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EXECUTIVE SUMMARY

Introduction

In the fast-paced and time-sensitive fields of construction and

concrete production, real-time monitoring of concrete strength is

crucial. Traditional testing methods, such as hydraulic compres-

sion (ASTM C 39) and maturity methods (ASTM C 1074, 2017),

are often laborious and challenging to implement on-site. Building

on the prior research of SPR-4210 (Su et al., 2020) and SPR-4513

(Kong & Lu, 2023), INDOT has advanced the electromechanical

impedance (EMI) technique for in-situ concrete strength monitor-

ing, which is crucial for determining safe traffic opening times.

This project has made significant strides in technology, including

the development of an IoT-based hardware system for wireless

data collection and a cloud-based platform for efficient data

processing. A key innovation is the integration of machine

learning tools, which not only enhance immediate strength

predictions but also facilitate long-term projections vital for

maintenance and asset management.

To bring this technology into practical use, we collaborated

with third-party manufacturers to set up a production line for the

sensor and datalogger assembly. The system was extensively tested

in various field scenarios, including pavements, patches, and

bridge decks. Our refined machine learning algorithms, bench-

marked against a mean absolute percentage error (MAPE) of

16%, which is comparable to the ASTM C39 interlaboratory

variance of 14% for three cylinders, demonstrate reliable accuracy.

Additionally, we have developed a comprehensive user manual to

aid field engineers in deploying, connecting, and maintaining the

sensing system, which paves the way for broader implementation

in real-world construction settings.

Findings

In this innovative project, our research team collaborated with a

renowned Chicago-based manufacturer, leveraging their extensive,

several-decade expertise in Printed Circuit Board (PCB) produc-

tion, mechanical design, and molding. We identified and estab-

lished key manufacturing parameters and processes that are critical

for the efficient and high-quality production of our sensors and

data loggers. Embracing industrial techniques such as injection

molding, Surface Mount Technology (SMT), and metered mixing,

we have successfully scaled up to mass production.

Our research extended to the Department of Transportation

in various states, leading to the successful deployment of our

products. A significant achievement of this project was the

development of a comprehensive machine learning platform that

facilitates real-time prediction of concrete strengths and future

strength projections. This end-to-end training and inferencing

platform is a testament to our commitment to advance concrete

monitoring technology.

Moreover, we created a detailed user guide tailored for users

with limited knowledge of sensing technology. This guide

simplifies the installation process and data interpretation, making

our technology accessible to a broader audience. The major

findings and outcomes of this project, which mark a significant

step forward in the field of concrete strength monitoring, are

presented in the following sections.

1. Production line optimization for sensing system hardware.

The research has led to significant advancements in the

development of the sensing system’s hardware production

line. We identified and optimized critical parameters and

procedures. Key among these was the refinement of geometric

factors, such as the thickness of the acoustic sensor’s sealing

layer and the diameter of the piezoelectric component. These

optimizations were carefully balanced to ensure both high

sensor performance and manufacturability. In our pursuit of

excellence, we sourced piezoelectric components from specia-

lized suppliers, specifying material parameters like the

frequency constant to meet our stringent requirements. This

approach ensured consistent quality and performance of these

critical components. Additionally, the components of the data

logger were meticulously selected based on their availability

and suitability for our needs. Recognizing the demanding

environments in which these systems operate, the data logger

underwent a comprehensive redesign to enhance its durability

and resilience against harsh conditions. This redesign under-

scored our commitment to creating robust and reliable

hardware for our sensing systems.

2. Advancements in cloud platforms for data storage and

computation.

Building on the momentum from our previous project (SPR-

4513), we significantly upgraded our cloud computation and

storage platform. This revamped platform integrated a

database, data telemetry, an IoT hub, and machine learning

pipelines within a unified Microsoft Azure workspace. The

integration of these components offers numerous advantages,

including enhanced server resource management, improved

safety protocols, streamlined automated machine learning

processes for training and inferencing, and the ability to

swiftly deploy and roll back codes. To maximize efficiency

and minimize interference, we divided the cloud platform into

three distinct stages: production, development, and research.

Each stage operates with its independent databases and

environments, ensuring that activities in one stage do not

disrupt or conflict with those in another. A notable

innovation in our approach is the adoption of transfer

learning techniques. This strategy effectively bridges the gap

between field and laboratory data, resulting in a marked

improvement in the performance of our machine learning

models. This enhancement is crucial for the accurate and

reliable application of our technology in real-world settings.

3. Creation of an accessible user guide for a general audience.

Recognizing the importance of making our technology

accessible to all, we meticulously developed a comprehensive

user guide for our sensing system. This guide was specifically

designed to be user-friendly for individuals who may not have

prior knowledge or experience with sensors or dataloggers. It

is a key resource, enabling users from a wide range of

backgrounds to confidently utilize our products.

The user guide covers several critical aspects and provides

step-by-step instructions for the installation of the sensor,

ensuring users can set it up efficiently and correctly.

Maintenance procedures for the datalogger are clearly

outlined, helping users preserve the longevity and effective-

ness of the device. Guidance on navigating and utilizing the



dashboard of our cloud system is included, allowing users to

effortlessly manage and monitor their data. Additionally, the

guide includes detailed instructions for data retrieval, ensur-

ing that users can easily access and interpret the data collected

by the system. This guide makes our advanced technology

approachable and usable for everyone, irrespective of their

technical background.

Implementation

In the implementation phase of the project, we collaborated with

eight State Departments of Transportation (DOTs) to deploy and

rigorously test our sensing system. This comprehensive field testing

focused on evaluating both the reliability and accuracy of the

system under real-world conditions. To achieve this, we established

a specialized civil engineering task force that traveled across the

country. The mission was to create our own beam and cylinder

samples and to ensure these samples were cured under controlled

conditions, including air curing on-site and water bath curing in

laboratory settings. This approach allowed us to test our system

under a variety of realistic scenarios. Remarkably, our dataloggers

and sensors withstood most harsh field conditions, demon-

strating resilience against high temperatures, elevated humidity

levels, and rain. These findings were important, as they confirmed

the robustness of our sensing hardware in challenging construc-

tion environments. Furthermore, the results from these field

tests validated the accuracy of our inference model, underscoring

its potential for widespread application in the construction

industry.
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1. INTRODUCTION

1.1 Research Background

Concrete structures are often exposed to substantial
loading even at their early age, which may cause pre-
mature failure or significant reduction in their life span.
Therefore, it is critical to develop an in-situ NDT method
that can determine the mechanical properties of concrete
in real-time. In particular, strength (the maximum stress
value in the stress-strain) stands as one of most important
mechanical properties in concrete structures.

The electromechanical impedance (EMI) method has
been established as an effective on-site technique for
assessing the properties of cementitious materials, such as
compressive strength and Young’s modulus. This method
offers an alternative to traditional hydraulic compression
tests. Fundamentally, the EMI technique employs piezo-
electric materials like lead zirconate titanate (PZT) as
transducers to gauge the mechanical characteristics of
host structures. This is due to PZT’s capability to directly
transform mechanical vibrations into alternating current
(AC) and vice versa. When PZT sensors vibrate in
response to interactions with the host structure, they
produce electrical signals in the form of admittance and
impedance. These signals are indicative of the mechanical
properties of the structure being analyzed.

The EMI method offers the advantage of measuring
dynamic modulus using just a single sensor, making
it a convenient option for on-site testing of concrete
structures. The process is straightforward, involving
either attaching the sensor to the surface of the speci-
men or embedding it within, and then linking it to an
impedance analyzer. This is in contrast to other stress
wave-based methods like Ultrasonic Pulse Velocity
(UPV) and Impact Resonance (IR), which necessitate a
setup with at least a transmitter and receiver. Con-
sequently, the EMI technique results in considerable
savings in terms of time, labor, and costs.

We demonstrated the feasibility of measuring the in-
place strength of concrete structures using our patent
pending REBEL Concrete Strength Monitoring System

(Figure 1.1 and Figure 1.2), during our effort in SPR-
4210 and SPR-4513. We have approved that our inven-
tion is at the cutting edge of concrete sensor solutions
and is pioneering technologies that would replace
century-old destructive testing methods. The success
of this technology will not only disrupt concrete
industry, but also have broader impacts on increasing
the economic competitiveness of the United States and
advancing the welfare of the American public. Our
technology is established on sophisticated science and
engineering principles. Specifically, it leverages the
physics of mechanical wave vibration, wireless data
collection/communication, Artificial Intelligence (AI)
powered signal processing algorithms and cloud com-
puting systems. By using this technology, users can
avoid the hassle of preparing concrete cylinder samples,
inconsistent testing results caused by compression
testing, and the limited number of tests that hinder
real-time, data-driven decisions during construction.
The previous SPR projects enabled our research team
to establish a highly functional development team, con-
duct the field-test of a prototype product, and perform
in-depth customer and market studies nationwide. The
novelty and impact of the technology are recognized by
numerous awards including the 2021 ASCE Game
Changer, the 2022 ASCE Alfred Noble Prize by
American Society of Civil Engineering, and 2022’s
Next Big Things in Tech in Transportation Sector by
Fast Company. Notably, our sensing method has been
approved by the AASHTO technical committee and
will be published as a formal testing standard.

1.2 Objectives

The primary aim of this implementation project is to
establish standardized testing procedures and protocols
for the field application of the concrete strength sensor,
a collaborative development by Purdue University and
INDOT. This initiative focuses on monitoring key
properties of concrete structures, particularly the set
time and strength development profile. An integral part

Figure 1.1 Dashboard of REBEL concrete strength monitoring system.
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Figure 1.2 Hardware of REBEL concrete strength monitoring system.
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of this project is a thorough cost-benefit analysis of the
method, coupled with developing recommendations for
optimal traffic opening times and maintenance sched-
ules. The project’s objectives are strategically outlined
as follows.

1. Establish a production line for assembling the hardware
system required for testing, ensuring efficiency and
scalability in manufacturing.

2. Deploy the concrete strength sensing system in a variety
of Indiana’s pavement and bridge projects, demonstrat-
ing its applicability in real-world infrastructural contexts.

3. Develop standard testing protocols and provide training
to state engineers, empowering them to effectively utilize
these advanced sensing methods.

4. Create a centralized, cloud-based computational plat-
form designed to process sensor data. This platform will
utilize sophisticated machine learning models to analyze
and interpret the data accurately.

5. Develop user-friendly applications and devise strategic
implementation plans. These plans will guide how
different stakeholders can leverage the concrete sensing
technology in various use cases, ensuring broad and
effective application of this innovative technology.

1.3 Organization of the Report

This report consists of five chapters. This first
chapter introduces the background and objective of
this research. The second chapter reviews existing con-
crete strength estimation methods. The third chapter
reports our progress in the sensing system, including
both hardware and software. The fourth chapter pre-
sents the field implementation of the improved sensing
system. The final chapter summarizes the current works
and concludes this report.

2. LITERATURE REVIEW

2.1 Traditional Testing Methods for Strength of
Concrete

The compressive strength test is a commonly
employed method to assess the strength of concrete.

It involves applying a compressive force to a concrete
sample until it fractures, and then recording the peak
load sustained by the specimen (as shown in Figure
2.1). While this technique is straightforward and widely
recognized in the industry as the benchmark for deter-
mining concrete strength, it can be prone to errors.
These inaccuracies often arise from challenges in
ensuring uniform loading and the influence of the
specimen’s size and shape. Research (del Viso et al.,
2008) has indicated that concrete samples with greater
slenderness ratios often exhibit reduced strength.

Another approach to evaluate concrete compressive
strength is the core test. This involves extracting a
concrete core from the structure (illustrated in Figure
2.2) and measuring its maximum compressive strength
under a load. The core test offers a more precise
reflection of the concrete’s in-situ strength. However,
this method can be more labor-intensive and expensive
compared to standard compressive strength testing.

The rebound hammer test, also known as the
‘‘Schmidt Hammer’’ test, is a non-destructive evaluation
(NDE) technique utilized to approximate the compres-
sive strength of concrete. This method involves using
a rebound hammer to gauge the rebound distance
of a steel ball after it impacts the concrete surface (as
shown in Figure 2.3). The measured rebound distance is

Figure 2.1 A typical compression testing setup.



















Figure 4.8 The temperature data of I-69 pavement and beam sample.
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We have observed that the sensor reading in pavement
is higher than that of beam and cylinder testing by 8% on
average, as shown in Figure 4.6 and Figure 4.7.

The variance in sensing results among the beam and
pavement can be rationalized by examining the
temperature profiles presented in Figure 4.8. The
temperature data of concrete pavement versus lab
cured beam agrees with our sensing results, therefore
validating our hypothesis the strength development in
pavement is higher than the 4 by 8 inches of cylinder
due to large different in thermal mass and the speed of
moisture lost.

4.2 Kansas I-70 Patching and KS-96 Paving Project

4.2.1 I-70 Patching Project

On August 1, 2023, a pavement patching project was
undertaken along the I-70 highway. The thickness of the
pavement is 6 inches. Rui He, a PhD student at Purdue
University, was on-site to install REBEL sensors along
with dataloggers. The KDOT engineering team prepared
one standard concrete beam sample, 6 inches by 6 inches
by 22 inches, in order to assess the strength development
of concrete under various curing conditions. In total, six
(6) sensors were used in this project, including three (3) in
the pavement, and three (3) in the beam cured under
laboratory conditions. The reason for beam preparation
is that we believe beam may have similar strength
development profile and thermal profile because the size
and volume are closer to that of cylinder.

4.2.2 KS-96 Paving Project

On August 3, 2023, a pavement patching project was
undertaken along the KS-96 highway. The thickness of
the pavement is 9 inches. Rui He was on-site to install
REBEL sensors along with dataloggers. The KDOT

engineering team prepared one standard concrete beam
sample, 6 inches by 6 inches by 22 inches, in order to
assess the strength development of concrete under various
curing conditions. In total, six (6) sensors were used in
this project, including three (3) in the pavement, and three
(3) in the beam cured under laboratory conditions.

4.2.3 Sensing Results of Concrete Strength

The sensing results and cylinder break results are
presented in Figure 4.9 and Figure 4.11, respectively for
I-70 and KS-96 project. Each prediction curve repre-
sents the mean value of three (3) sensors. The team has
observed discrepancies among sensor outputs, primar-
ily attributed to the inconsistent quality of sensors and
dataloggers, as they are handmade in Lu’s lab at
Purdue University. Consequently, the post processed
mean value of the sensing results in each beam (or
pavement) was used as the result, a process similar to
that outlined in ASTM C39 Section 11.1.

4.2.4 Discussion

We have observed that for both I-70 patching and
KS-96 paving jobs, the sensor reading in pavement is
higher than that of beam and cylinder testing by 15%

on average.

The variance in sensing results among the beam and
pavement can be rationalized by examining the temp-
erature profiles presented in Figure 4.10 and Figure
4.12. The temperature data of concrete pavement versus
lab cured beam agrees with our sensing results, there-
fore validating our hypothesis the strength development
in pavement is higher than the 4 by 8 inches of cylinder
due to large different in thermal mass and the speed of
moisture lost.

We noticed that for I-70 patching job, the sensing
result for the concrete beam is higher than that of



Figure 4.9 The sensing results of I-70 pavement and beam sample.

Figure 4.10 The temperature data of I-70 pavement and beam sample.

Figure 4.11 The sensing results of KS-96 pavement and beam sample.
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Figure 4.12 The temperature data of KS-96 pavement and beam sample.

Figure 4.13 The fresh concrete with polymer fibers for KS-96
project.
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cylinder break. However, for KS-96 paving project, the
sensing result for the concrete beam aligns closely with
cylinder results as shown in Figure 4.11.

The reason for this can be explained by the concrete
mixtures used in the two projects. For I-70 patching
job, (1) this mixture contains plastic fibers (see Figure
4.13), which may cause the inhomogeneity of the
concrete mix, and (2) the aggregates have three phases,
i.e., fine, intermedium, and coarse which is different
from that KS-96 job.

The mean values of three sensors resulting in
concrete beams are comparable to those obtained
through cylinder testing and maturity testing within
the same concrete structure.

4.3 North Dakota I-94 Paving Projects

4.3.1 I-94 Paving Job at Fargo, ND

On August 28, 2023, a paving project was undertaken
along the I-94 highway at Fargo, ND. The thickness of
the pavement is 10 inches. Rui He, a PhD student at
Purdue University, was on-site to install REBEL sensors
along with dataloggers. The NDDOT engineering team
prepared one standard concrete beam sample, 6 inches by
6 inches by 22 inches, in order to assess the strength
development of concrete under various curing conditions.
In total, six (6) sensors were used in this project, including
three (3) in the pavement, and three (3) in the beam cured
under laboratory conditions. The reason for beam
preparation is that we believe beam may have similar
strength development profile and thermal profile because
the size and volume are closer to that of cylinder.

4.3.2 I-94 Paving Job at Beach, ND

On August 31, 2023, a paving project was under-
taken along the I-94 highway at Beach, ND. The

thickness of the pavement is 9 inches. Rui He was on-
site to install REBEL sensors along with dataloggers.
The NDDOT engineering team prepared one standard
concrete beam sample, 6 inches by 6 inches by 22
inches, in order to assess the strength development of
concrete under various curing conditions. In total, six
(6) sensors were used in this project, including three (3)
in the pavement, and three (3) in the beam cured under
laboratory conditions.

4.3.3 Sensing Results of Concrete Strength

The sensing results and cylinder break results are
presented in Figure 4.14 and Figure 4.16, respectively
for I-94 at Fargo and I-94 at Beach project. The post



Figure 4.14 The sensing results of I-94 (Fargo, ND) pavement and beam sample.
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Figure 4.15 The temperature data of I-94 (Fargo, ND) pavement and beam sample.

processed mean value of the sensing results in each
beam (or pavement) was used as the result, a process
similar to that outlined in ASTM C39 Section 11.1.

4.3.4 Discussion

We have observed that for both paving jobs, the
sensor reading in pavement is higher than that of beam
and cylinder testing by 5% on average.

The variance in sensing results among the beam and
pavement can be rationalized by examining the
temperature profiles presented in Figure 4.15 and
Figure 4.17. The temperature data of concrete pave-
ment versus lab cured beam agrees with our sensing

results, therefore validating our hypothesis the strength
development in pavement is higher than the 4 by 8
inches of cylinder due to large different in thermal mass
and the speed of moisture lost.

We observed the data length is short (total length is
less than 80 hours, and temperature data not available
preceding the 50th hour) for the Fargo sensing results.
This is due to the failure of the LTE module (the
wireless transmission module) of our data loggers. We
will improve the quality of hardware through a
standard manufacturing process.

The mean values of sensing results of three sensors in
concrete beams are comparable to those obtained
through cylinder testing and maturity testing within
the same concrete structure.



Figure 4.16 The sensing results of I-94 (Beach, ND) pavement and beam sample.

Figure 4.17 The temperature data of I-94 (Beach, ND) pavement and beam sample.
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4.4 California H-50 Paving Project

On September 15, 2023, a construction project was
undertaken along the Highway-50 Corridor. The pave-
ment for this project consisted of a continuously rein-
forced concrete slab. Rui He, a PhD student at Purdue
University, was on-site to install REBEL sensors along
with dataloggers. The Caltrans engineering team
prepared two standard concrete beam samples, each
measuring 6 inches by 6 inches by 22 inches, to assess
the strength development of concrete under various
curing conditions. In total, nine (9) sensors were
embedded, including three (3) in the pavement, three
(3) in the on-site cured beam, and three (3) in the beam
cured under laboratory conditions.

4.4.1 Sensing Results of Concrete Strength

The sensing results and cylinder break results are
presented in the Figure 4.18. Each prediction curve
represents the mean value of three (3) sensors, which
were generated using a proprietary machine learning
(ML) algorithm to convert sensor output along with
temperature profile into compressive strength. The
team has observed discrepancies among sensor outputs,
attributed to the inconsistent quality of the hand-made
sensors and dataloggers at Lu’s lab as well as intrinsic
material inhomogeneity of concrete. Consequently, the
post processed mean value of the sensing results in each
beam (or pavement) was used as the result, a process
similar to that outlined in ASTM C39 Section 11.1.



Figure 4.18 The sensing results of H-50 pavement and beam samples.

Figure 4.19 The temperature data of H-50 pavement and beam samples.
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As shown in Figure 4.18, the sensing results for two
concrete beams (one cured on site and the other in the
lab) closely align with that of cylinder break as per
ASTM C39. However, the results of sensors embedded
in the pavement are substantially higher, as explained
below.

The variance in sensing results among the beam
and pavement can be rationalized by examining the
temperature and maturity profiles presented in the
Figure 4.19 and Figure 4.20. The maturity data of three
concrete structures (lab cured beam, field cured beam
and pavement) agrees with our sensing results, there-
fore validating our hypothesis that difference in

strength between the pavement and cylinder was caused
by the significant difference of thermal profile for
pavement and beam.

The mean values of sensing results are comparable to
those obtained through cylinder testing and maturity
testing within the same concrete structure. As explained
earlier, all sensors and dataloggers were handcrafted in
our research lab at this stage, leading to significant
discrepancies among the three sensors. This issue can be
addressed by implementing a standard manufacturing
process. We are currently collaborating with manufac-
turing partners to ensure the quality and consistency of
both the sensors and dataloggers.



Figure 4.20 The maturity data of H-50 pavement and beam samples.

Figure 4.21 The sensing results of I-44 pavement and beam samples.
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4.5 Missouri I-44 Paving Project

On July 17, 2023, a construction project was under-
taken along the I-44 highway. The pavement for this
project consisted of a PCCP concrete slab. Rui He,
a PhD student at Purdue University, was on-site to
install REBEL sensors along with dataloggers. The
MDOT engineering team prepared a standard concrete
beam sample, each measuring 6 inches by 6 inches by 22
inches, to assess the strength development of concrete
under various curing conditions. In total, six (6) sensors
were embedded, including three (3) in the pavement and
three (3) in the on-site cured beam.

4.5.1 Sensing Results of Concrete Strength

The sensing results and cylinder break results are
presented in the Figure 4.21. Each prediction curve
represents the mean value of three (3) sensors, which
were generated using a proprietary machine learning
(ML) algorithm to convert sensor output along with
temperature profile into compressive strength. The
team has observed discrepancies among sensor outputs,
attributed to the inconsistent quality of the hand-made
sensors and dataloggers at Lu’s lab as well as intrinsic
material inhomogeneity of concrete. Consequently, the
post processed mean value of the sensing results in each



Figure 4.22 The temperature data of I-44 pavement and beam samples.
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beam (or pavement) was used as the result, a process
similar to that outlined in ASTM C39 Section 11.1.

As shown in Figure 4.21, the sensing results for the
concrete and the pavement closely align with that of
cylinder break as per ASTM C39. The result for the
pavement is slightly higher than that of the beam.

The temperature data in Figure 4.22 agrees with our
sensing results, therefore validating our hypothesis that
difference in strength between the pavement and
cylinder was caused by the difference of thermal profile
for pavement and beam.

4.6 Texas FM-1585 and I-30 Paving Project

4.6.1 FM-1585 Paving Project

On August 14, 2023, a construction project was
undertaken along the FM-1585 highway. The pavement
for this project consisted of a continuously reinforced
concrete slab. Rui He, a PhD student at Purdue
University, was on-site to install REBEL sensors along
with dataloggers. The TXDOT engineering team pre-
pared a standard concrete beam sample, each measur-
ing 6 inches by 6 inches by 22 inches, to assess the
strength development of concrete under various curing
conditions. In total, six (6) sensors were embedded,
including three (3) in the pavement, and three (3) in the
on-site cured beam.

4.6.2 Sensing Results of Concrete Strength

The sensing results and cylinder break results are
presented in the Figure 4.23. Each prediction curve
represents the mean value of three (3) sensors, which

were generated using a proprietary machine learning
(ML) algorithm to convert sensor output along with
temperature profile into compressive strength. The
team has observed discrepancies among sensor outputs,
attributed to the inconsistent quality of the hand-made
sensors and dataloggers at Lu’s lab as well as intrinsic
material inhomogeneity of concrete. Consequently, the
post processed mean value of the sensing results in each
beam (or pavement) was used as the result, a process
similar to that outlined in ASTM C39 Section 11.1.

As shown in Figure 4.23, the sensing results for the
concrete and the pavement closely align with that of
cylinder break as per ASTM C39. The result for the
pavement is slightly higher than that of the beam.

The temperature data in Figure 4.24 agrees with our
sensing results, therefore validating our hypothesis that
difference in strength between the pavement and
cylinder was caused by the difference of thermal profile
for pavement and beam.

4.6.3 I-30 Paving Project

On August 16, 2023, a construction project was
undertaken along the I-30 highway. The pavement for
this project consisted of a continuously reinforced con-
crete slab. Rui He, a PhD student at Purdue University,
was on-site to install REBEL sensors along with
dataloggers. The TXDOT engineering team prepared
a standard concrete beam sample, each measuring
6 inches by 6 inches by 22 inches, to assess the strength
development of concrete under various curing condi-
tions. In total, six (6) sensors were embedded, including
three (3) in the pavement and three (3) in the on-site
cured beam.



Figure 4.23 The sensing results of FM-1585 pavement and beam samples.

Figure 4.24 The temperature data of FM-1585 pavement and beam samples.
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4.6.4 Sensing Results of Concrete Strength

The sensing results and cylinder break results are
presented in the Figure 4.25. Each prediction curve
represents the mean value of three (3) sensors, which
were generated using a proprietary machine learning
(ML) algorithm to convert sensor output along with
temperature profile into compressive strength. The
team has observed discrepancies among sensor outputs,
attributed to the inconsistent quality of the hand-made
sensors and dataloggers at Lu’s lab as well as intrinsic
material inhomogeneity of concrete. Consequently, the

post processed mean value of the sensing results in each
beam (or pavement) was used as the result, a process
like that outlined in ASTM C39 Section 11.1.

As shown in Figure 4.25, the sensing results for the
concrete and the pavement closely align with that of
cylinder break as per ASTM C39. The result for the
pavement is slightly higher than that of the beam.

The temperature data in Figure 4.26 agrees with our
sensing results, therefore validating our hypothesis that
difference in strength between the pavement and
cylinder was caused by the difference of thermal profile
for pavement and beam.



Figure 4.25 The sensing results of I-30 pavement and beam samples.

Figure 4.26 The temperature data of I-30 pavement and
beam samples.
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5. CONCLUSIONS

This project has marked a significant milestone in
the development of embedded sensor and datalogger
technologies. We have successfully enhanced the con-
nectivity process, evidenced by the integration of QR
code scanning, which has streamlined the deployment
process and minimized errors. The establishment of a
full-scale manufacturing process, encompassing a
robust supply chain and strategic design modifications,
has set a new standard in the production of our sensing
systems.

A pivotal aspect of our project was the optimization
of the IoT cloud infrastructure. The transition to
Microsoft Azure from AWS EC2 represents a leap
forward in terms of scalability, resilience, and the

integration of microservices, ensuring that our technol-
ogy remains at the forefront of innovation. The field
implementation and testing across various states have
been instrumental in demonstrating the practicality and
robustness of our technology. These real-world appli-
cations not only validated our systems but also
provided invaluable insights into their performance
under diverse conditions.

In conclusion, this project has not only achieved its
objectives but has also set a new benchmark in sensor
and datalogger technology. We are confident for future
growth and innovation, and our commitment to
excellence will continue to drive our efforts in this
ever-evolving field.
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