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Editorial

This collection of these three research papers presents pioneering advancements across
various domains, from enhancing our understanding of occupant behaviour in built
environments to developing cost-effective health monitoring devices and improving the
performance of recycled asphalt materials. Each study exemplifies the importance of
integrating diverse methodologies and perspectives to address contemporary challenges.

The first paper highlights a novel approach to studying occupant behaviour by incorporating
psychological, physiological, social, and temporal factors, alongside traditional environmental
and contextual elements. Using Interaction Geography in a Virtual Reality (VR) museum, the
study reveals how personal connections and study majors influence participants' exploration
and time spent in the VR space. This comprehensive approach opens new avenues for
understanding human interactions within built environments, offering valuable insights
for designing more responsive and engaging spaces [1].

In the realm of cardiovascular health, the second paper addresses the critical need for
accessible and accurate diagnostic tools in developing countries. By creating a low-cost,
portable ECG device integrated with HealthyPi v3, a raspberry pi-based vital sign monitor, the
researchers provide a sustainable solution for early detection and monitoring of cardiovascular
diseases. The device captures real-time ECG data and other vital signs, employing advanced
machine learning algorithms such as Support Vector Machine (SVM), Convolutional Neural
Network (CNN), and Recurrent Neural Network (RNN) for accurate heart disease prediction.
This innovation promises to enhance healthcare delivery and outcomes in resource-
limited settings [2].

The third paper delves into the use of recycled asphalt shingles (RAS) in asphalt mixtures,
addressing the challenges posed by the aged and oxidized RAS binder. The researchers
introduce an innovative technique involving the interaction of RAS particles with rejuvenators
before mixing with the asphalt binder. This approach compensates for the loss of low-
molecular-weight fractions in the RAS, improving the modified binders' fatigue and thermal
cracking resistance. By utilizing various rejuvenators, including pyrolysis oils and recycling
agents, the study demonstrates how different particle sizes and rejuvenator types affect the
stiffness and elasticity of the asphalt binders. These findings pave the way for more durable
and sustainable asphalt materials, contributing to the broader goal of
environmental conservation [3].

Collectively, these papers showcase the transformative potential of interdisciplinary research
in solving complex problems and advancing knowledge across diverse fields. From enhancing
occupant experience and healthcare accessibility to improving infrastructure sustainability,
these studies highlight the critical role of innovation in shaping a better future.
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ABSTRACT: The sole focus of current occupant behavior research on environmental and contextual

factors (i.e., physical attributes) in buildings is a missed opportunity. Psychological, physiological,

social, time, and random factors also influence building occupants. In this pilot study (n = 10), the

authors used Interaction Geography to capture human movements across space and time in a Virtual

Reality (VR) museum to dissect building occupant behavior. Results indicated that study majors (i.e.,

psychological) and personal connections (i.e., social) with the space affected how participants explored

and spent time in the VR museum.

KEYWORDS: Interaction Geography, Building Occupant Behavior, Virtual Reality

1. Introduction

Building occupant behaviors are the direct indicators
of how well the built environment (e.g., interior spaces)
promotes human physical and psychological well-being.
The current approach to comprehending said behaviors
focuses on occupant assessments of the physical design or
subjective ratings of indoor environmental quality (IEQ)
factors such as acoustics, cleanliness, and furnishings [1].
Occupancy evaluations exemplify this approach by asking
occupants to rate their satisfaction with IEQ factors on
survey-based Likert-scale items (e.g., 1 = dissatisfied; 7 =
satisfied) [2]. This approach may seem like an objective
way to measure IEQ; however, the following problems
cloud the resulting data. First, retrospective data collection
relies on occupants’ memories of a space. Subjects might
mis-remember or fail to recall their experience with the
building [3]. Therefore, their ratings of IEQ factors are
inadequate and incomplete reflections of their real-time
experiences which dictate their behaviors in the building.
Second, the tendency to reduce cognitive load means that
occupants frequently select the middle choice of complex
multiple-choice questions [4].

These biases challenge researchers who study the built
environment to develop more comprehensive methods for
assessing occupants' behaviors. One exemplary method is
implementing agent-based simulation (ABS), autonomous
computational agents interacting with one another and
their surroundings [5], to predict occupant behaviors in

buildings. ABS is most effective in modeling behavioral
patterns in hypothesized scenarios to schedule working
shifts, regulate energy usage, evacuate for emergencies,
and so on [6-8]. One caveat of using ABS in the built
environment is that the computational system disregards
the complexities underlying occupant behaviors (e.g., age,
gender, and psychological state) [6]. This argument also
applies to sensor-based and GPS-enabled data collection,
with a heavy emphasis on the physical characteristics of
the building, not the psychological aspects of occupants
[91, [10]-

Interaction geography, a novel approach to describing,
representing, and interpreting human interactions with
their environments across space and time [11], offers one
solution to these challenges. Current implementations of
interaction geography in the built environment include
assessing occupant travel patterns in a museum [12] and
in teacher-student-interactions in the classroom [13], [14].
Such implementations are limited, yet growing interest in
interaction geography is evident through multiple studies
focusing on the movements of building occupants [15-17].
However, tracking movements is an intensive and time-
consuming data collection process that uses wearable
sensors or camera recordings [12], [17].

This paper presents a time-and-cost efficient approach
to exploring building occupant behavior via movements
using Virtual Reality (VR) technology. In a pilot study, the
authors analyzed the movements of 10 participants in a
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virtual museum to examine the extent to which interaction
geography further the current understandings of building
occupant behavior with the research question:

“What insights can Interaction Geography offer to the
understanding of participant behavior in a VR museum?”

The authors, thus, explored movement patterns (obtained
via Interaction Geography) to identify how participants
interacted with a building setting via real-time data.

2. Literature Review
2.1. Building Occupant Behavior Research

Building occupant behavior is under the influences of
environmental, contextual, psychological, physiological,
social, time, and random factors (Figure 1) [18]. Lighting,
temperature, and indoor air are environmental factors.
Building features such as orientation and construction are
contextual; gender, age, and occupation are psychological;
individual perceptions of temperature are physiological,
cultural groups and organizational regulations are social
factors [19]. Time-related events (e.g., working shifts) and
random movements are influential as well [20]. Studies on
building occupant behavior focus on environmental and
contextual factors due to their quantifiable nature. For
instance, researchers operationalize environmental factors
as Indoor Environmental Quality (IEQ) variables that are
measurable using satisfaction surveys (e.g., pre-and post-
occupancy evaluations) and real-time devices (e.g., light

meters, sensors) [21].
Current Psychology
Literature Context Physiology

Environment ————— Building Occupant Behavior +—————  Society

New \

Literature Time
Focus Random

Figure 1: Factors that Influence Building Occupant Behavior

In the typical approach of post-occupancy evaluation
(POE), occupants will complete a survey nine to twelve
months after moving into a building. The two components
that make up POE include (i) subjective perceptions (i.e.,
comfort and satisfaction) and (ii) physical measurements
(i.e., building features) [9]. Both components contain IEQ
variables such as temperature, light, noise, privacy, view,
decoration, cleanliness, and so on. Occupants use Likert
ratings to indicate their subjective perceptions of IEQ
variables and their impacts. For example, the Building Use
Studies (BUS) survey includes 7-point rating scales (e.g.,
uncomfortable to comfortable) for 11 IEQ variables (e.g.,
thermal, acoustic, appearance) [22]. Among IEQ variables,
noise, air quality, light, and thermal are most influential to
building occupants [1], [23].

Regarding physical measurements, devices like meters
and sensors help researchers estimate how IEQ variables
might influence building occupants over time. Energy and
water consumption plus IEQ variables such as thermal,
lighting, air quality, and acoustics make up most of this
component [10]. Electricity usage (e.g., applicant loads),
window, fan, and air conditioning operation are occupant
behaviors of interest within residential and commercial
buildings; these studies dominate the corresponding
literature [19]. In [18], the authors discussed the current
state of building occupant behavior through the following
environmental and contextual factors (i.e., IEQ variables):
window, lighting, shading, and air conditioning (AC). The
focus on this subset of factors/variables is reasonable as
professionals (e.g., engineers, architects, designers) and
stakeholders (e.g., managers, owners) are concerned with
the social and financial costs of energy consumption and
life cycle of buildings. The authors in [24] also projected a
decline in energy purchasing power of $11,258,2019 by
2099, implying that low-income populations would suffer
from the inability to consume energy in response to
climate change (i.e., global warming). According to the
authors in [25], residential buildings that withstand a wide
temperature fluctuation (e.g., from — 20°C to + 30°C) are
costly, especially with a deficit in Gross Domestic Product
(e.g., — 2% in 2017) due to global warming. Said costs
explain why environmental and contextual factors (i.e.,
IEQ variables) predominate the current state of building
occupant behavior research (Figure 1).

Viewing building occupant behavior as stochastic (i.e.,
random) with the variants between occupants that evolve
over time represents a research paradigm shift [15]. Recent
additions to POE include visual records, data of building
structure/service/system, window sensors, GPS-tracked
mobility, and so on [10]. In [6] the authors utilized an
agent-based simulation (ABS) model and sensor-based
data to predict probabilities of window operation in
commercial buildings. This model reduces stochastic
uncertainties by cross-referencing multiple IEQ variables
like temperature, air, and humidity, in a single behavior:
opening a window. However, the ABS model did not take
into account the complex occupant interactions in real-
world settings and the underlying psychological factors.

2.2. Interaction Geography

Interaction Geography is the comprehensive analysis
of audiovisual data of interactions via sociocultural and
social lenses [11]. Originating from interaction analysis in
Computer Supported Collaborative Learning (CSCL), this
approach converts and presents selective subsets of verbal
and physical behaviors into transcripts so researchers can
comprehend social events from insider perspectives [26].
The transcript is not merely a record of audiovisual data
but a portrait that captures the emotions, behaviors, and
potential intentions of people who engage in a social event
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[27]. Transcripts are vital to interaction analysis, but their
production techniques have evolved little over the years.
Language-processing software such as Microsoft Word is
typically used to produce transcripts that include
conversations and gestures or multimodal transcription
[28]. Through the “presentation of text,” researchers
preserve data integrity by not correcting “particulars” or
“tiny things” that might reveal the sociocultural
backgrounds or underlying thoughts of the event in
participants [27], [29].

INTERFACE

MGND RIAN TRANSCRIPTION SOFTWARE
by Ben Rydal Shapiro S-contributars
builewith ps Js & JavaSeript
Hithere! This i movement. omvideoTo [
et started, Use the top buttons to upload a fioor plan image (NG or JPG} and avideo

(8P}, Then, click pian to star data
ORW | synchronizedto the video. A you use your cursor ta draw on the ficar plan, positioning

i Fime i o the pixel

size of your foar plan mage: ing by click plan. Press ¥
o fast forward and 'r*to rewlnd ing in 5 secord intervals. Lse
the Lop bultons ta clear your recarding or save vour recording 25 a CSV file. Far mare
informatian i pt

INTERFACE

WWWWIMWW mymy

m

| Eal

[ [Ste] l(:”w [ B ° o
Figure 2: Mondrian Transcription and IGS Interfaces [12]

However, language-based transcription is inadequate
to represent the intrinsic complexity of social behaviors.
Interaction Geography combines qualitative analysis with
time geography (i.e., time-space coordination of human
behaviors in social events) to analyze audiovisual data
[30], [31]. In[11], the author offered a cutting-edge method
for Interaction Geography with two key components
(Figure 2). First, via Mondrian Transcription web-based
software, the author extracted and encoded participant
movements and conversations over space and time from
audiovisual data. This process resulted in a spreadsheet
containing the pixel positions and movement transcripts
of participants. Mondrian Transcription is among the
earliest tools that transcribe movements and conversations
(i.e., pixel positions and timed verbal exchanges). Second
is Interaction Geography Slicer (IGS), a tool that syncs
transcripts of movements and conversations with specific

time frames in audiovisual data. IGS, therefore, enables
exploratory analyses and dynamic visualizations of
Mondrian transcription [26].

One application of Interaction Geography in buildings
was to study museum visitor traveling patterns [12] and
classroom interactions of teachers and students [13]. In
[12], the authors analyzed 22 case studies with 72 hours of
audio and video recordings of museum visitors to
determine their movements, interactions, and technology
use. The data illustrated how “visitors' personal and social
history, prior knowledge, and relationship to one another”
influenced their choice of navigation and experience in a
museum setting. In [13], the authors analyzed audiovisual
excerpts of teacher-student interactions in two classrooms.
Results indicated that the teachers developed repetitive
circulation patterns around projector and tables. Their
travel patterns also fluctuated during classroom hours,
depending on the changes in instructional content. The
findings raised concerns regarding how teachers should
monitor their classroom movements and interactions to
ensure effective teaching. Interaction Geography, thus, is
helpful for the stochastic paradigm in building occupant
behavior research as it reveals the randomness underlies
occupants’ behavior across space and time.

3. Methodology

In this paper, the authors proposed a novel application
of Interaction Geography in building occupant behavior
research using Virtual Reality (VR). Like the authors in
[12], we also chose a museum setting to explore occupant
behaviors across time and space. VR technology enabled a
time- and cost-efficient simulation of a museum and
therefore was fundamental for piloting occupant behavior
study in the chosen setting.

Figure 3: The VR Museum [32] as Seen in a Meta Quest 2 Headset
3.1. VR Museum Session

This pilot study utilized a public VR museum (Figure
3) from the Matterport website (https://matterport.com/)
[32]. Participants (n = 10) each attended a VR session,
which included 10 minutes of training and 20 minutes (or
more) of exploring the VR museum. Using Meta Quest 2
headsets, the authors recorded VR sessions (in video and
audio) as participants explored the virtual building space.

WWww.jenrs.com
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Using the hand controllers, participants moved through
the space by pointing at the white circles on the floor. The
participants, however, could not interact with the artifacts
(e.g., statues) and spatial elements (e.g., door) in the virtual
museum as they are only 360-degree photographs.

3.2. Interaction Geography Transcription

Mondrian Transcription (https://www.benrydal.com/

software/mondrian-transcription) [12] helped transcribe
recorded movements and interactions into pixel positions
on a scale diagram that illustrates space arrangements in a
building (i.e., a floor plan). The museum floor plan and the
audiovisual recordings of the VR sessions were uploaded
to Mondrian Transcription’s web-based interface (Figure
4) for manual tracing. Both files were then visible next to
each other on a computer screen. By hovering the mouse
cursor over the floor plan, the authors displayed a path
that followed the participants' movements as shown in the
recording. The authors accurately traced the time-specific
movements using the keyboard to play, rewind, and pause
the recording. Analysis results included a traced floorplan
demonstrating a two-dimensional (2-D) movement path
and a spreadsheet logging every step of the participant in
the space with x- and y-coordinates. The authors repeated

this process with all recordings.

Figure 4: Mondrian Transcription’sl Web-based Interface with Manual
Tracing of Participant’s Movements

IGS (https://www.benrydal.com/software/igs) [12] was

another process the authors used to visualize the traced
movement paths of participants over time. We uploaded
Mondrian Transcription transcripts (i.e., the spreadsheets
with x- and y-coordinates) and the corresponding VR
recordings to this web-based interface. IGS synchronized
all movements and conversations of each participant
following a timeline that equaled the length of each
recording. This process resulted in an animated floor plan
illustrating the 2-D movement path over a corresponding
three-dimensional (3-D) conversation timeline. Hovering
the cursor on top of the animated floor plan allowed the
authors to rewind and analyze participant movements
and conversations at a specific point in time.

4. Results

Participants (n = 10) in this pilot study were all college
students in the 18 — 34 age group, with 67 % female and 33

% male. This was a convenient sample of volunteers who
dedicated their time to participate in this study without
compensation. Table 1 summarizes the demographics and
logistics of all participants.

Table 1: Demographics and Logistics of Participants

ID No. | Time in VR | Use VR | Major
P_1 12 minutes | Monthly | Design
P 2 15 minutes | Yearly Design
P_3 20 minutes | Never Design
P 4 28 minutes | Never Non-design
P 5 17 minutes | Never Non-design
P_6 14 minutes | Never Non-design
pP_7 14 minutes | Never Non-design
P 8 12 minutes | Never Non-design
P9 30 minutes | Never Design
P_10 12 minutes | Monthly | Design
‘ Ly -
\ Nee o
] 2\ /
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(AN === D 1 P e’ T T
— Lo o8 — - TLJ
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Figure 5: Floor plan of the VR museum with the Traced Movements
Across Time and Space of a Participant

4.1. Participant Behavior in a Virtual Space

Most participants (70%) had minimal prior exposure to
VR technology, and the average time they spent exploring
the virtual museum was around 17 minutes. Participants
all completed the VR session from start to finish. The floor
plan (Figure 5) indicates the entrance (i.e., the upper red
arrow) and the exit (i.e., the lower red arrow), with
representations of objects (i.e., artifacts), display cases, and
furniture in the VR museum. Although the white circles
predetermined the VR museum navigation, participants
were free to skip circles, come back, and stay for a certain
amount of time at specific points. Such behaviors reflected
how participants behaved in the VR museum regarding
the space arrangement (e.g., whether display cases with
the artifacts captured participant attention as planned by
the interior designer). Figure 5 below illustrates the fourth
participant's (P_4) movements across space and time.
P_4's travel path is depicted on the museum floor plan,
and the adjacent timeline displays the periods they spent
in each area of the space throughout their recording. For
28 minutes, P_4 (a non-design major) traveled across the
VR museum yet entirely skipped the central exhibition
with multiple display cases and artifacts. This observation
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is one of the behavior discrepancies among participants.
The section below summarizes notable findings from the
movements across space and time of all participants in this
pilot study. Instead of discussing the movements across
space and time of each participant, the authors stacked the
travel paths of those with the same background (i.e.,
design vs. non-design) together for a better comparison.

4.2. Movement Density and Personal Background

The authors analyzed all the transcripts and organized
them into two categories based on movement density:
design and non-design major participants. To give a
comprehensive view of the results, the authors overlaid
the traced paths of participants together on the floor plan
for each category. Figure 6 depicts the paths of five
participants who major in design (P_1, P_2, P_3, P_9, and
P_10).

WW-W |
mr1 P2 WP 10 1o MINUTES 30|

WPr3 Wmro

Figure 6: Overlays of Movements Across Time and Space of Design
Participants

e Design-major participants had intense movement
density; as shown in Figure 6, these participants spent
more time at the entrance and exit (as shown in
multiple traced points). They also returned to specific
spots (as their paths overlapped several times). None
of them skipped the central exhibition, and all
followed the intended design of the floor plan.

e P_2discovered the door that led directly to the central
exhibition while exploring the lower part of the central
exhibition. P_2 then crossed the door to a hallway
previously visited and went back to the central
exhibition to complete the upper part (the orange path
in Figure 6). Notably, P_2 indicated only yearly use of
VR, which is less prior experience than P_1 and P_10
indicated. The other participants all navigated from
the entrance toward the long hallway leading to the
central exhibition and ended at the exit.

e The synchronized timeline on the right of Figure 6 also
reveals time durations spent throughout the VR
museum. P_1 and P_3, for example, spent more time
exploring at the beginning (about one-fourth and one-
half of their time, respectively) but later skimmed
through the space. Meanwhile, P_2, P_9, and P_10

divided their time more evenly across the VR
museum.

Figure 7 illustrates the paths of five participants who
were in non-design majors (P_4., P_5, P_6, P_7, and P_8).
Their behavior showed some differences compared to
their design Counterparts.

s . J - MLl Mo
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Figure 7: Overlays of Movements Across Time and Space of Non-
design Participants
e The movement density was less condensed for non-
design participants. Figure 7 shows that non-design
participants spent equal time throughout the VR
museum (i.e.,, as shown in the straightforward and
less-overlapped paths). P_4, as a notable case, even
skipped the central exhibition altogether (Figure 5).
Especially, no participant ever noticed the door
connecting the hallway and the central exhibition.
e The traced paths also differed from one participant to
instance, P_4 had the
straightforward path that started at the entrance and
flowed through the hallway to the exit. P_5, on the
contrary, explored the VR museum twice using the
same path. P_6 repeatedly visited the upper left
curved display in the hallway, the left upper corner

another. For most

display cases in the central exhibition, and three
display cases at the end of the museum (as shown in
the overlaps in the green traced path). P_7 showed a
similar travel path to those of the design participants
(i.e., following the intended navigation of the floor
plan) yet visited each spot only once. P_8 revisited the
first half of the VR museum yet skimmed through the
last half. This participant also explored the central
exhibition counterclockwise, thus, differing from the
rest. It's worth noting that all non-design participants
had never used VR technology before.

¢  The synchronized timeline on the right of Figure 7 also
reveals time durations spent in the VR museum. P_4
and P_5, for instance, spent more time exploring at the
beginning (about one-half of their time) and moved
faster at the end. P_6, P_7, and P_8 divided their time
into small durations evenly spanned over the
exploration.

5. Conclusion

Participants all finished the VR museum with an
average time of 17 minutes from start to finish, except P_4,
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who skipped the central exhibition. Prior experience in
VR technology, therefore, was not an influential factor in
participant behavior. Similar to the authors in [12], this
pilot study also found that “personal history” and “prior
knowledge” (i.e., design vs. non-design majors) affected
how participants navigated and experienced the virtual
museum.

First, design-major participants explored the space
more thoroughly than their non-design counterparts.
They also spent extended time at the entrance and exit,
where there were artifacts, signs, and display cases;
revisited specific spots; and examined the central
exhibition equally as the hallway. P_2 even found the
door leading directly to the central exhibition, possibly
due to their design knowledge (i.e., the psychological
factor of occupation) which helped them navigate and
engage with the space more effectively. The non-design
participants paid less attention to the space, as evidenced
by their behavior: for example, they did not go back to
check artifacts and display cases along the paths, and P_4
skipped the central exhibition altogether. Said behaviors
raise concerns about whether all occupants perceived
space design intentions equally.

Second, either design or non-design participants
explored the VR museum at their own pace. Some spent
more time in the beginning and rushed at the end; others
spent equal time periods in the whole space. This
observation shows an underlying social factor relating to
personal interests and connection to certain artifacts or
display cases. The degree of personal interest one has
with the space might affect their behaviors [12].

One limitation of this pilot study is that each
participant explored the VR museum independently,
which does not account for social interactions between
them. Moreover, the VR museum is a 360-degree-
captured environment or a compilation of multiple 2-D
images of a real space. Participants could not interact with
artifacts, display cases, and furniture. Future research will
use an interactive VR environment so that participants
can interact with the objects in their surroundings. The
authors hope to gain further insights into occupant
behavior via Interaction Geography and more
sophisticated VR technology.
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ABSTRACT: Cardiovascular disease (CVD) is the leading cause of death. The transition in
cardiovascular disease threatens the economies of the less developed world. An electrocardiogram
(ECG) machine is a device that checks the patient's heart rhythm and electrical activity. ECG signals
give crucial information about the heart and numerous cardiac problems, such as coronary artery
disease, myocardial infarction, and hypertension, which can be detected with an ECG report. The
success rate for cardiac disease diagnosis will rise if ECG signals can be adequately recognized and
interpreted. Classic signal processing and machine learning algorithms are utilized to evaluate the
ECG signal and detect distinct types of arrhythmia for early treatment and prevention of
cardiovascular diseases. To provide a sustainable solution for developing countries, we need to
make an accurate diagnosis device that is portable and low-cost. This research aims to create a new
low-cost ECG device and interface patients with HealthyPi v3 which is a miniature raspberry pi-
based vital sign monitor to record raw ECG signals. We proposed an integrated environment with
classical ECG acquisition and classification techniques to obtain the preferable outcome. Also, we
allowed us to assimilate with a mobile remote monitoring system to create a dynamic healthcare
monitoring environment for the patients. This work implies the acquisition of real-time ECG data
via HealthyPi V3 integrated with peripheral capillary oxygen saturation (SpO2) sensor and
temperature sensor. The software is designed to read and analyze the hardware system-driven real-
time ECG data, heart rate, blood pressure, respiratory rate, and temperature. To categorize the QRS
complex of ECG data obtained and analyzed by the hardware-software system for heart disease
prediction, Support Vector Machine (SVM) classifier, Convolutional Neural Network (CNN), and
Recurrent Neural Network (RNN) is applied where CNN has achieved the highest accuracy while
processing the signal.

KEYWORDS: Real-time ECG Monitoring, HealthyPi V3, Machine Learning, SVM, CNN, RNN

1. Introduction Electrocardiography, also known as ECG or EKG, is
the process of creating an electrocardiogram. It's a graph

Every day, a considerable number of biomedical data  of the voltage versus time of the heart's electrical activity

is generated to monitor and observe the physiological using electrodes on the skin. During each cardiac cycle,
status of the human body as a result of rapid  these electrodes detect the tiny electrical changes that
technological developments and the rising use of  occur due to cardiac muscle depolarization and
portable monitoring devices. The physiological activity of repolarization. Several cardiac problems cause changes in
organs, including the heart, brain, muscles, cornea, and typical ECG pattern, including cardiac rhythm
others, is measured using these biological signals. One or  gjsturbances like atrial fibrillation and ventricular
more electrodes are frequently placed on the organ of tachycardia, insufficient coronary artery blood flow such

interest to obtain them. The most frequent physiological 45 myocardial ischemia and infarction, and electrolyte
signals collected from the heart and brain are the iy palances.

electrocardiogram and electroencephalogram (EEG),
respectively.
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Diseases like these can be interpreted using ECG,
making it a simple solution for a primary diagnosis of
heart problems. Signals must be processed before they
can be interpreted. A noisy raw signal can make it
difficult to decipher the signal's meaning. Different noise
removal approaches have been implemented to remove
this noise from ECG [1].

Einthoven pioneered the use of the electrocardiogram
in clinical practice more than a century ago. It's a linear
recording of the heart's electrical activity that's been time-
stamped for each cardiac cycle; an atrial depolarization
wave (P wave), ventricular depolarization wave (QRS
complex), and ventricular repolarization wave (T wave)
are recorded in succession (Figure 1) [2]. The shape of
these individual waves changes as they are recorded
from various locations (leads). In either case, the order is
always P-QRS-T.

atrial
depolarization
wave
(P wave)

1

Figure 1: Recorded ECG signal depicting P wave, QRS complex, T wave

While the three-lead ECG proved a valuable tool for
detecting arrhythmias, it was quickly discovered that
there were "silent zones" in the heart where a myocardial
infarction may go undetected [3]. In 1934, Dr. Frank N.
Wilson of the University of Michigan coined the phrase
"central terminal." Connecting the three limb electrodes
established a central negative lead reflecting a 'ground’ or
reference terminal. The potential difference between that
spot on the body and what might be thought of as zero
was detected using an electrode from the body surface
linked to this ground using a galvanometer. These
‘unipolar' leads were not the same as 'bipolar' leads,
which assess the difference in potential between two
places on the body surface.

There are two remote heart monitoring device options:

"on-site" and "off-site." On-site monitoring eliminates the
need to send the patient's heart signal to a remote
location for processing. On the other hand, the acquired
cardiac signal must be sent to a remote site over WiFi or
GSM [4]. During the integration, patients can get real-
time remote monitoring and analysis of their ECG data.
The cohesive transferable system allows wireless data
transfer [5]. A non-intrusive, lightweight ECG
monitoring equipment is essential for cardiac patients.

HealthyPi is a fully functional, open-source vital sign
monitor. The HealthyPi add-on HAT (hardware attached
on top) uses the Raspberry Pi as its compute and display
platform, transforming it into a powerful sign-
monitoring system [6]. It is the best and most recent
solution for coronary disease. A sensor node is affixed to
the patient's skin to do this. Sensor nodes respond to
even minor voltage variations and provide a precise and
trustworthy assessment of cardiovascular status [7].

This study used a two-dimensional (2D) deep
convolutional neural network to classify ECG signals.
The most well-known and often-used algorithm is CNN.
CNN has a structure akin to a traditional neural network
modeled after the neurons found in human and animal
brains. More specifically, the visual cortex of a cat's brain
is made up of an intricate pattern of cells, and the CNN
simulates this pattern [8]. The short-time Fourier
transform was used to first convert the time-domain ECG
signals into time-frequency spectrograms, which
represent the five different types of heartbeats: average
beat (NOR), left bundle branch block beat (LBB), right
bundle branch beat (RBB), premature ventricular
contraction beat (PVC), and atrial premature contraction
beat (APC). Finally, the ECG arrhythmia types were
detected and categorized using the spectrograms of the
five arrhythmia kinds as input to the 2D-CNN. The
primary benefit of CNN over its forerunners is that it
finds significant features automatically and without
human supervision, making it the most popular. RNN is
not thought to be as powerful as CNN. When compared
to CNN, RNN has less feature compatibility [9].

When classifying various data clusters, the Support
Vector Machine is employed as a training method. The
algorithm underlies this classification strategy and looks
for the best separation surface [10]. Finding a hyperplane
that can divide data clusters so that the distance between
the mean of the data points and the hyperplane is as little
as possible is the classifier's goal. SVM has often known
as a maximum marginal classifier [11]. Due to its convex
optimization problem, it has good generalization
performance for high-dimensional data. The most used
method is SVM. This is because it performs more
generally for different types of data than algorithms like
ANN, which have the issue of locally minimal solutions.
Researchers have widely utilized SVM as a classification
approach for ECG data [12-14].

Based on morphological and temporal data, a
recurrent neural network is used to study the
fundamental characteristics of ECG beats. Active learning
is used to pick the most instructive beats and add them to
the training set to increase system performance when
new samples are collected. As the training set expands,
the system is updated [15]. RNN instantly picks up on
the subtle changes between samples from various classes.
The recurrent connections enable a memory of past
inputs to survive in the internal state of the network at
every time step, which can subsequently be exploited to
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affect the final network output. The relative position and
form of ECG waves can identify several kinds of ECG
beats as a time and sequence. Regarding processing, the
ECG beats can be categorized by looking at the
relationship between time coordinates and signal point
amplitudes. Due to the high correlation between ECG
signal locations, it makes sense to use RNN in ECG beat
categorization.

Many academics have been working on automated
heart disease diagnosis for decades. Because it is a typical
publicly available arrhythmia database, most of them
used the MIT-BIH datasets. It's a freely available dataset
that includes reference materials for investigating heart
arrhythmia detection according to industry standards,
which has been used for basic research and the creation
of medical devices since 1980. Many studies rely on
handmade or manual feature extraction approaches
exploiting the morphological characteristics and time-
varying dynamics of ECG as one of the two primary
phases in a conventional machine learning-based
classification issue, namely feature extraction and
classification [16]. Manual descriptions used a Kalman
filter and Bayesian filtering strategy for high-accuracy
classification, but it was confined to only two classes, i.e.,
binary classification. However, the accuracy and
classification attained a beat-by-beat analysis technique
with a class-oriented framework and an SVM classifier
using Hermite transform coefficients [17, 18].

2. Materials and Methods

The principal flow diagrams of this research have
shown in Figure 2. This work implemented a hardware
and software module to create an interface between the
patient and the device for collecting the ECG data from
the patient. A computer, a Raspberry Pi, a HealthyPi v3
equipped with an ECG module, a Spo2 sensor, a
temperature sensor, electrodes, and software platforms
written in Python and Java have been used to construct
the system. Later, to develop GUIs and do signal
processing and categorization, Python was employed.

m @ e

% = Pre-processing

ECG Database

[ cature =P Classification

Diseases

Model prediction prediction

Figure 2: Flow chart of ECG Signal Acquisition and Classification.

2.1. Data Acquisition

Raspberry Pi and the HealthyPi v3 module were used
to collect data on the patient skin. This device employed
three electrodes, as shown in Figure 2. The module was
an interface, and the Raspberry Pi was the host

microcontroller. A Raspberry Pi HAT called the
HealthyPi v3 can also be used as a stand-alone device for
medical diagnosis and treatment. With its mobility, Wi-
Fi, and wearable characteristics, the third iteration of
HealthyPi sets new standards in totally accessible health
solutions. The device was used to assess real-time
electrocardiogram data, heart rate, heart-rate variability,
and breathing based on impedance pneumography,
pulse oximetry, and body temperature.

T M

| I

Figure 3: Connected HealthyPi v3 with Raspberry Pi and
corresponding electrodes.

The shield comes with a 3-electrode cable and a
standard stereo jack for connecting the electrodes to the
board. The electrode connector's other end would
connect to body-attached Snap-on electrodes [19].

The Module was attached to a Raspberry Pi and used
to interface with the human body. The data was taken in
the Biomedical Signal Processing Laboratory, Dept. of
Biomedical Engineering, Khulna
Engineering & Technology. This department approved
the ethical issues.

University  of

2.2. Preprocessing

The suggested system's power line noise distorts the
recorded ECG data. The ECG signals' integrity is
compromised by these aberrations, making interpreting
them more difficult. Even though the amplifiers
employed in biomedical signal processing have a high
common-mode rejection ratio (CMRR), residual Power
Line Interference (PLI) noise frequently degrades ECG
recordings [20]. We utilized a Bandpass filter to reduce
noise from the raw ECG data. Band Pass Filters filter or
isolate specific frequencies within a typical frequency
band. We considered that the filter’s center frequency is
0, which determines the frequency band's location and
bandwidth. As the filter gets bigger, the frequency band
it covers expands. At least two control parameters are
usually present in bandpass filters: one for bandwidth
modification and another for band position adjustment.

On the other hand, we have also used different filters
to filter the raw ECG signal, such as the Moving Average
Filter (MA) [21]. The MA filter is a standard FIR (Finite
Impulse Response) filter for smoothing an array of
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sampled data or signals. It averages M input samples
simultaneously to create a single output point.

1) It accepts M input points, computes their average,
and outputs a single output point.

2) The filter introduces a certain level of delay due to
the computations/calculations involved.

The Low Pass Filter function of the filter has a low-
frequency domain response but a strong time domain
response.

2.3. Feature extractions from ECG Signal

The process of peak detection was used to extract
features. The Hamilton segment and window method
were used to detect peaks. The signal is then divided
using the R-peak value. Because we needed at least two
ECG beats to compute separate intervals, we chose two
peaks for a single segment. The remaining ECG peaks
are then determined or found using the window
technique. The window index falls between -90 and -10
of the R-peak value, with P standing for the highest
value. Q is the lowest value in the -40 to -10 range, and T
is the highest in the +25-to-+90-degree range. The

wavelet component trains the model and QRS complexes.

Discrete Wavelet Transform (DWT) has proven to be a
valuable technique for detecting peaks. The DWT
employs scale and position values based on two powers,
which is the most evident distinction. Signal
decomposition and reconstruction are the main concerns
in DWT and inverse DWT, respectively. Low-pass and
high-pass filtering with down sampling and up
sampling are the essential concepts of decomposition
and reconstruction. We obtained PR and RR intervals by
detecting the rest of the peak.

To determine heart rate and blood pressure, the
patient and the HealthyPi device were both directly
connected to the respiratory, cardiac, and temperature
sensors. The Java Environment was then used to capture
the data. The plotter was used to create a serial data plot
(Figure 6). We first made a user interface using a
processing plotter. The changes in blood volume, oxygen
saturation, and ECG were graphed in real-time. We
created a function that enables us to save the collected
data as an a.csv file in JAVA GUIL the data collected by
the healthy Pi v3 was visualized.

2.4. Filtering the Data

Residual Power Line Interference (PLI) noise typically
impairs ECG recordings, even though the amplifiers
used in biomedical signal processing have a high CMRR.
These aberrations harm the integrity of the ECG signals,
making them harder to interpret. Thus, a bandpass filter
was designed to filter the data.

This work also attempted to use a different technique,
a MA filter, to smooth the signal. Due to its ease of use
and understanding, the Moving Average filter is the
most used one in Digital signal Processing (DSP). The
MA filter, despite being straightforward, is useful for a
typical task: reducing random noise while keeping a
distinct step response. Of all the available linear filters,
the moving average produces a minor noise for a given
edge sharpness. The square root of the number of
averaged points yields the noise reduction amount. For
instance, a 100-point moving average filter decreases
noise by ten.

2.5. Classification

SVM, CNN, and RNN algorithms were used to
classify the obtained ECG data. A Python Django
application was developed. This program accepts a file
as input and segments the raw ECG data into ECG beats
before displaying it. After segmentation, it provides
examples of the various beat kinds.

To distinguish normal and pathological beats in an
ECG, recurrent neural networks were used. The main
goal of this research was to make it possible to
distinguish between regular and irregular beats
automatically. The beat classification performance is
classified using the MIT-BIH Arrhythmia Database. A
large volume of standard data, such as ECG time series,
is employed as inputs to the Long Short-Term Memory
Network. The raw ECG dataset was separated into
training and testing sub-data. The efficacy, accuracy, and
capability of the technique for ECG arrhythmia
identification have been proved, as well as quantitative
comparisons with several RNN models.

3. Results and Discussion

The signal was collected at 20 fps speed and showed
standard stability, as shown in Figure 4.

30000

20000

10000

0

—10000

—20000

—30000

0 200 400 600 800 1000
Figure 4: Collected Signal at 20 FPS speed.

The data was then visualized using the Java
environment. Serial data were plotted using the plotter,
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as shown in Figure 4. The data showed mild distortion,
which was further removed by filtering the data. The
acquired data was stored as a CSV file. Fig. 5 shows the
GUI. The GUI method enables to the opening of a
command or function on devices by clicking or pointing
to a tiny picture, known as an icon or widget, such as
tabs, buttons, scroll bars, menus, icons, pointers, and

windows.
SELECT SERIAL PORT WOTTSETTINGS < TN
@ Ly
W ‘ Heartrate: — bpm

S$p02:—%

Respiration: - bpm

Temperature: --- C

MQTT OFF |  Connected to: none

Figure 5: GUI for real-time data acquisition.

The acquired ECG, SpO2, and temperature data were
plotted on a graph where the y-axis refers to amplitude,
and the x-axis designates time. The graph shows the
collected data for 5000 ms, and the highest amplitude
obtained is 1 mv. The data showed fluctuation due to
external noise and other cofactors related to the
acquisition of the signal.

10
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Figure 6: Acquire data of ECG, SpO2, and temperature from the
HealthyPi module using Java GUI over the millisecond

The FIR bandpass filter smoothens the obtained
signal (Figure 7). As the signal was obtained by one
standard lead system, the highest amplitude obtained
after filtering the signal equals 0.6 mv, which is standard
for one standard lead system data acquisition of ECG
signal.

Hamilton Segmenter and the window approach were
employed for peak detection, and R peak was effectively
discovered. For the training model and QRS complex,
we used discrete wavelet components. The heartbeat

was retrieved from the signal in this case, Figure 8. The
template is shown in a magenta colour. The derived
maximum amplitude before and after filtering the signal
was 1 mV and 0.6 mV, respectively, as shown in Figures
6 and 7. The amplitude of the signal shown in the
template was 0.6 mV. The heart rate was measured by
analyzing the characteristics of the obtained ECG signal,
and it was found that the heart rate varied within the
range of 68-85 bpm for a 4s time span.

fir band pass

06
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0.0 1 {‘-
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Figure 7: Filtered signal using FIR Band Pass Filter
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Figure 8: ECG summary and heart rate calculation.
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Figure 9: After using 4-level DWT co-efficient.

After restricting heartbeat with Hamilton Segmenter,
we employed four-level DWT. Figure 9 shows a DWT
that divides a signal into many sets, each with a group of
coefficients that characterize the signal's time evolution

WWW.jenrs.com

Journal of Engineering Research and Sciences, 1(11): 08-15, 2022 12


http://www.jenrs.com/

@3 JENRS

S.M.R. Islam et al., Real-Time Acquisition and Classification

in the associated frequency band. A discrete wavelet
transform decomposes a signal into several sets, each
containing a time series of coefficients describing the
signal's time evolution in the corresponding frequency
band.

Peaks of ECG BeatNo =1
The beat is Mormal beat
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Figure 10: The detected peak of the signal with prediction.

The detected peaks are classified using SVM, CNN,
and RNN algorithms [22, 23]. The feature classification
is shown in Figure 11, and the results of the classification
performance are depicted in the Table. The result shows
that the accuracy of detection using the RNN classifier is
95.62%, the CNN classifier is 96.56%, and the SVM
classifier is 94.16%. From the table, CNN has shown the
highest accuracy.

Prediction OF ECG

Figure 11: Application for Classification of ECG Signal.

4. Conclusion

This study constructed a system for capturing ECG
signals using the HealthyPi module in conjunction with
Java script software and users. The majority of the
researchers in their study used lead 12. However, we
used the ensemble learning boosting strategy with two
different classifiers and the lead two signals.

Table 1: Summary of the classification using different machine learning approaches.

Features methods Lead Number of ECG | Classifier Classification
beat for training performance (%)
purpose

Hamilton Segmenter and | Lead II: R peaks detection, ECG ECG data setsby | RNN 95.62%

the window approach polynomial fitting, ST detection the proposed Training
system Data (75%)

(Normal: 615 Testing
patients Data (25%)
Hamilton Segmenter and | Lead II: R-Peak detection, P-Peak | *RBBB: 9 patients | CNN 96.56%
the window approach detection, Q-Peak detection, S- | *LBBB: 32 patients | Training
Peak detection, T-Peak detection | Sinus Bradycardia | Data (75%)
(SB): 24 patients Testing
Atrial Fibrillation | Data (25%)

Hamilton Segmenter and | Lead II: R-Peak detection, P-Peak | (AF): 17 patients SVM 94.16%

the window approach, detection, Q-Peak detection, S- ST segment: 6 Training

4-level DWT co-efficient | Peak detection, T-Peak detection, | patients Data (75%)

detection, QRS complex detection, *Critical Beat 1: 26 | Testing

Lyapunov exponent patients Data (25%)

*Critical Beat 2: 3
patients)

* Critical Beat 1: Arrhythmia with high-speed frequency signal with short-term ECG signal, Critical Beat 2: Arrhythmia with high-speed frequency signal with
short-term ECG signal, RBBB: Right Bundle Branch Block; LBBB: Left Bundle Branch Block
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We have acquired data from this machine for feature
extractions and classifications by SVM, CNN, and RNN,
such as ECG signal, heart rate, oxygen saturation, and
respiration rate. The results show 95.62% accuracy by
RNN, 96.56% by CNN, and 94.16% by SVM. We
attempted a few different approaches to obtaining
information on ECG beats. We believe that this device
will meet the need for an urgent and reliable solution for
remote monitoring of ECG signals and will help
diagnose patients with cardiac abnormalities and assist
cardiologists in analyzing patients’ heart conditions via
dynamic monitoring in a real-world application.
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ABSTRACT: Recycled asphalt shingles (RAS) have been a valuable recycled component in asphalt
mixes for decades. However, research into how the aged and oxidized air-blown RAS binder interacts
with the neat asphalt binders in asphalt mixtures is underway. Furthermore, due to the stiffness of RAS
binders, RAS-containing asphalt mixtures are prone to significant cracking, particularly at low
temperatures. As a result, an innovative technique was developed and used in this study to increase
the contribution of RAS particles in the asphalt binder. This technique was primarily dependent on
interacting RAS particles with rejuvenators before mixing them with the asphalt binder. Moreover, this
technique allowed the oxidized and aged binders in the RAS to absorb aromatics to compensate for the
lost low-molecular-weight fractions during the air-blowing process and alter their aged behavior. Five
rejuvenators were utilized, including four pyrolysis oils (B2A, P4, P8, and P4D) and one recycling agent
(Evoflex). One source of post-consumer RAS was collected, milled, and sieved into two sizes. The
rejuvenator was chosen to weigh 45% of the RAS, except for the P4D, which contained a double amount
of P4 oil and weighed 90% of the RAS. RAS or the RAS that interacted with oils, was mixed with one
source of asphalt binder with a performance grade of 76-16. The RAS with rejuvenator samples
weighing 7.5% and 15% of the asphalt binder interacted with the neat binder. The addition of P4D or
Evoflex to RAS reduced the stiffness and elasticity of the modified asphalt binders due to the RAS
particles' absorption of aromatics in oils. This trend improved the modified binders' fatigue and
thermal cracking resistance. Milled RAS particles of a smaller size (50-100) reacted with oils more than
RAS particles of a bigger size (30-50), which caused stiffer properties for the binders modified with the
smaller RAS particle size.

KEYWORDS: Recycled Asphalt Shingles, Rejuvenators, Pyrolysis Oil, Milling

1. Introduction after their useful lives have ended [9]. When compared to
) ] the binders incorporated in the manufactured waste
The usage of recycled asphalt shingles (RAS) in the shingles, the oxidation impact on the post-consumer

pavement industry is growing due to the valuable shingles created stiffer characteristics for their asphalt
constituents that make them more suitable for use with . 4. . [10, 11]

asphaltic mixes [1]. RAS contains oxidized air-blown
asphalt binders, polymers, granules, mineral fillers, and
fibers [2-4]. Utilizing RAS in asphalt mixes modifies the =~ demand for natural resources, emissions during the
performance of the total binders in these mixes due to manufacturing process, and the amount of material
interactions between RAS and the virgin binders [4-6]. In discarded in landfills [12, 13]. The asphalt binders in RAS

asphalt mixtures, two types of shingles are permitted: ~ are more difficult to interact with virgin asphalt binder in
asphalt mixes than asphalt binders in reclaimed asphalt

pavement (RAP) [5, 14-16]. Because the oxidized and aged
binders in RAS enhanced the stiffness and elasticities of
the binder, utilizing RAS in asphalt mixes increased the

The use of RAS in asphalt mixes minimizes the

Manufactured waste and tear-off (post-consumer)
shingles [7, 8]. Manufactured waste shingles are waste
products of the shingle manufacturing process, whereas
post-consumer shingles are shingles that primarily
originate from residential and commercial building roofs ~ rutting resistance of the mixes and extracted asphalt
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binders as compared to virgin mixes and binders [4, 5].
However, increasing the stiffness of the asphalt binder
lessened its ductility, and relaxation potential, and
increased its cracking capability [6, 17, 18].

The wet process of adding RAS to asphalt binders
boosted fatigue cracking resistance, resulting in higher
fatigue life values. However, the Superpave fatigue
parameter (G*.sind) values increased, suggesting
decreased fatigue cracking resistance [19]. Another study
revealed that using the RAS binder with a neat binder did
not influence G*.sind values when compared to the neat
binder value [20]. Using RAS in asphalt mixes enhanced
the fatigue cracking resistance of the extracted binders
when compared to extracted binders from mixtures
containing binders with the same performance grade (PG)
but lower RAP percentages [21, 22]. This was due to the
polymeric components included in shingles [5] that
enhance the fatigue cracking resistance. Using RAS as a
modifier with the neat binder influences the low-
temperature performance of the modified asphalt binder
[6,23]. When the RAS binder was blended with neat
binder, the low temperature increased by 0.4°C for every
1% of asphalt binder replaced by RAS [23]. When
compared to binders extracted from RAP-containing
mixes, the use of RAS exacerbated the low-temperature
characteristics of extracted binders [6].

Using rejuvenators balances the performance of the
modified asphalt binders by marginally decreasing the
binders' stiffness at high temperatures and increasing their
fluidity at intermediate and low temperatures [24-26].
They vary from organic oils (such as vegetable oil and tall
oil) to petroleum-based rejuvenators (such as used motor
oil and aromatic extracts) [27]. Evoflex as a rejuvenator or
recycling agent enhanced the contribution of the aged
binders in recycled components in asphalt mixes by
enhancing the mobility of these aged binders [5, 14].
Because pyrolysis oil has a high concentration of aromatics
[28, 29], it was used as a rejuvenating agent, allowing the
aged binders to achieve characteristics equivalent to the
unaged asphalt binder [30]. Pyrolysis oil is produced by
the thermal decomposition of tires in an oxygen-deficient
environment, which also produces fumes and solid
residue [31]. It was assumed that it would interact with
RAS to adjust its aged binder with low-molecular-weight
fractions before being introduced to the asphalt binder.

An innovative methodology was adopted in this study
to enhance the role of RAS in asphalt binders. First and
foremost, RAS particles were milled to improve their
compatibility with the rejuvenators before being
introduced to the asphalt binder. Then, the milled RAS
particles were interacted with rejuvenators and preheated
in the oven before mixing with asphalt binders to alleviate
the issues associated with employing RAS in asphalt
mixes at low temperatures. This technique enables the

oxidized and aged binders in RAS to absorb aromatics to
compensate for the lost low-molecular-weight fractions
during the air-blowing process and adjust their aged
behavior. The key to this novel approach was the creation
of a homogenous modified asphalt binder blend with
superior performance at high, intermediate, and low
temperatures.

2. Materials and Methods
2.1. Materials

One source of asphalt binder was used with a PG of
76-16, and one source of post-consumer RAS was selected.
The RAS particles were cleaned from the wood and plastic
pieces, then they were milled using a vibratory disc mill.
The particles of RAS were milled to enhance their
compatibility with the rejuvenators and asphalt binder
using the wet process. The milled particles were sieved on
#30, #50, #100, #200, and a pan. Two particle sizes of RAS
were utilized: The first size was 30-50 and the second size
was 50-100. The first particle size represents particles
passed from #30 and retained on #50, and the second
particle size simulates particles passed from #50 and
retained on #100. Different types of rejuvenators were
used, which represented pyrolysis oils (B2A, P4, P8, and
P4D) and a recycling agent (Evoflex). These rejuvenators
were introduced to the RAS to decrease the stiffness of the
binder in the RAS by absorbing aromatics from the
rejuvenators, and then the blend of RAS plus rejuvenator
was mixed with the neat asphalt binder. More details
about the used rejuvenators are introduced in Table 1.

Table 1: Details of Rejuvenators

Rejuvenator | Details of the As-Received Rejuvenators

Code

B2A Tire oil was collected from trays 3 and 4
and post-cooked at 510° to 868°F

P4 Tire oil was collected from combined
trays and post-cooked at 570°F for 4 hrs

P8 Tire oil was collected from combined
trays and post-cooked at 570°F for 8§ hrs

P4D Double the percentage of P4 oil

E Evoflex CA-9

2.2. RAS, Asphalt Binder, and Rejuvenators Interactions

Milled RAS with two particle sizes (Figures 1-a and 1-
b) has interacted with the different types of rejuvenators
as indicated in Figures 1-c and 1-d. The weight of the
rejuvenator was selected to be 45% by the weight of the
RAS except for the PAD —a double percentage of P4 oil—
the weight of the P4 oil was 90% by the weight of the RAS.
After stirring the rejuvenator with RAS manually, the
interacted RAS with rejuvenator samples were transferred
to the oven at 90°C and kept there for 6 hrs to enhance the
absorbance of RAS to aromatics. Finally, the RAS with
rejuvenator samples (Figures 1-e and 1-f)—with a weight
of 7.5% and 15% by the weight of the asphalt binder—
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interacted with the PG 76-16 asphalt binder using a high
shear mixer at 190°C interaction temperature, 1800-rpm
interaction speed, and 4-hrs interaction time. Modified
binder samples were collected at 0.5-, 1-, 2-, and 4-hrs
interaction times during the interaction process for further
analyses.
ol

Figure 1: Milled RAS with a Size of (a) 30-50 and (b) 50-100, Milled (c)
30-50 and (d) 50-100 RAS and Rejuvenator before Heating, and Milled
(e) 30-50 and (f) 50-100 RAS and Rejuvenator after Heating

2.3. Methods

The steps followed to achieve the experimental design
of this study are depicted in Figure 2. Four major steps
were followed. The RAS particles were milled in the first
step. The second step aimed to interact rejuvenators with
RAS particles. In the third step, RAS and interacted RAS
with the rejuvenators were mixed with the neat binder.
The fourth step included the characterization of the neat
and modified asphalt binders. The following subsections
explain the full experimental testing that was conducted
in detail.

2.3.1.  Short-Term Aging for Asphalt Binders

Short-term aging was carried out using the rolling thin
film oven (RTFO) device according to ASTM D2872-19 [32]
for neat and modified asphalt binders. The mass loss
percentage was calculated for the neat and modified
asphalt binders after the RTFO test.

2.3.2.  Long-Term Aging for Asphalt Binders

Long-term aging was carried out according to ASTM
D6521-19a [33] using a pressure aging vessel (PAV) for the
neat and modified asphalt binders.

+ (30-50) RAS

MillingRAS - (50-100) RAS

*RAS+45% B2A

‘ . *RAS+45% P4
e ators | RASHes
] * RAS+00% P4 (RAS+P4D)

+RAS+45% E

+ NB+7.5% [(30-50) or (50-100) RAS]

+ NB+7.5% [(30-30) or (50-100) RAS+B2A]
+NB+7.5% [(30-50) or (50-100) RAS+P4]
+NB+7.5% [(30-50) or (50-100) RAS+PS]
+NB+7.5% [(30-50) or (50-100) RAS+P4D]
+ NB+7.5% [(30-50) or (50-100) RAS+E]
+NB+15% [(50-100) RAS]

+NB+15% [(50-100) RAS+P4]

+ NB+15% [(50-100) RAS+P4D]

+ NB+15% [(30-100) RAS+E]

Mixing RAS or
interacted RAS with
rejuvenators and the
neat binder (NB)

Evaluating the
performance of the
neat and modified
asphalt binders

*High-, intermediate, and low-temperature performance
testing

* Solubility testing

» Mass loss testing

Figure 2: Experimental Design

2.3.3. High- and Intermediate-Temperature Rheological

Properties of Asphalt Binders

A Dynamic Shear Rheometer (DSR) was used
following ASTM D7175-15 [34] to characterize the neat
and modified asphalt binders' high- and intermediate-
temperature properties. Specimens with a thickness of 1
mm and 25 mm diameter for the original and RTFO-aged
binders were tested. Additionally, 2 mm-thick and 8 mm-
diameter specimens were used for PAV binders.

The temperature sweep test was implemented for the
original, RTFO-aged, and PAV-aged asphalt binders at
different temperatures. For the original and RTFO-aged
binders, 70°C, 76°C, and 82°C temperatures were selected.
For the PAV-aged binders, 28°C, 31°C, and 34°C
temperatures were selected. For the frequency sweep
testing, conducted on the original binders, three
temperatures were selected (70°C, 76°C, and 82°C)
through different frequencies (50 rad/s to 0.5 rad/s). The
master curves were analyzed, using the frequency sweep
test results, at 76°C as a reference temperature.

A multiple stress creep recovery (MSCR) test was
conducted following ASTM D7405-20 [35] to evaluate the
resistance of RTFO binders to rutting distress. This was
achieved by calculating the percentage of recovery (%R)
and non-recoverable creep compliance (Jnr) at 76°C by
applying ten creep cycles at two different levels of stress
(0.1 kPa and 3.2 kPa). For each creep cycle, the loading
time was 1 sec, and the unloading time (recovery) was 9
sec. The %R reflected the binders' elasticities, and the Jnr
indicated the binders' stiffnesses.
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2.3.4.  Low-Temperature Rheological Properties of Asphalt

Binders

Low-temperature properties of neat and modified
asphalt binders were evaluated according to ASTM
D6648-08 [36] using a bending beam rheometer (BBR).

2.3.5.  Insoluble Percentages of Asphalt Binders

Because of the use of RAS in the modified asphalt
binders, the solubility of the asphalt binders in toluene
was evaluated following ASTM D2042-22 [37].

3. Results and Discussion

3.1. Mass Loss Results

The mass losses after the RTFO test were calculated
and depicted in Figure 3 for the neat and modified asphalt
binders at 2- and 4-hrs interaction times. The percentages
of mass losses were under the maximum threshold (1%)
except for the binder modified by 15% RAS plus P4D and
interacted at 2 hrs. The use of RAS with the neat binder
decreased the percentage of mass loss when compared to
the percentage of the neat binder. The lowest percentage
of mass loss was recorded for the neat binder modified by
7.5% RAS. For asphalt binders modified by RAS and
rejuvenators, the percentages of mass losses increased due
to the existence of low-molecular-weight fractions
(aromatics) in the rejuvenators that were lost after the
RTFO process. Furthermore, increasing the interaction
time from 2 hrs to 4 hrs decreased the percentage of mass
losses due to the evaporation of the aromatics during the
interaction processes. The mass loss percentages for the
modified binders with RAS (30-50) were higher than those
of the modified binders with RAS (50-100). This occurred
because the particles of RAS with a size of 50-100 absorbed
more oil and had more compatibility with the binder than

the particles of RAS with a size of 30-50. For the 50-100
RAS, increasing the percentage of the interacted RAS with
oils from 7.5% to 15% by the weight of the neat binder
caused an increase in the mass loss percentages. This
happened due to the higher amount of aromatics that were
lost from the binders modified with higher percentages of
the interacted RAS with oils.

3.2. High-Temperature Rheological Results

The MSCR test results (%R and Jnr) are presented in
Figure 4 for the RTFO neat and modified asphalt binders
interacted at 4 hrs. The %R results at 0.1 and 3.2 kPa stress
levels and 76°C are depicted in Figure 4-a, and the Jur
results at 0.1 and 3.2 kPa stress levels and 76°C are
introduced in Figure 4-b. The general trend was that the
%R values for the modified binders were higher than that
of the neat binder due to the existence of the oxidized air-
blown RAS binder that increased the elasticity (%R). The
highest %R values were noted for the neat binder modified
by RAS+B2A, and the lowest %R values were for the neat
binder modified by RAS+E. The stiffness values of the
modified binders were higher than for the neat binder by
showing lower Jur values except for samples modified by
RAS (30-50) and P4D oil and for the samples modified by
RAS+E. The lowest Jnr values were noted for the neat
binder modified by RAS+B2A, and the highest ]« values
were for the neat binder modified by RAS+E.

When comparing binders modified by the RAS+P4 and
the RAS+P8, the binders modified by the RAS+P4 had
lower stiffness and elasticity values than those of the
binders modified by the RAS+P8. Furthermore, the
binders modified by the RAS+P4D oil had lower stiffness
and elasticity values than those of the modified binders by
RAS+P4.
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Figure 3: Mass Losses for Neat and Modified Binders
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When comparing the RAS particles of two sizes, the
general trend was that the RAS particles with the smaller
size showed higher elasticities (higher %R values) and
higher stiffnesses (lower Jnr values). More compatibility
happened between the RAS particles with a smaller size
and the asphalt binder than between particles with a larger
size and the same binder. These results confirmed that
binders modified by RAS and B2A oil had the highest
stiffnesses and elasticities, while binders modified by RAS
and E oil showed the lowest stiffnesses and elasticities.

Increasing the percentage of RAS from 7.5% to 15% by the
weight of the neat binder showed an increase in stiffness
and elasticity due to the oxidized air-blown binder in the
RAS. However, increasing the percentage of the interacted
RAS with oils from 7.5% to 15 % by the weight of the neat
binder depicted a decrease in elasticity and stiffness. This
reflected that interacting RAS with rejuvenators decreases
the stiffness of the oxidized air-blown binder in RAS by
absorbing aromatics from rejuvenators.
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Figure 4: MSCR Results: (a) %R and (b) Jar Measured at 76°C for the RTFO Neat and Modified Binders Interacted at 4 hrs
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The rutting parameter (G*/sind) values obtained from
the temperature sweep test results are represented in
Figures 5 and 6 for the original neat and modified asphalt
binders by 7.5% RAS or 7.5% RAS plus rejuvenators at
different temperatures. Increasing the interaction time
increased the G*/sind values of the modified binders
because more compatibility took place between the RAS
binder and neat binder, and more aromatics were lost
from the rejuvenators. The modified binders with RAS
(Figure 5-a) showed higher G*/sind values at different
temperatures than that obtained for the neat binder
because of the oxidized air-blown binder included in the
RAS. Adding E and P4D oils to RAS counteracted the
effect of the oxidized air-blown binder in the RAS by
decreasing the stiffness of the modified asphalt binders
(note Figures 6-b and 6-c). When comparing the modified

binders with RAS+B2A, RAS+P4, and RAS+P8 in Figures
5-b, 5-c, and 6-a, the binder modified with RAS+P4 was the
best choice because it has the lowest stiffness. As discussed
earlier, the smallest RAS size (50-100) interacted more with
the rejuvenators, causing more compatibility with the neat
binder, than the largest size of RAS (30-50). That's why
modified binders with the RAS (50-100) showed more
stiffnesses than the binders that interacted with the RAS
(30-50). These results are confirmed with the temperature
sweep test results presented in Figure 7 for the neat binder
and modified binders by 7.5% RAS or 7.5% RAS plus
rejuvenators and interacted at 0.5-hr and 4-hrs interaction
times. Furthermore, increasing the interaction time from
0.5 hr in Figure 7-a to 4 hrs in Figure 7-b caused more
compatibility between the neat binder and the RAS binder.
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Figure 5: Temperature Sweep Results for the Original Neat and Modified Binders with (a) 7.5% RAS, (b) 7.5% RAS+B2A, and 7.5% RAS+P4
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Figure 6: Temperature Sweep Results for the Original Neat and Modified Binders with (a) 7.5% RAS+P8, (b) 7.5% RAS+P4D, and (c) 7.5% RAS+E

The effect of increasing the percentage of RAS or the
interacted RAS with oils was explored in Figure 8.
Doubling the percentage of RAS in asphalt binders
increased the G*/sind values of the modified asphalt
binders until 2-hrs interaction time (note Figure 8-a). At 4-
hrs interaction time, the modified asphalt binder with
7.5% RAS showed higher G*/sind values than the modified
asphalt binders with 15% RAS. This revealed that more
interactions occurred between RAS and the neat binder at

the 4-hrs interaction time for the sample modified by 7.5%
RAS. This agrees with the results discussed in Figure 3:
The modified binder with a 7.5% RAS had a lower mass
loss percentage than the modified binder with a 15% RAS.
For modified asphalt binders with RAS+P4, RAS+P4D,
and RAS+E, increasing the percentage of the interacted
RAS with oils from 7.5% to 15% showed a reduction in the
G*/sind values because more aromatics were absorbed by
the RAS particles.
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Figure 7: Temperature Sweep Results for the Original Neat and Modified Binders by 7.5% RAS Plus Rejuvenators at (a) 0.5-hr and (b) 4-hrs
Interaction Times

The master curves for the original neat and modified
asphalt binders are presented in Figures 9 to 10. Two
parameters were illustrated and measured at 76°C in these
figures: The complex shear modulus (G*) and phase angle
(8). The modified asphalt binders with RAS (50-100)
showed higher stiffnesses (higher G*) and higher
elasticities (lower §) than the asphalt binders modified
with RAS (30-50), especially at the 4-hrs interaction time
(Figure 10). Increasing the interaction time caused more
stiffnesses and elasticities for the modified asphalt binders
for two reasons: The first reason was the more interactions
between the RAS and asphalt binders, and the second was
due to the loss of aromatics included in the modified
binders.

Generally, using RAS to modify the neat binder caused
higher stiffness and elasticity values when compared to
the neat binder values. Adding rejuvenators to the RAS
decreased the stiffnesses and elasticities of the modified
binders because of the effect of the low-molecular-weight
fractions (aromatics) in the rejuvenators. When the B2A oil
was added to the RAS, it did not introduce a superior
enhancement in the G* and 6 values for the modified

binders when compared to the values of the binders
modified by the RAS only. However, the use of P4 and P8
oils with RAS to modify asphalt binder showed a better
enhancement in the G* and § values, presenting lower G*
and higher § values than the values of the asphalt binders
modified by RAS only. The best enhancement in the G*
and 8 values were obtained by interacting the RAS with
P4D or E oil: The lowest G* and the highest & values were
obtained for modified asphalt binders by RAS+E or
RAS+P4D.

Increasing the RAS percentage from 7.5% to 15%
caused an increase in the stiffness and elasticity values of
the modified asphalt binder at a 0.5-hr interaction time
due to the aged binder in the RAS. However, for RAS-
modified binders that interacted at a 4-hrs interaction
time, a binder with a lower RAS percentage (7.5%) had the
highest stiffness and elasticity values than a binder with a
higher RAS percentage (15%). This occurred because more
interactions happened between RAS with a lower
percentage and neat binder than between neat binder and
a higher RAS percentage.
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Figure 8: Temperature Sweep Results for the Original Neat and Modified Binders by (a) 50-100 RAS, (b) 50-100 RAS+P4, (c) 50-100 RAS+P4D, and
(d) 50-100 RAS+E
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Figure 9: Master Curves for the Original Neat and Modified Binders with (a) 50-100 RAS Plus Rejuvenators and (b) 30-50 RAS Plus Rejuvenators
Interacted at 0.5 hr

The temperature sweep test results for the RTFO neat
and modified asphalt binders interacted at 4 hrs are
displayed in Figure 11. The highest stiffnesses were for the
modified asphalt binders with RAS+B2A and followed by
the binders modified by RAS only. The lowest stiffness
values were for the binder modified by RAS+E and
followed by the binder modified by RAS+P4D.
Furthermore, the general trend of most of the modified
samples is that using RAS particles with smaller sizes
caused more compatibility with the rejuvenators and neat
binder than the RAS particles with larger sizes. That's why
the modified asphalt binders with the interacted (50-100)
RAS had higher resistance to rutting than the resistance of
the modified binders with the interacted (30-50) RAS.
Using E oil with two sizes of RAS and P4D oil with a RAS
size of 30-50 to modify the neat binder led to stiffnesses

lower than the values of the neat binder. From Figure 11-
b, increasing the RAS percentage from 7.5% to 15% caused
higher stiffness values for the modified asphalt binders.
More interactions happened between RAS and neat binder
during the RTFO process, which revealed higher G*/sind
values for the modified binder with the higher RAS
content (15%). However, increasing the percentage of RAS
that interacted with oils showed a reduction in the G*/sind
values due to the softness effect of the absorbed oil by
RAS.

3.3. Intermediate-Temperature Rheological Results

The temperature sweep test results for the PAV neat
and modified asphalt binders interacted at 4 hrs are shown
in Figure 12. Using RAS with a size of 50-100 to modify the
neat binder caused a deterioration in the fatigue resistance
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when compared to the neat binder by showing higher
G*.sind values. However, using the same source of RAS
with a larger size (30-50) showed better resistance to
fatigue cracking than the neat binder. The best
enhancement in fatigue cracking resistance was for the
neat binders modified by RAS and E oil. Increasing the
RAS or the interacted RAS with oils percentages in the
modified asphalt binder showed higher resistance to
fatigue cracking because of the effect of RAS and oils to
decrease the G*.sind values.

3.4. Low-Temperature Rheological Results

The low-temperature rheological properties at =16°C
and -20°C of the PAV neat and modified asphalt binders
interacted at 4 hrs are deemed in Figure 13. Using RAS
with the neat binder did not significantly alter the low-

temperature rheological properties of the modified
asphalt binder. However, the use of RAS+B2A increased
the stiffness values of the modified asphalt binder (Figure
13-a). The use of RAS+P4 and RAS+P4D decreased the
stiffness of the modified asphalt binders. The best
enhancement in the low-temperature rheological
properties of the binders was obtained for the samples
modified by RAS+E: These samples had the lowest
stiffness values and the highest m-values. No specific
trend could be observed when comparing the stiffness and
m-value results of the modified binders by rejuvenators
and two particle sizes of RAS. Increasing the RAS or the
interacted RAS with oils in the modified binders enhanced
the resistance to low-temperature cracking by showing
higher m-values and lower stiffness values, which agrees
with the intermediate-temperature cracking results.
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Figure 10: Master Curves for the Original Neat and Modified Binders with (a) 50-100 RAS Plus Rejuvenators and (b) 30-50 RAS Plus Rejuvenators
Interacted at 4 hrs
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Figure 11: Temperature Sweep Results for the RTFO Neat and Modified Binders with (a) 7.5% RAS Plus Rejuvenators and (b) 50-100 RAS Plus
Rejuvenators Interacted at 4 hrs

The PGs of the neat and modified asphalt binders are
shown in Figure 14-a. The high PG temperatures did not
change for most modified asphalt binders when compared
to the value of the neat binder. However, the high PG
temperatures decreased for binders that contained RAS+E
or, in some samples, RAStP4D when compared to the
value of the neat binder. The low PG temperatures
decreased for binders containing RAS+E by one grade
when compared to the low PG temperature of the neat
binder. The continuous grades (CGs) of the neat and
modified asphalt binders are depicted in Figure 14-b.
Using RAS or RAS+B2A increased the high CG and low
CG temperatures of the modified binders when compared
to the values of the neat binder. However, using RAS+E
and RAS+P4D in asphalt binders showed the best
enhancement in the high CG and low CG temperatures,
followed by binders modified by RAS+P4 and RAS+P8.

The intermediate PG and CG temperatures for the neat
and modified asphalt binders are deemed in Figure 15.

Using (50-100) RAS did not significantly alter the
intermediate temperatures when compared to the value of
the neat binder; however, the use of (30-50) RAS in asphalt
binder enhances the fatigue resistance by showing lower
intermediate temperatures when compared to the neat
binder's intermediate temperature. The best enhancement
in the intermediate temperatures was obtained for binders
modified by RAS+E and followed by RAS+P4D. These
binders had the lowest intermediate PG and CG
temperatures. Binders modified by (30-50) RAS had better
fatigue resistance than binders modified by (50-100) RAS
by presenting lower intermediate temperatures.

The relationships between the percentages of
increase/decrease in high, intermediate, and low CG
temperatures were evaluated and analyzed in Figure 16.
These percentages calculated for the CG
temperatures of the modified asphalt binders at the 4-hrs
interaction time when compared to the values of the neat

binder. Direct relationships were observed between the

were
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percentages of increase/decrease in high, intermediate,
and low temperatures. Modified asphalt binders with the
highest percentage decrease in high CG temperature had
the highest percentage decrease in low CG temperature
and the highest percentage decrease in intermediate CG
temperature (e.g., NB+15% (RAS+E)). Furthermore, it can
be concluded that E oil counteracted the effect of the
oxidized air-blown binder included in the RAS. Asphalt
binders containing RAS+E have the highest percentage
decrease in high, intermediate, and low CG temperatures.
Thus, Evoflex as a commercial rejuvenator is
recommended to be used with asphalt binders including
RAS, when compared to the efficiency of other oils used in
this study (pyrolysis oils). P4 oil is considered the best type

among the pyrolysis oils that frustrated the negative
impact of the oxidized air-blown binder in RAS.

3.5. Insoluble Asphalt Percentage Results

The insoluble asphalt percentages were shown in
Figure 17 for the original neat and modified binders that
interacted at 4 hrs. The insoluble percentage for RAS (30-
50) was 84.3%, and the insoluble percentage for RAS (50-
100) was 83.8%. The neat binder had the lowest
percentage, with a value of 0.01%. The modified asphalt
binders with 7.5% RAS or 7.5% RAS that interacted with
oils had insoluble percentages of less than 1.8%, and these
percentages were higher than the neat binder's percentage
because of the stiff binder in the RAS.

(a) NB & NB+7.5% RAS+Rej. at 4 hrs. « NB
9000
@ NB+RAS (50-100)
8000 u
BNB+RAS (50-100)+B2A
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i
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Figure 12: Temperature Sweep Results for the PAV Neat and Modified Binders with (a) 7.5% RAS Plus Rejuvenators and (b) 50-100 RAS Plus
Rejuvenators Interacted at 4 hrs
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Moreover, increasing the RAS or the interacted RAS  when comparing the insolubility asphalt percentages of
with oils in the modified binders increased the insoluble  the modified binders with a 30-50 RAS plus oils or a 50-
asphalt percentage. No specific trend was concluded 100 RAS plus oils.
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Figure 13: (a) Stiffness and (b) m-value of the PAV Neat and Modified Binders Interacted at 4 hrs
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Figure 14: (a) Performance Grade and (b) Continuous Grade of Neat and Modified Asphalt Binders Interacted at 4 hrs
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Figure 15: Intermediate PG and CG Temperatures of Neat and Modified Asphalt Binders Interacted at 4 hrs
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Figure 17: Insoluble Percentages of the Original Neat and Modified Binders Interacted at 4 hrs

4. Conclusions

An innovative technique was followed in this study to
enhance the compatibility between RAS and asphalt
binders. This was accomplished by interacting the milled
RAS particles with rejuvenators to absorb low-molecular-
weight fractions (aromatics) before mixing with the
asphalt binder. Four pyrolysis oils and one recycling agent
were used as rejuvenators. Based on this study, the
following conclusions were reached:

Interacting the milled RAS particles with rejuvenators
decreases the stiffness of the oxidized air-blown
binder
rejuvenators

Milled RAS with a particle size of 50-100 absorbed
more oils, interacted more with oils, and were more
compatible with the binder than RAS particles with a
particle size of 30-50.

in RAS by absorbing aromatics from
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Increasing the interaction time boosted the
compatibility occurred between the RAS binder and
neat binder.

Adding Evoflex or P4D oils to RAS counteracted the
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