCC-NC interface bonding strength
when FRCC is placed at the tension side. Further improvements of the FRCC-NC interface
bonding strength can be achieved by, for instance, using higher FRCC strength, coarser
interface, and/or shear keys to avoid undesirable failure modes thereby amplifying the
benefits of using FRCC in the repair of the tension side of beams (Ismail and Hassan 2021).
2.9.5. Effect of Sensor Location on Damage Detection

As illustrated in Figure 2-1, three sensors were attached to each beam during the test.
Sensor 1 was placed at the top and sensors 2 and 3 were placed at the bottom of the beam.
The position of the sensor with respect to the repair layer showed a noticeable change in

the AE activity (number of hits, CSS, and b-value) especially in tension repaired beams
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(SFRCC-T and ECC-T). For instance, a sensor placed in the NC zone is expected to show
less AE activity due to the lack of presence of fibers; however, a sensor placed in the
tension zone is expected to contribute to a higher number of AE activity due to the existence
of fibers (steel or PVA) which are characterized by a higher number of cracking and a
narrower width of cracks. For beams repaired in compression, sensor placed in the
compression zone displayed a lower number of AE activity than the sensors placed in the
tension zone, and this is due to the fact that beams repaired in the compression zone failed
in flexural mode and therefore the tension part of the beam was characterized by a higher
number of cracking activity.

Table 2-6 shows the number of hits for all repaired beams. It is evident that in ECC-T and
SFRCC-T beams that sensor 1 displayed a lower number of hits compared to sensors 2 and
3. In ECC-C and SFRCC-C, sensor 1 displayed a lower number of AE activity when
compared to sensors 2 and 3 in terms of number of hits. For instance, in ECC-T, sensor 1
displayed a number of hits of 9930 and a number of hits of 12620 and 11732 for sensors 2
and 3, respectively. In ECC-C, sensor 1 displayed a number of hits of 28345 and a number
of hits of 33581 and 34866 for sensors 2 and 3, respectively. These results indicated that
the AE activity displayed by the sensors depends on the location of the sensor (tension or
compression) and the mode of failure of the beams.

Another parameter to be considered is the signal amplitude. Figure 2-7 represents the
signal amplitude (at the time of first crack detection) values for NC beam and SFRCC-T
beam recorded using sensors 1, 2 and 3. It is evident that, in the NC beam values for signal
amplitude are almost the same. Signal amplitude for sensor 3 is the lowest (47 dB) since it

is the farthest sensor from the first crack occurrence (mid-span), however; signal amplitude
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for sensor 1 and 2 (48 dB) are the same as they are the same distance from the mid-span.
The value of the signal amplitude tends to be very close in homogenous materials
(Abouhussien et al. 2019; Ervin et al. 2007; Schumacher et al. 2011). In contrast, signal
amplitude for sensor 1 (50 dB) in SFRCC-T, is not close to the signal amplitude viewed by
sensors 2 and 3 (59 and 58, respectively). These results could be due to the fact that one
layer is NC and the other layer is SFRCC. The signal traveled between two layers that have
different densities and therefore resulted in signal attenuation (Ervin et al. 2007;

Schumacher et al. 2011).
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Figure 2- 7 Signal Amplitude at the First Crack for NC and SFRCC-T Beams
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Table 2- 7 AE Parameters for all Beams at the First Crack

Mixture | Channel Average CSS x 107 b-value Number of

name Amplitude (pV.s) Hits
(dB)

AE 1 45 4.54 0.80 2506
NC AE?2 45 5.63 0.79 3100
AE 3 44 2.56 0.83 2278
AE 1 44 2.62 0.85 2856
SFRCC AE?2 45 3.00 0.77 3450
AE 3 43 2.31 1.22 2490
AE 1 42 0.30 1.82 2557
SFRCC-C AE 2 45 0.49 0.77 3132
AE 3 44 0.38 0.88 2820
AE1 45 0.12 0.97 1150
SFRCC-T AE 2 48 0.17 0.92 1761
AE3 47 0.19 0.72 1862
AE 1 45 347 0.97 2620
ECC AE?2 46 4.27 0.82 3230
AE 3 45 3.12 0.90 2362
AE 1 43 4.09 1.33 2480
ECC-C AE?2 45 6.92 0.82 3086
AE3 45 4.18 1.15 2789
AE 1 46 34.8 1.90 1018
ECC-T AE?2 44 41.2 1.77 1210
AE3 43 45.9 1.60 1343

2.9.6. Effect of Fibers on AE Activity and Failure Mode of Beams

As mentioned earlier, this study included testing one fully cast NC beam, one fully cast
SFRCC beam, one fully cast ECC beam, and four repaired FRCC beams (in either tension
or compression). Table 2-6 shows the parameters at the failure load. It can be noticed that
the changes in the cracking behavior among the tested beams had a significant impact on
the AE parameters. For instance, NC displayed an average of about 29129 hits at failure
while SFRCC and ECC displayed an average of 36800 and 33270, respectively. For beams

repaired in compression, the average number of hits for SFRCC-C and ECC-C were 37447
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and 32264, respectively. SFRCC-T and ECC-T displayed the least average number of hits
of 13420 and 11427, respectively. Varying the fiber type of the repaired beams had a
noticeable effect on the AE parameters. This finding can be related to the effect of changing
fiber types (steel versus PV A) on the characteristics of the fracture process zone of concrete
(Bhowmik and Ray, 2019); on the fibers failure mechanisms including fiber pull-out and
rupture (Thirumalaiselvi et al. 2020); on the crack bridging phenomenon/fiber-matrix
interface properties due to the variable chemical and frictional bond strengths (Sindu and
Sasmal, 2019); and on the splitting tensile strength of the cementitious composite materials
(Georgiou and Pantazopoulou, 2019). The variations in fracture related properties of
various types of FRCC showed to have a significant impact on the resulting AE activities
(Thirumalaiselvi et al. 2020). It is also quite evident that beams that possess fibers
displayed higher number of hits corresponding to the higher cracking when compared to
the NC beam. Beams with fibers are known to have a higher cracking activity due to the
bridging mechanism of the fibers which prevents cracks from expanding. All beams with
fibers are characterized by an increased number of cracks when compared to the NC beam.
These results may also be attributed to the effect of fibers in restricting the crack widening
and transfer the stress across the cracked section, which enhance the load carrying capacity
and accompanying large deflection. This large deflection resulted in initiating higher
number of cracks instead of widening the existing cracks due to the fiber stitching
mechanism. As a result, the initiation of cracks led to a higher number of AE events
including number of hits and CSS and a lower number of h-value in both SFRCC and ECC

beams when compared to NC beam (Thirumalaiselvi et al. 2020).
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With regard to Figure 2-2, it is noteworthy that beams repaired with SFRCC in general
possess higher deflection characteristics when compared to beams repaired with ECC.
Concrete with SFs is characterized by higher load-bearing capacity when compared to
concrete with PVA fibers (Ismail and Hassan 2021). The effect of fiber type in this
investigation is evident in the higher AE activity (number of hits) acquired by beams
containing SFRCC. All beams failed in flexural except for ECC-T and SFRCC-T. These
beams displayed the least number of average hits as they both failed in debonding, as
mentioned before. The low number of hits was a result of the low load bearing capacity
which caused the beams to suddenly fail and hence displaying a low number of cracks. To
further corroborate, Figure 2-8 shows the signal amplitude vs time for NC (sensor 1) and
ECC-T (sensor 2). In Figure 2-8(a), the wavelengths appeared to be shorter and the highest
amplitude is reached faster. However, in Figure 2-8(b) the major wavelengths seemed to
be longer and the highest amplitude is reached slower which is an indication of debonding
(Aggelis et al. 2019). Furthermore, the locations of high fluctuations of the signal
amplitudes in Figure 2-8 can be correlated to both crack propagation and new crack
formation. Crack propagation was initiated at the beginning of the testing and as the load
increased, crack widths expanded as well as new cracks formed. It can also be observed
from Figure 2-8 that theses fluctuations are occupying a broad region (long time duration)
and are narrower (occupying a short time duration) in the other regions. This observation
may be due to the occurrence of both new cracks and opening of existing cracks in the long
time duration instances while the short duration regions can be associated with either the

onset of a new crack or opening of a fewer number of existing cracks. These observations
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further confirm the sensitivity of the AE data to the process of crack initiation and

propagation (Thirumalaiselvi et al. 2020).
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NC Beam (Sensor 1) and (b) ECC-T Beam (Sensor 2)
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2.9.7. Effect of Strengthening Location/Failure Mode of Repaired Beams on AE
Parameters

In this study, two beams were strengthened in the compression zone (ECC-C and SFRCC-
C) and two beams were strengthened in the tension zone (ECC-T and SFRCC-T). Changing
the strengthening location had a significant effect on the cracking behavior and also yielded
two failure modes in these four beams. Specifically, beams strengthened in the
compression zone (ECC-C and SFRCC-C) failed in flexural mode after the longitudinal
reinforcement in the tension zone reached yielding and the concrete in the compression
zone crushed. On the other hand, beams repaired at the bottom (ECC-T and SFRCC-T)
failed in sudden debonding which is the loss of bond between the NC and FRCC layer.
Different modes of failure (flexural or debonding) also had a noticeable impact on the AE
parameters in terms of number of hits, CSS, and b-value. Beams that failed in flexural
mode showed higher AE events (higher number of hits and CSS and lower b-values) when
compared to beams that failed in debonding (sudden failure). This observation was
attributed to the higher number of cracks in the beams repaired in the compression side
compared with those repaired in the tension side (Table 2-6). For instance, the AE events
at failure for ECC-C (sensors 2 and 3 placed at the bottom) were 33581 and 34866
corresponding to h-values of 0.48 and 0.25, respectively (higher AE events result in lower
b-values). The values were 12620 and 11732 with b-values of 0.09 and 0.12, respectively
in ECC-T (sensors 2 and 3) (Table 2-6).

2.10. Conclusions

In this study, AE monitoring was utilized to assess the crack development and failure

modes of large-scale repaired beams. Four-point load tests were performed on a control
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beam (NC) along with six other repaired FRCC beams with different fibers and

strengthening locations. The FRCC beams contained two types of fibers (PVA and SFs)

to study the effect of the fiber type and strengthening locations on AE parameters. A

series of AE analysis was carried out and the following results were obtained:

1.

Several AE parameters including number of hits, CSS, b-value, absolute energy,
amplitude, and peak frequency were found to be effective in analyzing the crack
progression in unrepaired and repaired beams, regardless of the repair location and
repair material type (either with steel fibers or polyvinyl fibers). During the loading
period, there was a noticeable increase in both the number of hits and CSS and a
decrease in h-value in all beams as a result of the progression of the crack formation.
AE recognized the first crack for all beams (whether they are repaired or
unrepaired) by detecting the first change of slope in the number of hits and CSS as
well as the lowest decrease in the first h-value fluctuation. In general, signal
amplitude, peak frequency, and absolute energy displayed high fluctuating
activities at the same time intervals where the change of slope in the number of hits,
CSS, and b-value occurred.

RA vs. AF analysis proved to be a useful tool in the characterization of different
failure modes for all beams. For example, RA vs. AF analysis showed that all beams
that experimentally failed in flexure had majority of tensile/flexural cracks
identified at the top zone of the AF vs RA chart.

The sensor location had a significant impact on AE parameters in terms of number
of hits and signal amplitude. It was found in all beams that the location of the sensor

closest to the highest cracks occurrence experienced the highest number of hits. It

49



was also observed that signal amplitude tends to be highest when the sensor is
closest to the damage source. For control beams (unrepaired), for instance, the
values of signal amplitudes for sensors 1 and 2 were very close in value while
sensor 3 was the lowest in value. In repaired beams, there was a difference in the
value of signal amplitudes between the three sensors due to the difference in the
densities between NC and the repair materials.

5. In general, beams with fibers whether repaired or control, possessed higher AE
events when compared to NC beam without fibers. In addition, beams with SFs
showed higher cracking activity compared to beams with PVA fibers, which is
attributed to the fact that SFs have a higher load-bearing capacity resulting in higher
number of cracks.

6. AE detected very high AE activities for beams with flexural failure compared to
beams with debonding failure. This was clear when comparing the AE activities for
beams that were repaired in the top layer (which experienced high flexural cracking
activities) compared to beams repaired in bottom layer (which experienced
relatively less debonding cracking activities).
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3. Damage Characterization in Large-Scale Multi-Layered Reinforced
Concrete Beams by Acoustic Emission Analysis

3.1. Abstract

In this study, acoustic emission (AE) analysis was carried out to evaluate and quantify the
cracking behavior of large-scale multi-layered reinforced concrete beams under flexural
tests. Four normal concrete beams were repaired by adding a layer of crumb rubberized
engineered cementitious composites (CRECC) or powder rubberized engineered
cementitious composites (PRECC), in either the tension or compression zone of the beam.
Additional three unrepaired control beams, fully cast with either normal concrete, CRECC,
or PRECC, were tested for comparison. Flexural tests were performed on all of the tested
beams in conjunction with AE monitoring until failure. AE raw data obtained from the
testing was filtered and then analyzed to detect and assess the cracking behavior of all the
tested beams. A variety of AE parameters including number of hits and cumulative signal
strength were utilized to study the crack propagation throughout the testing. Furthermore,
b-value and intensity analyses were implemented and yielded additional parameters called
b-value, historic index [H ()], and severity (S,). The analysis of the changes in the
aforementioned parameters allowed the identification of the first crack in all tested beams.
Moreover, varying the rubber particle size (crumb rubber or powder rubber), repair layer
location, or AE sensor location, showed a significant impact on the number of hits and
signal amplitude. Finally, by using the results of the study, it was possible to develop a
damage quantification chart that can identify different damage stages (first crack and

ultimate load), related to the intensity analysis parameters (H (z) and S;).
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3.2. Introduction

Concrete structures including bridges, parking garages, offshore structures, and other
marine structures are exposed to external factors such as harsh environmental conditions,
impact stresses, and high mechanical loading. Exposure to such factors eventually leads to
deterioration of the concrete structures which immediately affects the intended service life
(AbdelAleem and Hassan 2022). Repair or strengthening of those deteriorated structures is
therefore inevitable to improve the functionality and performance of such structures
(AbdelAleem and Hassan 2022; Safdar et al. 2016). Recently, engineered cementitious
composites (ECC) were introduced for use in repairing concrete structures due to their high
performance characteristics compared to the common cementitious repair materials (Siad
et al. 2019). ECC exhibit very high ductility with strain-hardening and multi-cracking
behavior.

ECC contribute to a tensile strain capacity that varies from 3% to 7% when compared to
normal concrete, which exhibits a tensile strain capacity of 0.01% (Li 2002). Since ECC
have strain-hardening characteristics, their cracks are characterized by fiber-bridging
mechanisms and tight width (Huang et al. 2013; Sahmaran and Li 2010). ECC are generally
comprised of relatively high volume of fibers such as Polyvinyl fibers (PVA) and high
volume of fine silica sand (Siad et al. 2019). The volume of PVA fibers in ECC is normally
2% (Li et al. 2002). Recently, waste rubber started to be viewed as an economically
recyclable material for use in the production of ECC (Rashad 2016). When rubber

aggregates are placed in ECC, the strain rate and toughness tend to increase (Reda Taha et
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al. 2008). Furthermore, rubberized concrete exhibits higher strain rates which allow for
greater deformation and contributes to higher ductility compared to normal concrete
(Ismail and Hassan 2016; Parveen and Sharma 2013; Thomas et al. 2016; Wang et al.
2013). Previous studies indicated that increasing the amount of rubber aggregates in
concrete decreased the compressive and tensile strengths. This is due to the difference
between the modulus of elasticity of rubber aggregate and cement paste (Ismail et al. 2018;
Siad et al. 2019). However, the negative effect of rubber on the strength is alleviated in
ECC mixtures because of the presence of high volume of fibers. The inclusion of PVA
fibers in ECC does not only help to alleviate the reduction in mechanical strength, but also
improve the ductility, energy absorption and impact resistance of concrete (AbdelAleem
and Hassan 2022).

Acoustic Emission (AE) monitoring is a non-destructive method used to monitor the
structural health of many existing concrete structures (Nair and Cai 2010; Pollock 1986;
Ziehl et al. 2008). The AE technique has the ability to detect the strain energy in a structure
by monitoring the released elastic waves. The strain energy is recorded by AE sensors and
related to different types of damage that is occurring in the monitored structure (Guo and
Li 2020). AE analysis also has the ability to categorize different types of failures and to
quantify the severity of damage (Behnia et al. 2014).

AE analyses have shown their effectiveness in evaluating the cracking and damage
behavior of self-compacting rubberized concrete (Abouhussien and Hassan 2020;
Abouhussien et al. 2019), fiber-reinforced concrete (Abouhussien and Hassan 2019;
Gostautas et al. 2005; Xargay et al. 2021), and strain-hardening cement-based composites

(Paul et al. 2015). In particular, b-value analysis (amplitude/number of hits) and intensity
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analysis (historic index H (2) and severity S,) were found to be very useful tools in assessing
the cracking behavior (micro-cracking and macro-cracking) of composite structures (Li et
al. 2021). Besides, RA (Rise time/amplitude) vs. average frequency (AF) analysis was also
utilized as good crack classification tool to differentiates between different types of failure
modes (shear, tensile, or debonding). Ranjbar et al. used RA and AF analysis to categorize
the types of failure of multi-layered composite beams consisting of geopolymer and normal
concrete (Ranjbar et al. 2016). Also, Verbruggen et al. used the analysis of AE events vs
time to represent the crack propagation over time in multi-layered textile reinforced
concrete-carbon FRP hollow beams.

To date, the implementation of AE analyses for evaluating/quantifying the cracking
behavior of multi-layered beams is limited. There is a need to study the change in the AE
parameters in multi-layered composite beams due to the variation in the wave propagation
characteristics through the two layers, especially when rubberized engineering
cementitious composites (RECC is used. Furthermore, the location of the sensor with
respect to the two different layers is anticipated to be a factor owing to the contribution of
rubber particles to sound absorption and the properties of interfacial bond between the two
layers. In addition, the impact of using multi-layered RECC on the effectiveness of b-value
and intensity analyses for the purpose of detection/quantification of the cracking and
severity of damage requires further investigation. This study aims to assess the
effectiveness of b-value and intensity analysis for characterizing the crack propagation in
RECC beams with different strengthening locations and different rubber particle sizes. This
study also attempts to quantify the cracking behavior of multi-layered RECC beams by

developing a damage classification tool for different cracking stages (first crack and
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ultimate load) with the aid of intensity analysis parameters. The effect of using different
strengthening locations in multi-layered RECC beams on AE parameters is also examined
in this study.

3.3. Research Significance

The implementation of AE monitoring and analyses has proven its efficacy in damage
classification including detection of crack propagation in several concrete and composite
structures. However, there is a gap in the literature regarding the application of AE analyses
in multi-layered RECC beams, especially with rubber particle. The integrity of AE analyses
in evaluating the structural performance of RECC composite beams requires further
investigation as rubber particles have sound-absorbing properties which may have a
significant impact on the AE parameters. Alternating the RECC layer along with the
strengthening/sensor location is anticipated to show prominent changes on the AE signal
parameters. Moreover, AE wave propagation is expected to be different in repaired beams
when compared to the normal concrete beam due to signal attenuation. The literature also
lacks information regarding the implementation of b-value and intensity analyses in the
crack quantification of multi-layered RECC beams. The AE analyses presented in this
paper will aid in categorizing the different damage stages and will help to better understand
the structural performance of multi-layered RECC beams (in terms of crack initiation and
crack propagation).

3.4. Experimental program

3.4.1. Material properties

Table 3-1 represents the three mixtures used in this study (one normal concrete mixture

and two rubberized engineering cementitious composites mixtures). The normal concrete

62



mixture (NC) was comprised of type GU Portland cement complying with ASTM C150
Type 1 (ASTM C150/C150M 2012). The NC mixture also consisted of coarse aggregate
(natural crushed stone) with a maximum aggregate size of 10 mm and fine aggregate
(natural sand). The coarse and fine aggregate had a specific gravity of 2.6 and an absorption
ratio of 1%. RECC mixtures consisted of type GU Portland cement complying with ASTM
C150 Type 1] (ASTM C150/C150M 2012) and fly ash (FA) complying with ASTM C618
Type F (ASTM International 2012). The fine aggregate used for RECC mixtures is silica
sand with a maximum grain size of 0.4 mm and a specific gravity of 2.65. Crumb rubber
(CR) and powder rubber (PR) were used to partially replace the silica sand. Both CR and
PR had a specific gravity of 0.95 and 0.86, respectively with negligible water absorption.
The replacement level for both types of rubber was 20% (by volume). This replacement
was determined based on a previous study (Ismail et al. 2018) focused on optimizing the
content of CR and PR in RECC. PVA fibers were used in all RECC mixtures. The PVA
fibers had a length of 8 mm, tensile strength of 1600 MPa, modulus of elasticity of 40 GPa,
and a specific gravity of 1.3 (Figure 3-1). More details of the tested beams can be found
elsewhere (AbdelAleem and Hassan 2022).

Table 3- 1 Mix design for all tested beams

Mixture Mixture BC C/BC | SCM | SCM/ | S/BC C.A/ W/BC PVA CR/SS PR/SS . STS Modulus
no. D (type) BC BC (volume %) | (volume%) (MPa) | (MPa) of
elasticity
(GPa)
1 NC 1 1 1.52 1.82 0.4 59 4.4 22
2 CRECC 1 0.45 FA 0.55 0.29 0.27 2 0.2 59.6 6.5 17
3 PRECC 1 0.45 FA 0.55 0.29 0.27 2 0.2 64.2 8.6 18.2
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Figure 3- 1 (a) Powder rubber; (b) Crumb rubber; (¢) PVA ﬁbers

3.4.2. Selection of beam specimens

The seven tested beams were selected and as follows:

One NC beam was fully cast with a normal concrete mixture and was used as a
control beam/mixture for comparison (denoted as B1).

Two RECC beams were fully cast with ECC containing different rubber sizes (CR
or PR). B2 consisted of CR while B3 consisted of PR. These beams were referred
to as CRECC and PRECC, respectively.

Two beams repaired in the compression zone (B4 and BS) contained different sizes
of rubber (CR or PR). B4 contained RECC layer of CR while B5 contained RECC
layer of PR. These beams had NC layer with a depth of 165 mm in the tension zone
and RECC layers (either with CR or PR) with a depth of 85 mm in the compression
zone. Both beams were donated as CRECC-C and PRECC-C, respectively.

Two beams repaired in the tension zone (B6 and B7) contained different sizes of

rubber (CR or PR). B6 contained a RECC layer of CR while B7 contained a RECC
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layer of PR. These beams had RECC layer with a depth of 85 mm in the tension
zone and NC layer with a depth of 165 mm in the compression zone and were

designated as CRECC-T and PRECC-T, respectively.

3.4.3. Four-point loading test setup and loading procedure

Dimensions, steel reinforcement, and test setup for all beams are illustrated in Figure 3-2.
The cross-sectional dimensions for all tested beams were 250 mm x 250 mm. All beams
had a total length of 1960 mm and an effective load span of 1660 mm. Three 25M bars
were used in the tension zone while two 20M bars were used in the compression zone. All
beams were designed to fail in flexural, and to avoid shear failure, shear reinforcement in
the form of 10 mm diameter stirrups with a spacing of 100 mm were used. The concrete
cover for the tested beams was 30 mm. All beams were tested under four-point loading and
simply supported with a span of 1660 mm (Figure 3-2). The single-point load on a steel
beam was applied using an actuator with a load capacity of 500 kN. The load was
distributed on two points spaced at 300 mm. The load was first applied until the first crack
occurred and then applied gradually using a displacement control rate in increments until
failure. After each load increment, the cracks were measured using a crack microscope.

Table 3-2 illustrates the results of the flexural testing of all beams.
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Table 3- 2 Flexural test results for all tested beams

Load capacity (kN) Cracking at failure stage
Beam # Beam ID Failure
mode

First Ultimate Yield Number | Maximum width

crack (mm)
B1 NC 25.2 390.5 6.8 Flexure 23 3.2
B2 CRECC 29.9 414.9 6.4 Flexure 39 2
B3 PRECC 35.6 425.4 5.1 Flexure 36 2.2
B4 NC-CRECC-C 25.5 404.1 8.5 Flexure 32 3.6
B5 NC-PRECC-C 26.8 410.4 8.2 Flexure 28 4.2
B6 NC-CRECC-T 32.8 411.9 6.5 Flexure 30 1.5
B7 NC-PRECC-T 36.9 368.3 - Debonding 21 0.9
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Figure 3- 2 Test setup for all tested beams
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3.5. AE monitoring procedure

3.5.1. AE setup

Three sensors at different locations were attached to each beam to record the released AE
during the testing. As shown in Figure 3-2, sensor 1 was placed in the mid-span of the
beam, sensor 2 was placed at a distance of 250 mm measured from sensor 1, and sensor 3
was placed at a distance of 500 mm measured from sensor 1. All AE sensors were attached
to the surface of the beam using a two-part epoxy adhesive prior to the flexural tests. The
AE sensors used in this study were piezoelectric sensors with an integral preamplifier
having a model number of R61-AST (Acoustics 2005). The recording and processing of
the signals released during the testing were carried out by an AE system and an AE signal
processing software (AEwin) from Mistras Group (Group 2007). An amplitude threshold
of 40 dB was kept constant during the testing. Other data acquisition parameters used to
set up the hardware are illustrated in Table 3-3. Parameters such as amplitude, signal
strength, duration, energy, absolute energy, counts, rise time, average frequency, and peak
frequency were obtained. The definitions of the previously mentioned AE terms are found

in ASTM E1316 (ASTM 2014).
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Table 3- 3 Pre-testing AE data built-in filter ranges

AE Data Setup
Threshold 40 dB
Sample rate 1 MSPS
Pre-trigger 256 us
Length 1 k points
Preamp gain 40 dB
Peak definition 200 ps
Hit definition 800 us
Hit lockout time 1000 ps
Maximum duration 1000 ps

3.5.2. Post-testing AE Data filtering

An amplitude-duration-based filter (Swansong Il filter) was used to filter all the raw data
extracted from the four-point load tests. The filtering process is carried out in order to
minimize noise/unwanted wave reflections that may occur in the beams (FOWLER et al.
1989). This amplitude-duration filter was successfully used in several previous
investigations in AE monitoring in the concrete industry (Abdelrahman et al. 2014;
ElBatanouny et al. 2014; Vélez et al. 2015). The filter works by assuming that the real AE
events with high values of amplitude are characterized by long magnitudes of duration and
vice versa (Abdelrahman et al. 2015). The rejection limits for the AE signals are presented

in Table 3-4. After completing the filtering process, the remaining the AE signals are
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considered to be real AE sources resulting from the crack propagation from the four-point
load tests.

Table 3- 4 Post-testing AE data amplitude-duration filter ranges

Duration (us)
Amplitude (dB) Lower Upper
40 <A <45 0 400
45 <A <48 0 500
48 <A <52 0 600
52 <A <56 0 700
56<A <60 100 800
60 <A <65 300 1,000
65 <A <70 500 2,000
70 <A <80 1,000 4,000
80 <A <90 2,000 7,000
90 <A <100 3,000 10,000

3.6. AE Analysis and Processing

3.6.1. b-value analysis

A variety of parameters were analyzed in this paper to classify the damage in all beams.
Firstly, traditional parameters that were directly extracted from the AE monitoring such
as signal amplitude, number of hits, cumulative signal strength (CSS) were evaluated.

Secondly, b-value analysis was performed by calculating the b-value from the
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amplitude and number of hits. The b-value is then used to indicate the severity of
damage (crack development) in the tested beams. This analysis was originally used in
the seismic analysis and was then further applied in AE analysis (EIBatanouny et al.
2014). b-value analysis was successfully employed in several previous investigations
in concrete materials and structures (Colombo et al. 2003) (ElBatanouny et al. 2014;
Ohtsu 2008; Vidya Sagar and Raghu Prasad 2013). The b-value was calculated using
Eq. (3-1) for all tested beams.

logN=a—-blogA (3-1)
Where:
N= number of hits with an amplitude larger than A; A=signal amplitude (dB); a=
empirically derived constant; and b = b-value (Colombo et al. 2003; Ohtsu 2008; Vidya
Sagar and Raghu Prasad 2013); the value ‘a’ was obtained by plotting log N (y-axis)
versus log A (x-axis) for the seven beams. The average magnitude of ‘a’ for all beams
was then obtained and applied in Eq (3-1).
3.5.2. Intensity analysis
In addition to the b-value analysis, intensity analysis was also carried out for the tested
beams. The intensity analysis was performed on the strength of the acquired AE signals
and generated two additional parameters: historic index [H (?)] and severity [S;]. The
aforementioned parameters were utilized in several previous investigations to detect
and quantify damage in concrete structures (Abdelrahman et al. 2015; Li et al. 2015;
Ridgley et al. 2019; Vélez et al. 2015) The historic index spots the locations where
there are sudden changes in the CSS curve. H (?) was calculated for all the beams using

the following Eq. (3-2):
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N Z?’: Soi
HO= s G2

Where:
N= cumulative number of hits up to a certain time (t) while So; is the signal strength of
the i signal.

The severity indicates the average value of signal strength of J number of hits and was

calculated by Eq (3-3).

Soi

S =Xl (3-3)
The values of K and J in Eqs. (3-2) and (3-3) were kept as constants for all the seven
beams. The values for the previously mentioned variables depend on the damage
mechanism and the material being analyzed. For this study, the magnitudes for K and
J were acquired from intensity analysis successfully implemented from similar
previous studies (Abdelrahman et al. 2015; Abdelrahman et al. 2014).
The K in Eq. (3-2) was calculated based on the cumulative number of hits (N) as
follows:
3. K=0:1fN<50,b)K=N-30:1f51 <N <200, ¢c) K=0.85N:1f 201 <N <500,
and
d) K=N-75:if N> 501.
However, the value for J was kept at a constant of 50 for all tested beams based on the
analysis conducted in similar previous studies (Abdelrahman et al. 2015; Abdelrahman et
al. 2014).
3.7. Results and discussion
The test results including the modes of failure, mid-span deflections, and number/width

of cracks are illustrated in Table 3-2. Figure 3-3 demonstrates the cracking patterns for
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all tested beams at failure. All the control beams (PRECC, CRECC, and NC) failed in
flexural mode in which the longitudinal reinforcement in the tension zone yielded and the
concrete crushed in the compression zone of the beam. RECC control beams incorporating
PR or CR exhibited higher deformation when compared to the NC beam (Table 3-2). The
improvement in the deformation characteristics of the RECC beams when compared to
NC was attributed to the nature of the rubber particles which are characterized by large
elastic deformations before failure (Ganesan et al. 2013). RECC beams also showed a
large number of cracks with tight widths compared to NC beam. RECC beam with CR
(CRECC) displayed 39 cracks with a maximum width of 2 mm, whilst RECC beam with
powder rubber (PRECC) displayed 36 cracks with a maximum width of 2.2 mm (Table
3-2). The increase of the number of cracking in the RECC beams when compared to the

NC beam was due to the presence of fibers which tends to control cracks from expanding.
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Figure 3- 3 Cracking behavior for all tested beams: (a) NC; (b) CRECC; (c) PRECC; (d)
NC-CRECC-C; (e) NC-PRECC-C; (f) NC-CRECC-T; (g) NC-PRECC-T; (h) Debonding

of NC-PRECC-T (AbdelAleem and Hassan 2022)
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3.7.1. Crack detection using AE analysis
In this section, the effect of the cracking behavior of the seven beams on the AE signals
and parameters during the testing process was studied. Figure 3-4 illustrates a number of
AE parameters from the PRECC beam (sensor 2) that was chosen to be an example and
representative of other beams and sensors. Several AE parameters such as cumulative
signal strength (CSS), number of hits, amplitude, b-value, H (¢) and S, were analyzed over
time for the PRECC beam in Figure 3-4. All the previously mentioned parameters were
analyzed throughout the testing procedure until failure. In Figures 3-4(a) and 3-4(c), both
the CSS and number of hits showed very similar trends and experienced an overall increase
overtime. The increase in the AE activity is an indication of crack occurrence and
propagation in the tested beam till failure. In particular, the first significant activity which
can be correlated to the appearance of the first crack was detected at about 70 s (Figure 3-
4). To further elaborate, the first change in slope in the CSS curve (Figure 3-4(a)), number
of hits curve (Figure 3-4(b)), and S, (Figure 3-4(e)) were displayed at about 70 s. b-value
(Figure 3-4(c)) experienced a general decrease (increase in crack activity) and an increase
in variations that also correlated to increase in activities in CSS, number of hits, S, and H
(). The first decreasing activity (first crack) detected in the b-value also occurred at about
70 s. To further corroborate the occurrence of the first crack, Figure 3-4(d) shows the AE
activity of H (2). The first sudden increase in the H (?) curve (Figure 3-4(d)) also occurred

at about 70 s.

74



b-Value

200
180
160
140

43

Figure 3- 4 AE parameters and load vs time curves for PRECC beam sensor

2:a) CSS;

b) number of hits; ¢) b-value; d) H (2); ¢) S,

75

450 35000 450
)t 400 30000 AN
s : i 1 ——— Number of : - .
4 4 d1lohd :‘--_I " - 350 hits lI‘---._,_ ‘ - 350
i 25000 '
ll j \' 300 ” - = =Load f J L 300
| Z 1
S - ! = T 20000 =t ! z
! /—' 12502 g T 20 g
0 E 2 ! o 3
! r 200 8 °E 15000 J 200 S
== ! = = ARE " ! |
- 1 Z i -
! [ - 150 1 HEREL
===c2 t 10000 T !
i i 100 i i 100
FTTT7 T ! 5000 L ;
) 1L so : 1;./-_/—’ i 50
T f—' [ 1 1
’ ] 1
. ! ] | | | | 40 0 ‘ ; ; . ; ‘ 0
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Time (s) Time (s)
a) CSS b) Number of hits
450 12 450
b-value
VN oo H®O ' :'\l - 400
- ——Load |- 10 == |
[AEIE - 350 -/~ -Laad Mol L b 350
' \ 300 8 ' l‘ 300
R l Ik - SN '
| e | = e A
! ! 2350 % = i ' 250@
~=4i_ ) 1l =T = 6 e N =
4 i | L} 200 2 | 'L oo00 8
fRL]LL] ! ' = Peeaool . : .
] i 150 4 ! ' 150
L1 | 1 1
T === el ! !
[ 100 | ' 100
| i || " 2 | hEEEH i
RN 150 N ik 50
' ! T I '
r 1 '
’ T T T T T T 0 0 4 1 1 T T T T 4+ 0
0 300 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Time (s) Time (s)
¢) b-value d)H (1)
18 450
16 i YT 400
St 1T ‘
14 sl \— 350
= - —|=Load X t
=12 ! \ | 300
b WL o
= 10 —f 12508
g reloL il ' =
@ 8 ! H 200 &
P L : I_l : =
6 ! 150
[T b \
! [—‘—‘—‘—‘—‘—‘J |
4 1 T 100
re==v4 \
! ]
2 =it / 150
{ I
0 Hi ; ; ; ; ; ; 10
0 500 1000 1500 2000 2500 3000 3500
Time (s)
e) S,



3.7.2. Time to first crack detection comparison among the tested beams
Figure 3-5 shows the time for the first crack for all tested beams. For the control beams
(NC, CRECC and PRECC), it is evident that RECC beams showed a delayed first crack
when compared to the NC beam (45 s). CRECC beam displayed the first crack at about 60
s while PRECC beam showed the first crack at about 70 s. This could be due to the higher
tensile strength of RECC beams (Table 3-2). In terms of AE parameters, both CRECC and
PRECC beams resulted in average number of hits of 302 and 344 hits, average CSS values
0f0.42 and 0.48 pV.s, and average b-values of 1.19 and 1.59, respectively, at the first crack
(Table 3-5). On the other hand, NC beam showed an average number of hits of 171.3, an
average CSS value of 0.15 pV.s, and an average b-value of 2 (at the first crack). Referring
to beams repaired in the compression zone (CRECC-C and PRECC-C), the time of the first
crack in those beams was very comparable to the NC beam. CRECC-C and PRECC-C
beams exhibited the first crack at 50 s and 55 s, respectively. The comparable time of the
initiation of the first crack in beams repaired in the compression zone and NC beam is
related to the fact that the first crack occurred in the tension zone of the beam (bottom part),
which is made with NC mixture in both fully cast NC beam or beams repaired in the
compression zone. The slight increase in the time of the first crack in CRECC-C and
PRECC-C beams compared to NC beam (55 s compared to 50 s) is maybe due to the higher
compression strain of CRECC-C and PRECC-C compared to NC (AbdelAleem and Hassan
2022). With regard to beams repaired in the tension zone, both CRECC-T and PRECC-T
showed a more delayed first crack (65 s and 80s, respectively) due to the higher tensile
strength (when compared to NC beam) (AbdelAleem and Hassan 2022). CRECC-C beam

was accompanied by an average number of hits of 251.3 hits, an average CSS value of 1.79
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pV.s, and an average b-value of 1.53 while PRECC-C was accompanied by an average
number of hits of 273.6 hits, an average CSS value of 3.3 pV.s, and an average b-value of
1.15 at the time of first crack (Table 3-5). In addition, both CREEC-T and PRECC-T were
followed by average of number of hits of 321.3 and 395.3 hits, average CSS values of 0.85
and 3.47 pV.s, and average b-values of 1.4 and 2.71, respectively at the time of first crack
(Table 3-5). AE analysis, therefore, has shown efficacy in obtaining the time for the first

crack (first change in slope in AE parameter curves) for all tested beams.
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Figure 3- 5 Time of the first crack load for all beams
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Table 3- 5 AE parameters obtained at the first crack and ultimate load

Amplitude CSS x107 b-value Number of hits Srx10* H @)
Beam # AE First Ultimate | First | Ultimate | First Ultimate First Ultimate | First | Ultimate | First | Ultimate
Sensor crack load crack load crack load crack load crack load crack load
AE-1 48 45 0.12 57.2 2.11 0.58 113 15454 2.66 123.5 0.23 23
NC AE-2 46 44 0.19 87.8 1.83 0.35 244 20910 4.65 155.6 0.45 2.1
AE-3 47 46 0.14 65.4 2.08 0.49 157 17733 4.09 134 0.26 2.15
AE-1 42 43 0.36 22.5 1.70 0.82 260 16424 4.69 131.5 0.36 3.08
CRECC AE-2 40 43 0.48 324 0.80 0.42 343 22220 6.35 140 0.51 2.21
AE-3 40 42 0.42 314 1.07 0.68 303 18845 5.21 122.4 0.47 2.01
AE-1 42 42 0.41 76.8 1.95 0.92 295 16820 5.73 120 0.45 3.68
PRECC AE-2 41 40 0.55 154 1.29 0.68 391 22755 7.32 150 0.57 2.87
AE-3 41 40 0.47 95.6 1.55 0.86 345 19300 6.29 132 0.53 3.15
AE-1 40 42 0.97 6.79 1.92 0.72 216 16030 3.89 132.3 0.35 2.75
CRECC-C AE-2 44 44 2.80 24.5 1.01 0.59 290 21685 5.33 139.6 0.42 2.16
AE-3 43 44 1.61 14.1 1.68 0.66 248 18391 4.36 138.5 0.39 241
AE-1 40 41 2.05 51.8 1.76 0.62 236 16305 6.79 132.3 0.30 2.82
PRECC-C AE-2 43 42 4.04 72.7 0.83 0.24 309 22060 8.33 125.5 0.44 3.60
AE-3 44 43 3.81 62.4 0.85 0.34 276 18709 7.46 129.5 0.38 2.06
AE-1 44 44 0.78 45.5 1.66 0.1 275 16384 6.34 161 0.23 3.53
CRECC-T AE-2 40 42 0.92 81 1.26 0.06 367 22166 8.21 155 0.75 2.82
AE-3 41 41 0.84 50.9 1.29 0.08 322 18800 7.15 134 0.33 2.98
AE-1 45 46 3.02 43.9 2.72 0.45 340 14445 6.83 143 0.54 2.40
PRECC-T AE-2 40 44 3.87 81.5 2.80 0.31 450 19542 8.87 174 0.68 3.12
AE-3 40 45 3.52 59.7 2.60 0.40 396 16575 7.71 163 0.60 1.95
3.7.3. Impact of rubber particle size on the AE parameters
As previously illustrated, this study included two different rubber particle sizes

incorporated in ECC: crumb rubber (CRECC) and powder rubber (PRECC). Two beams

were fully cast in RECC and four other beams were repaired using RECC in either the

tension side or compression side of the beam. Table 3-5 shows the AE parameters at the
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first crack and ultimate load. It can be concluded that the rubber particle size utilized had
a noticeable effect on the AE parameters. For instance, the NC beam displayed an average
number of hits of 18032 hits, average number of CSS of 70.13 pV.s, and an average b-
value of 0.47 at the ultimate load while CRECC and PRECC displayed an average number
of hits of 19163 and 19625, an average number of CSS of 28.7, 108.8 pV.s, and an average
b-value of 0.64 and 0.82, respectively. In addition, beams repaired using powder rubber
(PR) seemed to have a higher number of AE activities/parameters when compared to beams
repaired in cumber rubber (CR).

The different types of rubber particles (CR or PR) used in the strengthening seemed to also
have a distinguished effect on the AE parameters. For example, with reference to beams
repaired in compression, CRECC-C displayed an average number of hits (at the ultimate
load) of 18702, an average number of CSS of 15.13 and, and an average b-value of 0.66,
respectively while PRECC-C exhibited an average number of hits of 19025, an average
CSS value of 62.3, and an average b-value of 0.4 at the ultimate load, respectively. For
beams repaired in tension, CRECC-T displayed an average number of hits at the ultimate
load of 19117, a CSS average number of 59.13 pV.s, and average b-value of 0.08 while
PRECC-T displayed an average number of hits of 16854, average number of CSS of 61.7,
and an average b-value of 0.38. It is noticeable that beams with CR in general displayed a
lower number of hits and CSS s (lower number of hits and CSS) than beams with PR
(except PRECC-T). To further elaborate, the reasoning behind the lower strength
accompanied by CR could be due to the larger particle size of the crumb rubber that reduced
the strength of the rubber-mortar interface, which resulted in the propagation of micro-

cracks contributing to a weaker strength that limited the continuation of deformation
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beyond the yield point (AbdelAleem and Hassan 2022). PR, on the other hand, is smaller
in particle size and exhibits a stronger rubber- mortar interfacial strength.

Moreover, beams with CR or PR generally displayed higher ductility and strain capacity
(higher number of hits) than that of the NC beam due to the presence of fibers which are
known to transfer the stress over the cracked section, resulting in a higher tensile strain
capacity. Other reasons include the presence of rubber particles which enhance the strain
capacity and deformability of the RECC beams. It should be noted that, PRECC-T beam
displayed the least average of number of hits (when compared to all beams). This is
attributed to the fact that all beams failed in flexural failure while PRECC-T beams
experienced a failure between the NC-RECC interface (debonding).

3.7.4. Impact of layer/sensor location on AE parameters

As shown in Figure 3-2, all tested beams included three attached sensors. One sensor
(sensor 1) was attached at the top of the beams (compression zone) and two sensors
(sensors 2 and 3) were attached at the bottom (tension zone) of the beams. Sensor 1 (placed
in the compression zone) in beams repaired in the tension zone showed a lower number of
AE activity (CSS, number of hits and b-value) when compared to sensors 2 and 3 (placed
in the tension zone) due to the lack of fibers and rubber in these beams (top part is made
with NC mixture). The higher number of AE activities resulting from sensors 2 and 3 was
due to the presence of fibers and rubber particles that both allow for higher deformation
and therefore higher cracking and AE activities. For instance, in Table 5, CRECC-T
displayed 16384 number of hits in sensor 1, 22166 in sensor 2, and 18800 in sensor 3.
PRECC-T also showed 14445 number of hits in sensor 1, 19542 in sensor 2 and 16575 in

sensor 3.
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Furthermore, in beams repaired in compression, sensor 1 (compression zone) showed a
lower number of activity than that of sensors 2 and 3 (tension zone) even though the
repaired layer was in the compression zone. The lower number of AE activities displayed
by sensor 1 is attributed to the fact that beams repaired in compression failed in flexural
and therefore the highest number of cracks (highest number of activities) existed in the
tension zone of the beam. For instance, CRECC-C showed 16030, 21685, and 18391
number of hits for sensors 1, 2 and 3, respectively. Also, PRECC-C displayed 16305,
22060, and 18709 number of hits for sensors 1, 2 and 3, respectively. Repair layer location
(tension or compression side of the beam) resulted in a significant effect on the other
studied AE parameters (similar to the above trends of the number of hits) and was further
accentuated through the position of the sensor placement.

To highlight the effect of multi layers on AE parameters, the values of the amplitude of the
three sensors were evaluated. Referring to Figure 3-6, it is evident that there are variations
in the values of amplitude (ultimate load) in the three sensors. In fully cast beams (NC,
PRECC and CRECC), the values of the amplitude were very close in the three sensors. For
the NC beam, sensor 1, 2 and 3 at the ultimate load displayed amplitude values of 45, 44,
and 46 dB, respectively. CRECC beam showed amplitude values of 43, 43, and 42 dB for
sensor 1, 2 and 3, respectively. For sensor 1 at the ultimate load in the PRECC beam an
amplitude value of 42 dB was displayed while sensors 2 and 3 at the ultimate load displayed
amplitudes of 40 and 40 dB, respectively. The closeness of the amplitude values is due to
the homogeneousness of the materials, thus yielding similar wave propagation
characteristics. On the other hand, repaired beams either in compression or tension showed

noticeable variations in the three sensors. For instance, in PRECC-T beam, the value of the

81



amplitude at the ultimate load for sensor 1 was 46 while the values for the amplitudes at

the ultimate load for sensors 2 and 3 (tension zone) were 44 and 45, respectively.
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Figure 3- 6 Variations in the Amplitude (ultimate load) of the three sensors

The variations in the values of the amplitudes is due to the difference in the materials. This
phenomenon is known as signal attenuation which tends to occur when there is difference
in densities between two materials as well as lack of homogeneousness which in this study
occurred in repaired beams (Ervin et al. 2007; Schumacher et al. 2011). The type of
concrete used in the repair layers also proved to be another factor that affected the values
of the amplitude. Rubber is known to have sound absorbing characteristics which tends to
lower the value of the amplitude (Abouhussien and Hassan 2020). It is evident that in all
repaired beams the NC layer displayed a higher amplitude whether it was placed in the
compression or tension zone of the beam. For instance, in the CRECC-C beam, an
amplitude value of 42 dB was shown in sensor 1 while amplitude values of 44 and 44 dB

were shown in sensors 2 and 3, respectively.
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3.7.5. Damage classification by AE intensity analysis

As shown in the previous sections, AE analysis proved to be useful in detecting different
damage stages and also was beneficial in understanding the effect of the repair material
used. To categorize the type of damage that occurred, intensity analysis parameters (H (?)
and §,) were correlated to two stages of cracking (first crack and ultimate load). The values
of H (¢) and S,acquired from all the three sensors are illustrated in Table 3-5. The average
values of the three sensors of H (z) and S, (for the seven tested beams) were calculated and
then placed in Table 3-6 to create the chart shown in Figure 3-7. This chart is used to
represent the progression of cracking stages at both the first crack and ultimate load for all
the tested beams. This chart included two ranges for H (?) as well as S;. For H (?), the
values ranged from 0.32 to 0.61 at the first crack and 2.2 to 3.23 for cracks at the ultimate
load, respectively. Furthermore, for S, the magnitudes varied from a3.8 to 7.8 x10% pV.s
at the first crack and 129.1 to 160 x10% pV.s correlating to the progression of cracks at the
ultimate load, respectively. Both the values of H (#) and S, can be employed to represent
the stages of cracking. For instance, a H () value of 2.82 and a S, value of 129.1 represent
the stage of cracking at the ultimate load (as shown in Figure 3-7). This chart can possibly
be used as a damage diagnosis tool for composite beams incorporating RECC. Similar
charts have been executed successfully in different investigations and were utilized in
damage quantification of reinforced concrete structures (Abouhussien and Hassan 2017;

Abouhussien and Hassan 2015; Abouhussien and Hassan 2016).
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Table 3- 6 Severity analysis parameters obtained at two different cracking stages

Avg S, (pV.s) x10* Avg H (1)
Beam ID
First-crack | Ultimate load | First-crack | Ultimate load

NC 3.8 137.7 0.32 2.2
CRECC 542 131.3 0.45 2.4
PRECC 6.45 134 0.52 3.23
CRECC-C 4.52 136.8 0.39 2.46
PRECC-C 7.53 129.1 0.37 2.82
CRECC-T 7.23 134.6 0.44 3.11
PRECC-T 7.80 160 0.61 2.49
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Figure 3- 7 Crack classification chart for all tested beams

3.8. Conclusions

This study utilized AE to analyze the crack initiation and propagation process of seven
large-scale beams. Flexural tests were performed on three control beams (NC, CRECC and
PRECC) and four other RECC beams that were either repaired in the compression or
tension zone of the beam. The RECC beams contained PVA and two types of recycled
rubber with different particle sizes (4.75 and 0.4 mm). Several AE analyses were performed
and the following conclusions were drawn:

. All beams with rubberized ECC (RECC) that failed in flexural mode showed a
higher load-carrying capacity, higher cracking activity, and smaller crack widths when
compared to the NC beam.

. AE parameters such as number of hits, CSS, b-value, H (t) and S, were found to be
useful in understanding the cracking behavior of the tested beams. The number of hits,
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CSS, and S, during the loading period, displayed an overall increase until the ultimate load.
The overall increase was an indication of the crack initiation and propagation until failure.
b-value, in contrast, experienced an overall decrease until the ultimate load. H (¢) showed
jumps and fluctuations that correlated to AE changes in slopes displayed in the number of
hits, CSS, b-value and S, curves.

. The time for the first crack of the beam was experimentally detected and
successfully confirmed through the analysis of the number of hits, CSS, b-value, H (¢) and
Sy. The first crack was spotted at the first change of slope in the CSS, number of hits and
S, curves. For the b-value, the first crack was noticed at the first significant decreasing
activity. H (¢) curve also showed the first crack at the first sudden activity.

o The inclusion of rubber in concrete mixtures seemed to have an impact on AE
parameters such as number of hits. It was found that beams with rubber particles (RECC
beams) showed higher AE activities compared to beam without rubber (NC beam). In
addition, the use of smaller rubber size (PR) showed higher number of hits when compared
to beams with larger rubber size (CR).

o The region with the highest cracking activity in the beam was found to have the
highest impact on AE activities, regardless of the repair layer location. For example, when
the repair layer was placed the tension zone (NC layer at the top and RECC layer at the
bottom), sensors 2 and 3, which were placed in the tension zone (highest cracking
activities) displayed the highest number of AE events (compared to sensor 1, placed on the
top layer). Also, when the repair layer was placed in the compression zone (NC layer at the

bottom and RECC layer at the top), sensors 2 and 3 (placed at the bottom) still displayed
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the highest number of AE events due to the highest cracking activities at the bottom side
of the beam.

. Analyzing the amplitude values revealed a wave attenuation in beams with multi
layers compared to the single layer beams (fully cast beams). It was found that in fully cast
beams (NC, CRECC or PRECC), the values of the amplitude from the three sensors were
very close, while in repaired beams (either in compression or tension) the amplitude
experienced attenuation. This is owing to a) the presence of rubber in the repair material
(due to its sound absorbing capacity) and b) due to the presence of two non-homogenous
materials with two different densities (NC and RECC).

o Intensity analysis was utilized to develop a damage quantification chart. The two
intensity analysis parameters, / () and S, were utilized to represent two cracking stages:
first crack and ultimate load. For each parameter, there was a range of numbers representing
a crack quantification stage. The chart can be used as a tool to categorize and quantify

damage severity in terms of crack growth in composite beams
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4. Summary and recommendations

4.1. Summary

This research consisted of two experimental studies presented in chapters 2, and 3. The
primary goal of each study was to evaluate and analyze the changes of different AE
parameters as a result of adding a repair layer to an existing concrete layer under flexural
loading conditions. A variety of ECC mixtures were used as repair materials of reinforced
concrete beams while alternating the sensor/repair location. All of the AE sensors in the
studies were placed prior to testing and all the raw data was then recorded throughout the
flexural loading tests. The AE activities were then collected and analyzed post testing. The

following conclusions were drawn based on the results obtained from both studies:

1) AE parameters such as number of hits, CSS, b-value, absolute energy, amplitude, peak
frequency, H (2), and S, were found to be successful in evaluating the crack propagation in
all tested beams. Number of hits, CSS, and S, experienced a gradual increase while b-value
experienced a gradual decrease as a result of crack development. H (¢) showed jumps and
fluctuations that were related with changes in slopes in the AE events displayed by CSS,

number of hits, b-value, and S;.

2) The first crack detection using AE parameters such as CSS, number of hits, b-value, H
(1), and S, successfully validated the time of the crack obtained experimentally. For AE
parameters including CSS, number of hits, and S, the time of the crack was detected at the
first change of slope in the AE activity. For the b-value, the time of the first crack was
detected at the first decreasing activity. Moreover, H () showed the time of the first crack

at the first increasing AE activity.
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3) RA vs. AF proved to be an effective tool in classifying the failure modes (flexural, shear,
or debonding) for all beams. It was found out that in beams that failed in flexure, the
majority of the points were dominating the top side of the chart while in beams that failed

in debonding, majority of the points were domineering the bottom side of the chart.

4) Varying the fiber type (PVA or SF) was found to have an effect on the number of hits.
Generally, repaired beams displayed a higher number of hits when compared to unrepaired
beams. Beams repaired with SF showed the highest number of hits (when compared to
beams repaired by PVA fibers) due to the high load-bearing capacity accompanied by the

SFs.

5) The effect of using different rubber particle size seemed to show an impact on AE
parameters such as number of hits. It was discerned that beams incorporating rubber
particles resulted in number of activities that were high than that of beams without rubber.
In addition, the use of powder rubber (PR) in the repaired beams showed a higher number
of hits when compared to the use of crumb rubber (CR) due to the smaller particle size of

the PR when compared to the larger particle size of CR.

6) Evaluating the signal amplitude variations showed a wave attenuation as a result of
adding a new concrete layer to an old concrete layer. It was observed that in fully cast
beams (NC, CRECC, PRECC, ECC, and SFRCC), the signal amplitude values displayed
by the three sensors were very close in magnitude. However, in repaired beams, the signal
amplitude values accompanied by the sensors experienced attenuation. This is owing to a)
the presence of two materials with different densities and mechanical properties b) sound

absorbing properties accompanied by rubber particles.
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7) Intensity analysis was proven effective in creating a damage quantification chart
pertaining to two different cracking stages: first crack and ultimate load. Different ranges
were accompanied by H (), and S,and were directly correlated to different cracking stages.
The chart showed to be effective in quantifying the severity of the cracking activities in all

beams.

8) Beams that failed in flexural seemed to display higher AE activities when compared to
beams that failed in debonding. This was clearly highlighted when the AE activities of
beams repaired in compression were compared to the AE activities of beams repaired in

tension.

9) The regions in the beams with the most cracking activities were found to display the
highest number of hits, regardless of the repair layer. For instance, in beams repaired in the
tension zone, sensors 2 and 3 displayed the highest number of hits when compared to sensor
1. Moreover, in beams repaired in the compression zone, sensors 2 and 3 (when compared
to sensor 1) also displayed the highest number of hits due to the high cracking activity

accompanied by the tension zone.

4.2. Recommendations for Future Research and Potential Applications/Limitations
of the Current Study

The main objective of this thesis was to examine the variations in the AE parameters as a
result of adding an ECC repair layer to an old concrete layer as well as using different ECC
materials in the repair layer. Two studies included testing large-scale normal concrete
beams of repaired with ECC incorporating fibers (PVA and SF) and ECC incorporating

rubber particles (PR and CR).
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It is recommended for future research to consider alternative concrete types (such as
lightweight concrete) with a different composition and mixture design instead of
normal concrete to verify the ability of AE monitoring to distinguish the presence of
two different materials via wave propagation characteristics. All tests were performed
on large-scale beams that were repaired for either tension or compression. For a
potential application, it is suggested to perform flexural loading testing on beam-
column connections (see figure X below) repaired in the critical zone using either ECC
with fiber or rubber to simulate earthquake loads and validate the ability of AE
technique to distinguish the change in AE waveforms emitted in different locations and

propagating in either one or two materials.

Repaired zone

r—==-n
|
|
|

Figure X

e The generated charts from the intensity and RA analyses can be utilized to pertain
to and categorize different damage levels in large-scale structures repaired with

ECC. Furthermore, AE parameters such as b-value, number of hits, CSS, S, and H
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(t) can potentially be used to indicate early damage occurrence as well as crack
propagation in several repaired concrete structures.

All the resulting AE analyses, damage quantification charts, and failure
classification charts are only valid for large-scale ECC repaired in either tension or
compression beams tested under flexural loading. Furthermore, the AE wave
propagation characteristics resulting from the material’s non homogeneousness are
only relevant to the use of fibers such as PVA and SF as well as rubber particles
such as PR and CR.

The obtained AE analyses results and charts based on the testing and evaluation
of thirteen beams under flexural testing. To further validate the AE's accuracy in
identifying damage of multi-layered structures and to determine whether the
variations obtained are statistically significant, it is advised that future research
include testing a greater number of multi-layered beams along with additional

control beams.
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