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ABSTRACT

Tensile cracking in the concrete can destroy the structural frame since it induces water
penetration in structure and foundation. For instance, in concrete pavements, cracking increases
the potential for pavement distress, the probability of accidents occurring, and the damages for
vehicles. Therefore, monitoring techniques to detect hidden internal cracking in concrete such as
bottom-up cracks are necessary to ensure the safety of the infrastructure by distinguishing early
signs of excessive damage. This study presents an approach to detect internal concrete cracks
especially bottom-up cracks using point strain sensors. The stress intensity principle is used in this
study to locate and estimate the growth of the cracks. Based on the stress intensity principle,
theoretical derivations have been conducted to use the point strain sensors in concrete structures
to detect both single and multiple bottom-up cracks. For single crack detection, laboratory
experiments showed an average measurement accuracy of 85.76%. For multiple cracks, laboratory
tests performed using reinforced concrete beams and the average measurement accuracy was
achieved to be over 80%. With the validation in the lab, future efforts are expected to be performed
in the field to provide an alternative technique to detect hidden internal cracks in concrete

structures, especially pavements.
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CHAPTER 1. INTRODUCTION

1.1. Background

Concrete is the most commonly used man-made material on earth. It is an
important construction material used extensively in building, bridges, roads and dams. Its uses
ranging from structural applications, to pavement, shoulders, pipes and drains [1]. Also, the
concrete has several advantageous properties such as strong mechanical properties that can
withstand great compressive stresses. This strength is, of course, a function of the material
components of the concrete mix. The strength of concrete makes it suitable for constructing
foundations, wastewater treatment facilities, super structures, and another establishment [2].

Also, concrete lasts for ages, even under very adverse conditions. Concrete can resist
weathering action, chemical action, abrasion, and compressive stress for long periods without
compromising its structural integrity. This attribute makes a concrete structure stable and suitable
for places with rough conditions. For example, the first instances of human-made concrete date
back to 500 BC. The fact that we are still able to see this concrete shows just how durable concrete
is. Commercial concrete work requires little maintenance save from a few touch-ups on the
finishing. The longevity of concrete makes it a great material for permanent buildings and other
structures like bridges, dams, and specially pavements [3]. In addition, concrete is also
environmentally friendly as it does not produce toxic fumes in the environment which could lead
to air pollution, also, it is energy efficient, fire resistance, waterproof, durable [4].

One of very good examples of concrete application is in the pavement industry. As one of
the leading pavements surfacing techniques in addition to asphalt, concrete pavement plays an
essential part of road networks worldwide, which directly affects the quality of transportation.

When compared to flexible surfacing, concrete pavement is costlier for constriction [5]. However,
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when considering less maintenance needs, less delayed time such as loss of work time, less the
operation cost such as the cost of gas, the crash cost of vehicles, and driver tension, it still has a
lot of benefits regarding economics and environmental effects to use concrete pavements for roads
[6]. To be specific, first of all, concrete pavement is durable and safe, which are considerably less
prone to wear and tear defects like rutting, cracking, stripping loss of texture, and potholes that
can occur with flexible pavement surfaces. This low maintenance requirement is one of the
principal advantages of concrete pavements. There are well-designed concrete pavements that
have required little or no maintenance well beyond their 40-year design lives. Less maintenance
also means fewer traffic delays, a huge advantage on some of our already congested highways. In
addition, fuel consumption is a major factor in the economics of road transportation, with the
rolling resistance of the pavement being an important contributor to the fuel consumption and the
corresponding CO. production. Rolling resistance can be attributed in part to a lack of pavement
rigidity. In the case of a heavily loaded truck, energy is consumed in deflecting a non-rigid
pavement and sub-grade. Using rigid concrete pavement will result in less fuel consumption and a
decrease in associated emissions [7, 8].

Another benefit of using concrete as an alternative for flexible pavements is a reduced need
for street lighting, due to higher surface reflectivity after dark. Better light reflection on the brighter
surface could potentially result in electricity savings of about 30% for lamps, lampposts, and signs.
However, the most substantial savings from higher surface reflectivity are to be gained from a
reduction in accidents, and the associated loss of life and severe injury [7, 8].

Moreover, roadside noise levels are a public concern, especially when the pavement is in
an urban environment. Producers of the various pavement types are investing time and money to

develop quieter pavements structures. The Cement Association of Canada (CAC), in conjunction



with the American Concrete Pavement Association (ACPA) is researching to develop smoother
concrete pavements to serve the transportation community [9]. This effort involves standardization
of tire/pavement noise assessment, the establishment of acoustic performance curves for existing
surfaces, development of new surface textures through a laboratory test program, a field validation
program, and an implementation phase [10].
1.2. Concrete Cracking

Tensile internal cracks are usually very common in any concrete structures, especially in
concrete pavements. This section used concrete pavements as an example to explain how concrete
internal tensile cracks or bottom-up cracks formulate and progress. Concrete pavements are
typically constructed using a Portland cement bound surface layer over one or more support layers
over a prepared natural earth subgrade. The base layer is generally provided to support construction
traffic and to ensure uniformity of support to the PCC surface. The base layer may consist of
unbound aggregate, bitumen-, or cement-bound aggregate. The bound layers may be conventional
dense-graded asphalt, lean concrete, or cement-treated, or open-graded asphalt or concrete
designed to promote lateral drainage within the pavement structure. The subbase layer is typically
used to protect the pavement from the effects of frost heave and used to improve the
constructability of the pavement layers above the subbase [11, 12]. The pavement designer should
have a thorough understanding of the parameters and their reflection of actual site conditions prior
to using them to select a pavement thickness. Projects that have traffic or site conditions that differ
significantly from the values assumed herein should be evaluated with a site-specific pavement
design [13,14]. Concrete pavement deformation by excess loads or environmental effect leads to
cracking, which in turn induces significant pavement damages in addition to increased risk in road

accidents and disasters to the automobile.



Cracks are very common in almost any form of concrete pavement, whether the cracking
is immediate or occurs years after it was cast. There are two types of cracks, which are either active
or inactive. The active cracks are cracks that expand, lengthen, or deepen over time. Dormant
cracks do not change unless they were affected by moisture or impact. There are several reasons,
such as a combination of repeated loads and shrinkage stress usually, and significant change
temperature causes this type of distress.

Pressure cracks are the result of placing too much weight on top of a concrete slab.
Excessive weight can put too much stress on the slab or even alter the ground underneath the slab,
which can cause cracking. Also, crazing cracks are tiny surface cracks that resemble spider webs
caused by premature drying of the slab. If the slab does not have enough moisture or loses moisture
too quickly, crazing cracks are likely to form. Since these cracks are minor and only visible on the
surface, they do not pose a threat to repair.

Shrinkage Cracks, the earliest crack that will form, is because of a process known as plastic
shrinkage. Plastic shrinkage can occur if the mixture of water and cement is too watery. Too much
water will take up space, causing the solid ingredients of the mix to separate. When the water
evaporates, the areas in the combination remain, leaving cracks sometimes, only a hair-thin
Heaving refers to concrete that is raised by either movement underneath or by excessive freeze
and thaw cycles. Sidewalks or any pavement that lies over a tree root can result in cracks caused
by heaving. In addition, types of cracks in concrete pavement depend on the crack’s direction,
including longitudinal, transverse, diagonal cracks, top-bottom, and bottom-up.

The bottom-up cracking develops as a zone where micro-cracks localized. These cracks
formed are resulting from the frequent loads on the surface, poor construction, and the decrease in

pavement load-supporting characteristics such as poor drainage or thaw ice and an increase in



loading. Fatigue cracking is predicted to initiate at the bottom of the concrete pavement layer, and
it assumed that these fatigue cracks propagate upwards with many cracks that observed in practice
spreading through the entire concrete thickness following. Furthermore, the cracks that have
spread through the whole pavement thickness are mostly related to reflective cracking to bottom-
up fatigue, which means that the weakening of the material takes place over a specific area. The
material will lose its stiffness due to the development of these micro and small isolated macro
cracks. Loss of stiffness can be measured through strain measurements and the measurement of
surface deflections. Both will show an increase in the measured value as a result of the
deterioration that develops. Also, it is characterized by cracks that divide the slab into two or three
pieces.

Consequently, bottom-up cracks are considered as the most severe case regarding detection
because bottom-up cracks happened under pavement, and we do not know when the crack is
starting and where the location is. Therefore, a bottom-up crack detection system to diagnose early
cracking in pavements would save agencies cost and labor for maintenance, but yet is available
[15].

1.3. Literature Review
1.3.1. Crack Detection in Concrete

Cracking is a concern for concrete structures if it has the potential to deteriorate and pose
serviceability or structural problem, or both. The impact of cracking depends on cracking, climate,
traffic, and pavement design. To determine bottom-up cracks in concrete cracks in field is very
challenging. There are several non-destructive detection (NDE) techniques and methods
investigated by researchers to detect internal cracks in concrete structures, including ground

penetrating radar (GPR) [16, 17], ultrasonic technology [18, 19]. In addition, for concrete



pavements as an example, cracking assessment was also performed through either full-scale field
test section construction, accelerated pavement testing (APT), and Accelerated Loading Facility
(ALF) [21, 22].

GPR emits and measures high-frequency electromagnetic pulse waves to the measured
object through the transmitting antenna. Using the difference in the electromagnetic properties of
the underground medium, reflections and transmissions of electromagnetic waves are generated at
the interfaces of different electrical interfaces [16, 17]. For instance, the dielectric constants of the
air and pavement are different, and the receiving antenna receives the reflected echo and records
reflection time, which can be used to map the cracks in a highway [18] or the airport pavements
[22] and subgrades. The GPR can scan the pavement in three dimensions within a limited depth.
Due to the transmission limitation of the electromagnetic waves, however, GPR is hard to get an
accurate estimation of cracks when the pavement is very thick or moistures or other interfere.

Ultrasonic technology was also investigated to detect cracks and longitudinal joints in
asphalt concrete pavements [23, 24], which measures the ultrasonic reflections. In an ultrasonic
system, one transducer sent out a stress-wave pulse and the second transducer received the
reflected pulse, the time from the start of the pulse to the arrival of the echo was measured to
estimate the crack locations [25, 26]. With multiple arrays of probes, the ultrasonic sensors are
possible to detect pavement distresses such as delamination at the mid-depth of concrete pavement
slabs, spalling, and map cracking in concrete pavement slabs, and mud balls in a concrete runway.
In addition, the recurrence plot quantification analysis (RQA) method can improve the sensitivity
to damage in spoiled series, improving the reliability of damage detection with ultrasonic in non-

homogeneous materials [27]. However, due to a low transmission capacity of ultrasonic waves


https://www.sciencedirect.com/topics/engineering/nonhomogeneous-material
https://www.sciencedirect.com/topics/engineering/nonhomogeneous-material

in concrete, the detection limit of this technique limited several conditions such as environment
and weather change, different properties of materials could be available during the test.

In some cases, engineers used pavement strength to determine a potential crack
initialization in a concrete pavement. Full-scale static step-loads were applied at the free edge of
concrete slabs to induce bottom-up and top-down cracks, and then to determine the pavement
strength [28]. The full-scale observation of damage and failure mechanisms of pavements due to
traffic is quite essential for the improvement of road materials and construction methods, as well
as for the development and the validation of modeling tools and pavement design methods.

An alternative to the survey of real roads over long periods to detect pavement cracks
consists of performing Accelerated Pavement Tests (APT) test [29]. A wide range of fatigue
performance can be performed to calibrate the correlation between crack length and area cracked,
surface cracking initiation and cracking rate, crack length variations within the Accelerated
Loading Facility (ALF) test site, cracking orientation, and cracking initiation location. Moreover,
they found both crack length and percent area cracked were used to measure the cracking level.
The two measurements were found well correlated and the cumulative crack length in the meter is
approximately equal to the cumulative percent area cracked. The fatigue performance rankings are
identical by both measurements [30]. Advantages and Disadvantages of technologies to detect

cracks in a concrete structure in Table 1.



Table 1. Advantages and Disadvantages of NDE Technologies to Detect Cracks in a Concrete

structure.
Techniques Advantages Disadvantages
Ground Accurate Imaging, flexibility, simple operation, In the surface, the effect for environmental
Penetrating accurate location, healthy, and safety. conditions, traffic closure required during the
Radar (GPR) test
Ultrasonic High penetrating power, high sensitivity, non- In the surface, the effect for environmental

Laser Imaging
Techniques

Field Test

Embedded
Electrical
Resistance-
Based

hazardous to operations, results are immediate.

Record a high-res 3D profile of the road surface,
Analyze the 3D profiles with algorithms to
identify surface defects.

It helps control the load, the number of traffic
passes, temperature, tire pressure, etc. for a more
accurate and consistent assessment of road
performance, long-term pavement performance
monitoring.

Operate over a wide range of temperatures,
Suitable for dynamic Loads, Available in a wide
variety of gauge lengths, Long-term reliability,
Easy installation, Low cost.

conditions,

In the surface, the effect for environmental
conditions, traffic closure required during the
test

costly, In the surface, the effect for
environmental conditions, traffic closure
required during the test

dynamic measurement only, some crystals
are water-soluble and dissolve, limited
numbers of the sensor can place

1.3.2. Structural Health Monitoring

Other than the NDE technologies, structural health monitoring (SHM) refers to monitoring

technologies that aims to gain knowledges of the integrity of in-service structures on a continuous

real-time basis. They use the changes in measurements at the same locations at two different times

to identify the condition of the structure. SHM also refers to sensor networks that monitor the

behavior of structures while they are in service. In the literature, different words refer to SHM,

such as local health monitoring or global health monitoring. The definition and goals of SHM have

been changing as technologies evolve. If the monitoring design is performed carefully, it ensures

monitoring with a lot of profits on the structures. Though, it is good to keep in mind that there are

a lot of obstacles in the way to the ideal monitoring as the field is new and associated technologies



are still under development. Nevertheless, some benefits of monitoring are mentioned, including
real-time monitoring with alarms, downtime reduction, assessing and understanding the actual
behavior of the structure, and decreased maintenance costs.

Modern civil structures may need a continuous assessment of their structural integrity to
avoid catastrophic failures that can lead to economic and potential human loses. In this regard, the
knowledge of SHM schemes, in particular of sensors and signal processing algorithms, has become
a necessity for civil and structural engineers to monitor and detect the performances of the civil
infrastructure [31, 32]. SHM network can also measure crack widening which increases the overall
resilience of the structure by indicating the areas where maintenance work should focus [33]. The
availability of a continuous, real-time, and automatic structural health monitoring system is
considered a useful tool for early detection of a potentially dangerous situation for the structure
and its occupants [34].

1.3.3. Single Crack Detection in Concrete

In order to detect a single crack in concrete, embedded sensors can be used to form a SHM
system. One of the most popular embedded sensors used is the electrical resistance-based strain
gauge [35, 36]. When a strain gauge is tightly bonded to a measuring object, the mechanical
elongation or contraction of the bonded structure will change the electric resistance of the metal
sensing element of the strain gauge, which can be measured. Strain gauges installed in asphalt
pavement in airport runways successfully detected strain changes with airplane take-off and
landing and potential damages over time, especially in the gauges nearest to the taxiway [37].

In addition to electrical resistance-based strain gauges, optic fiber strain gauges were also
investigated for crack detections such as fiber Bragg grating sensors and distributed fiber optic

sensors [38, 39]. These fiber optic strain gauges can detect strain changes in pavements, which can



be related to crack initiation in pavements [40]. By using two fiber optic sensor nodes, information
of bridge performance had been collected [41]. Also, Fiber Bragg grating (FBG) sensors can be
used to monitor pavement performances in a harsh environment [42]. However, most embedded
sensors to detect pavement cracks were still installed near the pavement surface, preventing them
to detect cracking from bottom to up with different weather conditions, traffic, and the
environmental effect [43].

1.3.4. Multiple Cracks Detection in Concrete

The multi-crack identification is important in many practical application fields such as
concrete pavement structures and design. To detect the multiple cracks in concrete, there are
several techniques which can be used such as simulation, distributed fiber optics sensing (DFOS)
techniques, piezo-electrical transducers (PZT) sensors, acoustic emission (AE), and modal
analysis [44-42].

Machines and structural components require continuous monitoring for the detection of
cracks and crack growth for ensuring an uninterrupted service [44]. The difficulty of identifying
multiple cracks without a priori knowledge of the number of cracks is overcome by comparing the
residual sum of squares of each solution with an assumed number of cracks [45]. Simulations to
identify multiple cracks in concrete beams using an evolutionary algorithm were developed by
researchers by considering the crack detection procedure as an optimization problem with some
strain energy parameters and stress intensity. The depths of the cracks were also attempted to be
detected using simulation using inverse analysis. Inverse analysis for the calibration of materials
or structural models consists of data collection from experimental tests in laboratory or in situ,
computer simulation of the tests by employing the model to calibrate minimization, with respect

to the sought parameters, of a suitable norm which quantifies the discrepancy between
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experimental data and the corresponding values provided by the simulation. Several aspects of the
inverse problem theory and its applications are treated systematically [46, 47, 48].

Since simulation is not a field technique for crack detection, distributed fiber optics sensing
(DFOS) techniques were developed recently for the detection of damages in a laboratory size
reinforced concrete beam [49]. The sensitivity of this technique to micro-cracks was compared to
standard traditional sensors. Moreover, the capacity of a DFOS technique to localize cracks and
quantify crack openings was also assessed. The results showed that the implementation of DFOS
techniques allow the detection of early subtle changes in reinforced concrete structures until crack
formation. The DFOS techniques cover larger areas since it is a distributed technique. However,
the DFOS has a low detection frequency and high cost, which limited its widespread.

To save cost, point sensors such as piezo-electrical transducers (PZT) sensors [50] and
acoustic emission (AE) sensors [51] can also be used to detect multi-cracks in concrete. A smart
rebar network based on the PZT sensors were tested which showed possibility of detecting crack
damages. It was found that as the crack numbers increases, the times of stress wave’s reflection
and refraction increases, leading to the rapid decrease of wave strength. The indications increasing
crack numbers with the amplitude of the first wave was decreased exponentially. However, this
technology has some limitations, such as using for dynamic measurement only, it has high-
temperature sensitivity, and some crystals are water-soluble and dissolve in a high humid
environment.

Acoustic emission (AE) sensing techniques have the potential for detecting and locating
cracking in concrete structures [51]. AE measures the elastic waves produced by crack nucleation

and growth with an array of point sensors. The AE instrument system is relatively portable, which
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can allow it to be an option for off-site and on-site field application. Laboratory tests demonstrated
the possibility of AE in detecting cracks.

In addition, modal and vibration response analysis can be used to detect cracks since the
crack propagation, material properties, geometrical dimensions, and boundary conditions affect
the modal parameters. For example, the presence of a crack in a structural member alters the local
compliance that would affect the vibration response under external loads [52]. For the known
material and geometrical dimensions, if modal parameters are known, crack sizes, and their
severity may be detected [53, 54]. The vibration-based inspection methods for crack detection in
structures may enable the determination of location and size of cracks from the vibration data
collected from a signal or, at most, a few points on the component. Also, using an evolutionary
algorithm to identify multiple cracks in beams. By considering the crack detection procedure as an
optimization problem, an objective function can be constructed based on the change of the
eigenfrequencies and some strain energy parameters. The results show that the number of cracks
as well as their sizes and locations can be predicted well through this method. [55]. Moreover, the
other method to use modal analysis is the differential quadrature method which is a model with
linear elastic fracture mechanics and Euler-Bernoulli beam. The cracked beam was modeled as a
two-segment beam with the crack simulated as a rotational spring. The crack of the beam was
considered as local flexibility, which is a function of the crack depth. However, this method has
some limitations, such as the dynamic responses can be obtained by this method only, and crack
depth ratio a/h should be less than 0.5 [56, 57].

1.4. Problem Statements
Detections of internal cracks such as bottom-up cracks in concrete structures plays an

essential role in damage detection, reliability and performance evaluation of existing
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infrastructures. The literatures reviewed above show that currently most of the conventional
techniques in the market to detect cracks in concrete, especially, concrete pavements as a potential
application, can only detect when crack reaches in surface. Detecting cracks, especially hidden
cracks such as bottom-up crack beneath the surface of concrete structures, either for a single crack
or multiple cracks, is very challenging to be detected and most of the existing technologies had
low detection frequency and high cost.
1.5. Objectives and Organization of the Dissertation

To meet the challenges as mentioned above, this dissertation developed an algorithm to
localize and monitor the internal crack initialization and propagation in concrete using minimum
numbers of discrete point strain sensors for single crack and multiple cracks. The developed
algorithm was based on linear elastic fracture mechanics (LEFM) and was verified by laboratory
experiments. Strains inside a concrete structures were measured by minimum numbers of strain
sensors embedded, which can be related to stresses or any potential structural performances. In
order to achieve this objective, this study identifies two specific tasks which can be summarized
as follow:

1) Developing crack detection flowchart using the stress intensity theory with in-point
strain sensors in concrete for internal crack detection for both single and multiple
cracks;

2) Validating experimentally the proposed system through experimental testing for single

and multiple cracks detection.
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CHAPTER 2. THEORETICAL ANALYSIS

This chapter presents the theoretical analysis to develop the crack detection algorithms
using the stress intensity theory to detect single and multiple cracks in concrete using in-concrete
strain sensors followed by the sensitivity study.

2.1. Linear Elastic Fracture Mechanics

Traditionally, strength-of-materials concepts was used to design and analyze of a structural
component, in which failure is determined to occur once the applied stress exceeds the material’s
strength (either yield strength or ultimate strength, depending on the criteria for failure). However,
the presence of a crack in a structural component magnifies the stress in the vicinity of the crack
and may result in failure prior to that predicted using the traditional strength-of-materials methods.
Thus, for the failure of a structural component with an existing crack or flaw, fracture mechanics is
used to predict and diagnose the stress/strain distributions inside the component. In fracture
mechanics, a stress intensity factor is calculated as a function of applied stress, crack size, and the
geometry of the component. Failure occurs once the stress intensity factor exceeds the
material’s fracture toughness, resulting in rapid and unstable crack growth until fracture [58].

Concrete structures have rigidity and resilience from deformation. These characteristics,
however, result in concrete structures lacking the flexibility to move in response to environmental
or volume changes. Cracking is usually the first sign of distress in concrete. Failure of concrete
structures typically involves stable growth of large cracking zones and the formation of large
fractures before the maximum load is reached. Concrete may be referred to as a brittle material.
This is because concrete’s behavior under loading is completely different from that of ductile
materials like steel. But actually, concrete differs from ideal brittle materials in many aspects. In

modern fracture mechanics, concrete is considered as a quasi-brittle material. Cracking is an
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essential feature of the behavior of concrete structures. Even under service loads, concrete
structures are normally full of cracks [59].

This part presents several theories developed in fracture crack relation which have been
used in this study. For concrete structures, linear elastic fracture mechanics (LEFM) is an
important approach to fracture modeling. LEFM may over-predict the loads at which the crack
will propagate. To determine whether LEFM may be used or whether nonlinear fracture mechanics
is necessary for a problem. Modifications of LEFM were presented by Hassan et al. (2010) to
account for the distributed nature of pre-peak micro-cracking in concrete [60]. These modifications
have produced better results in the application of fracture mechanics concepts to brittle failure in
reinforced concrete [61]. In concrete, this inelastic zone surrounding the crack tip is being known
as the Fracture Process Zone (FPZ) characterized by complex mechanisms. In brittle materials,
Fracture Process Zone (FPZ) is defined as the region ahead of the traction free crack tip. A
considerable effort has been committed to develop numerical models to simulate the fracture
behavior of materials exhibiting tensile softening and FPZ, such as, concrete, used in civil
engineering structures [62]. Also, Hillerborg used concept of cohesive zone or cohesive crack to
simulate FPZ in discrete cracks [63, 64].

The FPZ region contains lots of distributing microcracks, in which mechanical behavior,
such as stress, also, linear elastic fracture mechanics, has the stress to approach infinity at a crack
tip. The size of the FPZ can be significant and can be generated from microcracking that occurs in
front of the crack tip, and a significant amount of energy is stored in the FPZ. The FPZ may be
defined as the area surrounding a crack tip within which inelastic material behavior occurs [65].
The FPZ size grows as load is applied to a crack, until it has developed to the point that the

(traction-free) crack begins to propagate. If the size of the FPZ is small compared to other
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dimensions in the structure, then the assumptions of LEFM lead to the conclusion that the FPZ
will exhibit nonchanging characteristics as the crack propagates [66]. This is called the steady state
of the FPZ.

The size of the steady state FPZ depends only upon the material properties. In concrete, as
opposed to metals, the FPZ can often be thought of as an interface separation phenomenon, with
little accompanying volumetric damage. The characteristics of the steady state FPZ depends upon
the aggregate size, shape and strength, and upon microstructural details of the particular concrete
under consideration. The FPZ was first studied in detail by Hillerborg et al [64, 65], which
considered that the size of the FPZ is dependent on the model used. The growth of the FPZ, until
peak load is reached, introduces the effect of structural size on the failure loads [67].

Early attempts to analyze failure in concrete structures caused by crack growth were not
successful, even though it was obvious that a fracture mechanics approach would be realistic to
model brittle crack propagation type failures. The lack of success in the early attempts to analyze
crack propagation failures was due to the use of linear elastic fracture mechanics (LEFM). LEFM
assumes that the fracture process is small and can be replaced, and that the rest of the member
volume remains elastic. However, research in the last four decades has resulted in modifications
to LEFM to account for the distributed nature of pre-peak micro-cracking and the presence of a
large FPZ in concrete. These modifications have produced better results in the application of
fracture mechanics concepts to brittle failure in reinforced concrete. Theories that allow tensile
softening and FPZ of relatively large sizes are classified as nonlinear fracture mechanics models
[68].

A considerable effort has been committed to develop numerical models to simulate the

fracture behavior of materials exhibiting tensile softening and FPZ, such as mortar, concrete, rock,
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or bricks used in civil engineering structures. Two numerical methods to simulate fracture are
available, including the smeared crack approach and the discrete crack approach. In the smeared
crack approach, introduced by [69], the crack is replaced by a continuous medium with altered
mechanical properties. Because the crack is established through stress computations at integration
points, a significant number of cracks with small openings are imagined to be continually
distributed over the finite element. The constitutive laws, defined by stress-strain relations, are
nonlinear and may exhibit strain softening. Strain localization instabilities and spurious mesh
sensitivity of finite element calculations are likely when strain-softening are modeled numerically.
These difficulties can be overcome by adopting appropriate mathematical techniques [70].

In this study, to simplify the analysis, we assumed that the crack tip in the concrete
pavement behaves elastically. Stress and displacement field is developed in crack tip. While in
many cases, concrete may be ductile as discussed above, but the size of the plastic zone is very
small. Therefore, the plastic zone is ignored. Thus, the LEFM theory is adopted in this study to
generate the stress/strain field of the sub-field around the cracks in the concrete structures.

The size effect of structure having geometrically similar properties has been understood in
many studies [71, 72] as the effect of the characteristic structure size on the nominal strength. A
major deterministic size effect can be caused by stress redistributions caused by stable propagation
of fracture or damage and the inherent energy release due to cracks. In general, a size effect that
bridges the small-scale power law for nonbrittle (plastic, ductile) behavior and the large-scale
power law for brittle behavior signals the presence of a certain nonnegligible characteristic length
of the material. The material length, which represents the quintessential property of quasi-brittle
materials, characterizes the typical size of material inhomogeneities or the fracture process zone

(FPZ). Quasi-brittle behavior can be attained by creating or enhancing material inhomogeneities
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in concrete by means of embedded reinforcement. Such behavior is desirable because it endows
the structure made from a material incapable of plastic yielding with a significant energy
absorption capability [73].

In materials science, an inverse size effect spanning several orders of magnitude must be
tackled in passing from normal laboratory tests of material strength to microelectronic components
and micro mechanisms. A material that follows linear elastic fracture mechanics (LEFM) on the
scale of laboratory specimens cross section of sizes from 152.4*152.4 to 152.4*241.3mm may
exhibit quasi-brittle for unreinforced concrete beams or even ductile (plastic) failure for reinforced
concrete beams.

In LEFM theory, the stress intensity factor (K) is a significant parameter to describe a
crack, and it determines the stress and displacement fields in cracked solids near the crack tip [74].
K predicts the stress state “stress intensity” near the tip of a crack caused by a remote load or
residual stresses [75]. It is usually applied to a homogeneous, linear elastic material and is useful
for providing a failure criterion for brittle materials, and is a critical technique in the discipline
of damage tolerance. The concept can also be applied to materials that exhibit small-
scale yielding at a crack tip. In this study, the stress intensity factor is used to derive the strain
fields around the cracks. Based on the LEFM theory, if the crack depth (a) in a certain material
under loading is known, the magnitude of stress intensity factor can be obtained as:

K=o ovma @
where, o is applied stress, a is crack length, and a =1.1215, is a parameter dependent on size of the

structural component and crack geometry [76,77].
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There are three general modes of cracks as shown in Figure 1: Mode | opening, Mode 11
in-plane shear, and Mode I11 out-of-plane shear. The bottom-up crack which matters to this paper

is in Mode I, opening.

v

Mode I1: Mode 11: Mode 111:
Opening In-plane shear Oul-ol-plane shear

Figure 1. Schematic of the Basic Fracture Modes: Mode | (opening), Mode I1 (sliding), Mode I1I
(tearing). [78]

For Mode I crack, linear elastic theory predicts that the stress distribution (o) near the crack
tip, in polar coordinates ( r, ©) with origin at the crack tip, has the form also, shown in Figure 2

[79].

—-: x

Crack tip

Figure 2. Polar Coordinates at the Crack Tip.

If the stress intensity factor K is calculated based on the crack geometry, the stress in x and

y directions at a random location around the crack, (r, ©), ox and oy, can be estimated as:

Lcos9 [1 — singsinﬁ]
cs":\/an 2 2 2 (2)
_ K 0 . 0 . 30
Gy—mcosz[1+smzsm2] (3)
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By knowing Young’s modulus of concrete materials in advance (E) under the assumption
that concrete is a linear elastic material, the strains in x and y directions at the random locations

can be estimated as:
Ex =7 & = (4)

Thus, if several strain sensors are applied at known locations inside the pavements within
a sensitive range of the crack tips, it is highly potential to estimate the locations and crack lengths
theoretically.
2.2. Single Crack Detection in Concrete Structures

To detect a single crack in concrete pavement, two strain sensors (Sensor #1 and #2) are
assumed to be placed in known locations with a certain distance (L) away from each other, which
is around a sensitive range of one bottom-up crack with crack width of a in concrete pavements

with elasticity of E, as shown in Figure 3. Loading is applied on the top of the concrete pavement.
The strain sensors measure strains in both x and y directions (& ,€,,) and (&x,,&y,). Thus, in
the condition there is a single crack in between the two sensors, the relation between the measured

strain increase from the sensors to its physical locations related to the crack based on the semi-

inverse method developed by Westergaard can be descried as: [80].

K o521 — sin % sin %)
Ext= == C0S sin—sin > (5)
_ K o1 o1 301
ey1= == C0S [1 + sm sin - (6)
K cos 21— sin2sin 2]
X2y 7= COS sin—sin - (7
_ K 02 362
8y2—E\/FCOS [1 + Sln sin . ] (8)
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Figure 3. Sensor Locations vs Perpendicular Crack

Based on the assumption that the crack is perpendicular to the bottom of the pavement,
then, the geometrical relation between the crack depths (a), the radius distance (r1), the crack radius
angle (61), and the distance between the Sensor 1 and the crack (L1), can be determined as:

tan (01-90°)=a/L; )
cos (01-90°) =L1 /r1 (10)

Thus, the radius distance (r1) and the crack radius angle (61) can be replaced by the crack

depth (a) and the distance between the Sensor 1 and the crack (L1) as:

01= tan'! (a/Ly) +90° (11)

r, = ——— (12)

1 cos (61-90°)

Putting Equations (11, 12) into Equation (5), the measured strain in x direction at Sensor 1
location, €1, can be estimated as:

£ - cva cos tan—l[(:—1>+90°] 1 sin tan_l[(La—1>+90°] in 3tan_1[(3—1>+90°] (13)

1.4142+E~ j L1 2 2 2

cos [tan_l(;—l)]
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Following the same procedure as for g1, the measured strain in x direction at Sensor 2 location can
be estimated based on the crack depth (a) and the distance between the Sensor 2 and the crack (L>)

as below:

tan~1| a +90°] tan~1| a +90°] 3tan‘1[(L1)+90°]
£, - ova cos (LZ) 1 — sin (L2> sin 2 (14)
Ly 2 2 2

1.4142+Ex |———2————
\/cos [tan_l(%)]

Considering that the distance, L, between the two sensors, equals to L1+ Lo, Equation (14) can be

rewritten as:

—1;(_a . —1p(_a . 3tan1 (L)+90°
. oVa tan [(L_L1)+90] _ tan [( 1)+90] ~ 3tan (g5 )+90]
2= cos sin sin (15)
L-19 2 2 2
14142+E+ |——— 1 —
cos [tan_l(m)]

Thus, if the strains in X directions at Sensor locations 1 and 2 can be measured, based on
Equations (12, 13), the crack location, L1, and the crack depth, a, can be estimated considering the
semi-inverse method [81,82].

As seen from above that Equations (12- 14) were derived based on the assumption that the
crack is perpendicular to the bottom surface of the pavement. When the crack is initializing, the
assumption of perpendicular crack is a reasonable assumption. Thus, Equations (11-14) can be
applicable to estimate the crack initiation location, Li. However, in practical application, after the
crack is initialized and starts to propagate, crack may propagate to random directions, and this
assumption may not be true and Equations (12-14) may not be applicable to calculate the crack
depth, a. To solve this challenge, based on measured strains from Sensors 1 and 2, Equations (12-
14 ) will be used to calculate the crack initialization location, L1, and noted as L1, t=0. For next

time interval, t=i, based on the measured strains and Sensor 1 and 2, the crack location, L1, t=i can
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be re-estimated. Thus, the angle of the crack away from the perpendicular direction, ¢, as shown
in Figure. 4, can then be estimated as below:

$=sin’! (AL/a) (16)
where, AL is measured distance difference between L1, t=0 and L1, =i measurement. Therefore, based
on Equations (12, 14, and 15), not only the crack location but also the crack propagation can be

estimated based on the real-time measurements of the strains at bottom of the pavement.

Applied Loading

Concrete Pavement

rz

Sensor 1 | ~1 Sensor 2
[ L1 ,t=0 J L2 ,t=0
a

Li,t=i
Figure 4. Sensor Locations vs Crack Propagation in Random Directions after Initiation.

As shown in flowchart in Fig. 5, the applied stress on the structure and the detected strains
from the strain sensors will be used as input to this algorithm. These inputs will be feed to equations
(9,112) to calculate the real-time crack length and the crack locations. As long as the crack length
becomes non-zero, the calculated crack location will be noted as the location when crack initiates,
L1, t=0. Equations (13, 15) will be used continuously to estimate the crack location at later time
interval, i, which is noted as L, +=i based on the measured strains. The difference between Li, t=o
and Ly, = will be calculated and input to Equation 12 together with the estimated crack length from
Equations (14, 15) from time interval, i. Finally, Equation (16) will be used to estimate the crack
directions at time interval, i, which will produce the crack progressing map along the bottom of

the pavement.
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Figure 5. Flowchart for the Developed Crack Detection Algorithm.
2.3. Multiple Cracks Detection in Concrete Structures

The developed algorithms in Section 2.1. can be advanced to detect multiple cracks with a
minimum of four strain sensors. In this analysis, four-strain sensors were used to derive the crack
distribution along the bottom of the pavements in a case of multiple cracks. To detect multiple
cracks using a network of multiple sensors, two assumptions have been made:

1) The cracks start from the bottom of the concrete pavement structure.

2) The cracks (1, 2, ..., j, where j is the total number of cracks in between two nearby

sensors) are developed in sequences in between two nearby strain sensors.

Based on the assumptions above, before the initiation of two or more cracks, the two strain
sensors nearby already detected the initiation location of the first crack, which is L1, t=c1 away from
Sensor 1, and monitor the crack depth and direction development of this single crack, which are
ait=i and @1, = following Equations (13, 15, 16). As seen in Fig.6, Sensor 3 is assumed to be placed

with a distance of Li-3 away from Sensor 1, and Sensor 4 is assumed to place with a distance of
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L.-4 away from Sensor 2. Four sensors, including Sensor 1, 2, 3, and 4 form a network for multiple
crack detection. The presence of a new crack in between Sensor 1 and Sensor 2, in addition to the
first crack, Crack 1, may induce a small sudden change of strain measurements in either Sensor 1
and Sensor 2, depending on the location of the new crack. If the new crack occurs in between
Sensor 1 and the first crack, the small sudden strain increase, if any, will be presented by Sensor
1. On the other hand, if the new crack is located in between the first crack and Sensor 2, the small
sudden strain increase will be presented by Sensor 2. However, the changes may be too small for
Sensor 3 and Sensor 4 to be considered a sudden change. However, the identified crack initiation
time from Sensor 1 and Sensor 2 can be used by Sensor 3 and 4 to analyze the crack locations and
progress. Either the new cracks occur in between Sensor 1 and Crack 1 or Sensor 2 and Crack 1,
only the notation and affected sensor number will change, the analysis progress will be similar for
either case. So in this analysis, we use the condition when the other sequences of new cracks
occurring in between the first crack and Sensor 1 as shown in Fig. 6 as an example to derive the
theoretic solutions of the strain field distribution. The size cracks during the test were reasonable
and energy the sensor detects point strain the energy release rate and the rate of energy
consumption by fracture by changing strain data. The first one longer than the second one, and it

has higher energy that is needed to catch and detect by point strain sensor.
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Figure 6. Multiple Bottom-up Cracks in a Pavement Segment

Since the occurance of the new cracks are assumed to occur in between the first crack and
Sensor 1, based on Equation 13, it can be seen that Sensor 2 will not be sensitive to this crack since
Crack 1 blocked the strains from the new cracks, Cracks 2 and more, on the other side of the Crack
1, till the other new cracks develop their crack depths longer than Crack 1. In another word, when
the depths of Crack 2, 3, or more, a;, is smaller than az, (a; < a1), Sensor 2 will be only sensitive to
Crack 1 and continue monitor the development (length and direction) of the first crack, Crack 1.
In the case of cracks more than two and the depth of all other cracks are smaller than the first crack
(aj< a1), Sensor 1 will sense all the cracks in between the longest crack and Sensor 2.

Let’s take a look at the problem in the case of two cracks in between the two sensors, which
is the simplest case and extend that to multiple cracks more than two. In the case of two cracks,
Sensor 1 is expected to sense both Crack 1 and 2 when Crack 2 has a depth smaller than Crack 1.
When Crack 2 develops depth larger than Crack 1, Sensor 1 will be only sensitive to Crack 2 and
Sensor 2 will be senstitive to both cracks. Thus, Sensor 2 is expected to have a sudden strain
increase when Crack 2 develops to be larger than Crack 1. Thus, when a; < as, the strain measured

by Sensor 2 at t=i when i>C2 and i<C3, can be presented as:
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€2, == €2(a=ay, t=i, L1= L1, t=c1) , C2<i<C3 (17)
in which the e2(a=ay, t=i, L1= L1, t=c1) IS the strain calculated based on Equation 15 in the
condition of a=ay, t=i, L1= L1, t=c1. Thus, with measured strain at Sensor 2 in any time instant t=i, &,
t=i, based on Equation 17 and Equation 15, the crack depth ai, +=i at any time instant t=i can be
obtained. On the other hand, when a; < ai, the strain at Sensor 1 can be calculated based on
superposition principles which can be represented as:
e1,t=i= €1(a=ay, =i, L1, t=c1) + e1(az, =i, L1, t=c2), C2<i<C3 (18)
in which the &1(a=a1, =i, L1= L1, t=c1) IS the strain at Sensor 1 calculated based on Equation 13 in the
condition of a=ay, t=i, L1=L1,t=c1 and €1(a=ay, =i, L1= L1, t=c2) is the strain at Sensor 1 calculated based
on Equation 13 in the condition of a=ay, =i, L1= L1, =c2. Similarly, at Sensor 3, the measured strain
can be obtained as:
€3, t=i= €3(a1, t=i, Li~3+L1, t=c1) + €3(az2, t=i, L1, t=c2), C2<i<C3 (19)
in which the e3(a=a, =i, L1= L1, t=c1) is the strain at Sensor 3 calculated based on Equation 13 in the
condition of a=ay, t=i, L1= L1, t=c1 and e3(a=ay, =i, L1= L1, t=c2) is the strain at Sensor 3 calculated based
on Equation 13 in the condition of a=az, t=i, L1= L1, t=c2. With the calculated crack depth ay, =i of the
first crack, Crack 1, from Equations 17, the strains at Sensor 1 and Sensor 3 locations from Crack
1, e1(a=ay, t=i, L1= L1, t=c1) and e3(a=ay, =i, L1= L1, t=c1), can be obtained at any time instant t=i.
Thus, at t=C2, we have the induced strain changes at Sensor 1 and Sensor 3 for a
presentence of a new crack, A €1, 2, and A €3,c2as
A g1, 0= €1(a2 t=c2, L1, t=c2) . (20)
A €3, o= €3(az t=c2, L1, t=c2) . (21)
At the presence of the second crack, the strain changes at t=C2 from Sensor 1 and 3, A &1,

2, and A €3, c2, can be measured and az, -=c2, and L1, -=c2, are the two unknowns. Solving Equations
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20 and 21, ay, t=c2, and L1, t=c2 can then be obtained. With L1, +=c2 calculated, Equations 18 and 19
will be only related to the development of the crack depth, a=ay, +=1 of the new crack, Crack 2. Thus,
to be more accurate, Sensor 1 and Equation 18 will be used to track the continuous development
of a depth of Crack 2.

As the continuous development of Crack 2, at a time instant, t=t1, the crack depth of Crack
2, a2, turns to be bigger than ai, which is aj> a;. Thus, after any time instant t>t1 when aj> a;

Equations 17 to 19 will be changed to

e1,t=i= e1(a=ay, =11, L1, t=c1) + €1(82, =i, L1, t=c2), C2<i<C3 (22)
g2,t=i= €2(8=ay, =i, L1= L1, t=c1)+ €2(82, t=i, L1, t=C2), C2<i<C3 (23)
€3, t=i= €3(a1,t=t1, La~3+L1, t=c1) + €3(82 t=i, L1,1=c2), = C2<i<C3 (24)

With measured strains from Sensor 1, 2 and 3, the crack depth of a, +=i and az, =i can be
assessed continuously. As the continuous development of Crack i, the same procedures applies as
interaction for the rest of the cracks and more strain sensors may be needed for a more accurate
detection since the noises may be too big when too many cracks are developed in between two
Sensors.

2.4. Sensitivity Study on Single Crack Detection

To demonstrate the feasibility of the developed approach above, parametric study was
performed using MATLAB for single crack detection as an example. Table 2 shows the
mechanical properties of material (concrete) simulated. The horizontal distance between the two
sensors at the bottom of the concrete structure, L, was assumed to be 200 mm, and the crack was
assumed to perpendicular to the concrete surface in the analysis. Three cases were analyzed for
different crack distance away from Sensor 1, L1, with 25mm, 50mm, and 100mm as shown in

Table 3 for crack locations analyzed for the three cases.
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Table 2. Summary of Mechanical Characteristics of Concrete

Parameter Value
Elastic modulus, E 33.234 GPa
Compressive strength, oc 50 MPa
Tensile strength, ot 5 MPa

Table 3. Parametric Study Matrix

Case No. L1 (mm) L2 (mm)
1 25 175
2 50 150
3 100 100

Figures 7(a~c) show the simulated strain changes in the x-direction at Sensor 1 and Sensor
2 locations with different crack depth (a) for the three cases, respectively. When the crack is close
to the sensor, for instance, 25mm and 50mm away from Sensor 1, the strain increases as the crack
propagating. On the other hand, when the crack is far away from the sensor, larger than 50mm, the
strain decreases as the crack propagating. Thus, by tracking the pattern of strain changes measured
on strain sensors, it is possible to quickly qualitatively locating the crack’s location in respect of

the sensor locations.
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Figure 7. Estimated Strains at Sensor Locations for (a) Case 1, (b) Case 2, and (c) Case 3.
2.5. Summary
This chapter presented the theoretical analysis to develop the crack detection algorithms
using the stress intensity theory to detect single and multiple cracks in pavements using point strain
sensors embedded inside concrete structures followed by the sensitivity study on single crack

detection as an example.
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CHAPTER 3. EXPERIMENTAL STUDY FOR SINGLE CRACK

DETECTION

This chapter presents the used point strain sensors, the experimental setup, the
experimental results, and discussions for single crack detection using the developed algorithm in
Chapter 2. The experiments were designed to achieve the objectives of this study, including tests
on the compression, flexural, and tensile strength of the concrete samples in addition to the crack
detection tests.

3.1. Strain Gauges Used for Single Crack Detection

If attached, strain gauges measure strains on the surface of objects and if embedded strain
gauges measure strains inside of an object. The strains are detected by measuring changes in
electrical resistances as the strain gauges stretch or contract with the objects they are glued to or
embedded in. The resistance change is proportional to the amount of stretching or contracting they
experience and is reflected as a change in voltage across designated elements, one being the strain
gauge itself, in an electrical circuit [83, 84]. Strain gauges are highly precise with a strain
measurement resolution of £1pe and high accuracy of £5% if testing is in laboratory as shown in
Table 4. Temperature correction is easy to be done for strain gauges with provided temperature
influencing curved from the manufacturers. Strain Gauges require easy installation and
maintenance with large variety of shapes and sizes. Compared to other point strain sensors such
as fiber optic sensors, acoustic sensors, ultrasonic sensors, etc., strain gauges are inexpensive and
affordable. Thus, in this study, strain gauges were selected to be the point sensors. Table 4 shows
the detailed sensing specifications of the used strain gauges in this study which was provided by
the manufacturers. Since the sample size of the unreinforced concrete beam for the single crack

detection in this study is small, the strain gauges used for the single crack detection were selected
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as the precision strain gages (one axis general purpose) provided by OMEGA Engineering, Inc.
This general purpose one-axis strain gauge has a small size of 1.5 mm in grid length and 1.2mm
in grid width, which provides strain measurements up to +2,000ue. For unreinforced concrete
samples, this measured range is enough to cover the required strain ranges. In addition, due to the
fact that the experiments were performed in controlled environments in door and within a few
minutes, the influences from the temperature changes were not considered for the strain gauges
used in this study.

Table 4. Specifications for Point Strain Sensor in Single Crack Detection

Specifications Values
Accuracy +5%
Measurement range +2,000ue
Strain resolution +1lue
Operating temperature range -75t0 200 °C
Initial resistance 120 Q

Grid width 1.2 mm

Grid length 1.5 mm

3.2. Concrete Mix Used
A water to cement ratio of 0.35 was used to mix the concrete beam samples and Table 5
shows the detail concrete mix design used in this study. After mixing, the concrete samples for

testing were cured for the periods of 28 days [84].

32



Table 5. Concrete Composition

Materials Amount (kg/m?3)
Cement (KQ) 25
Coarse Aggregate —Gravel pass sieve opening 19 mm (Kg) 10
Coarse Aggregate —Gravel pass sieve opening 16 mm (Kg) 10
Coarse Aggregate —Gravel pass sieve opening 12.5 mm (Kg) 12
Coarse Aggregate —Gravel pass sieve opening 9.5mm (Kg) 16.5

Fine Aggregate-Sand pass sieve opening 4.75 mm (Kg) 12

Fine Aggregate-Sand pass sieve opening 0.075 mm (Kg) 17.5
Water (Kg) 8.7

3.3. Compression and Tension Tests

Before detecting cracks, material characterization tests were conducted on the used
concrete, including compression and tensile strength tests. For compression tests, three cylindrical
specimens were made with nominal dimensions of 152.4 mm x 304.8 mm. Figure 8 shows the test

setup for the compression strength test. Loading was applied continuously until specimen rupture

following ASTM C309.
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Figure 8. Sample Setup for Compression Tests

The tensile strength tests followed the direct tensile strength test procedure ASTM D2936
— 08. Six prismatic specimens were made for the tensile tests which had nominal dimensions of
50.8 mm x 50.8 mm x304.8 mm specimens, in which 304.8mm is the length of the specimen, as
shown in Figure 9(a). Three samples were prepared with a notch in the middle (in-notch) and three
samples were prepared without any notch (out-notch). Figure 9(b) shows the test setup for the

tensile strength.

34



(b) Test Setup

Figure 9. Tensile Strength Test Sample (a) and Test setup (b)

Table 6 shows the tested compression and tensile strengths from the concrete samples.
Although six samples were tested for the tensile tests, only the three specimens without notch were
used to determine the tensile strength of the used concrete. The average compression strength and
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tensile strengths for the used concrete was 45 Mpa and 2.1 Mpa. The cracking strength was tested
to be lower than the tensile strength of concrete. Crack propagation is governed by the cracking
strength [84].

Table 6. Compression and Tentile Test Results

Sample Compression Tensile strength
No. strength (MPa) (MPa)
1 45 25
2 44 1.8
3 46 2.0
Average 45 21

Figure 10 illustrates the differences in failure process from the direct tensile tests for in-
notch and out-notch for prismatic tensile strength specimens. It can be noticed remarkably that
when comparing the stress—displacement curves obtained during the experiment, the failure crack
out-notch for prismatic specimen’s concrete almost 40% times higher normal stress and 30% less
than for displacement compared to the results measured in in-notch for prismatic specimen’s

concrete.

36



3
2.5 //, )
< 2
o
2 /
§ 1.5 / // out-notches
(..,b) 1 A / = in-notches
05 / / l

.OL’_// il == .

0 0.1 0.2 0.3 0.4 0.5 0.6
Displacement(mm)

Figure 10. Normal Stress VS Displacement for Both In-notches and Out-notches Failure in
Tensile Test

3.4. Flexural Strength Tests

In addition, flexural strength tests were also performed. Unreinforced concrete beams were
prepared with dimension of 152.4 mm x 152.4 mm x508 mm, in which 508mm is the length of
the beam as shown in Figure 11 (a). Three test samples were made with notch in the middle of the
concrete beam and three samples were made without any notches. The three-point flexible strength

tests were following ASTM C78 as shown in Figure 11 (b).
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(b)
Figure 11. Flexural Strength Test Sample (a) and Test Setup (b)

Based on the applied loads and the dimension of the tested specimen, the flexural strength

was calculated as [84]:

P
" b(d-ao)?

(33)

where, R=modulus of rupture (MPa); P = applied load (N); | = distance between the support bars
(mm); b = specimen average width at the rupture section (mm); d = specimen average height at
the rupture section (mm); ao=crack length (initial crack).

Rupture occurred at the third average distance between the support’s elements in the
flexural strength tests, and the flexural strength was calculated by the Eq. (33). Table 7 presents
the flexural strength results obtained from the experiments for both the three samples with notch
and three samples without notch. The flexural strength for samples with notch had an average of

5.7 Mpa and that for samples without notch had an average of 6.27 Mpa.
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Table 7. Flexural Strength Test Results

Sample No. Flexural Strength (with notch) Flexural Strength (without notch)
(MPa) (MPa)
1 5.3 6.3
2 5.8 6.0
3 6.0 6.5
Average 5.7 6.27

3.5. Sample Preparation for Single Crack Detection

To detect single crack, unreinforced concrete beams were prepared with dimension of
152.4 mm x 152.4 mm x508 mm, in which 508mm is the length of the beam, following the ASTM
testing standard for three-point loads of unreinforced concrete beams [84]. Two types of concrete
test samples were made in this study including three samples with initial notches and three samples
without notches. Three samples were made with initial notches at various locations on the beam
as shown in Figure 12. The three initial notches were all at the center of the beam but had different
depth of 25mm, 50 mm, and 75mm, respectively. Figure 12 (a) shows the sample with initial notch
of 25 mm in depth, Figure 12 (b) shows the sample with initial notch of 50mm in depth, and Figure
12 (c) illustrates the sample with initial notch of 75mm in depth. For all the samples with notches,
each sample had four strain gauges installed on the side of the beam. Two strain gauges installed
154 mm away from the edge of the sample with one in longitudinal direction and the other in the
transverse direction and the other two laid out the same way on the symmetric location on the
beam. The horizontal distance between the locations of the two sets of sensors were 200 mm. All
the detected strains were collected using data acquisition and recorded using a personal computer

for post-experiment analysis.
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(c) Concrete beam sample with initial crack 25mm
Figure 12. Concrete Beam Samples with Initial Notches

Three samples were made without initial notches as shown in Figure 13 (a). For all the
three samples without notches, four strain gauges were installed on the bottom of the sample as

seen in Figure 13 (b). Two strain gauges installed 154 mm away from the edge of the sample close
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to each side of the beam and the other two laid out the same way on the symmetric location on the
beam. The horizontal distance between the locations of the two sets of sensors were 200 mm. All
the detected strains were collected using data acquisition and recorded using a personal computer

for post-experiment analysis.

(a)

Sensor3|_ 200mm -| Sensor4
152.4mm
I I
Sensorl 200mm Sensor2
154mm 154mm
508mm
(b)

Figure 13. Photo (a) and Schematic of the Sensor Layout (b)
3.6. Results for Samples with Initial Notches
Figures 14 (a, b) illustrate the measured strains in longitudinal direction from the two strain

gauges at the bottom of the beam, Sensor 1 and Sensor 2.
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Figure 14. Measure Strains for the Sample with an Initial Notch of 50mm

Based on Equation (5) and with the measured strains from Sensor 1 and sensor 2, the crack

location away from the sensors (L1, L2) and (r, 0) can be calculated. Figures 15 (a, b) show the
calculated crack length progressing as loading increases. The detected final crack length was

115mm based on the sensor measurements. The actual measured crack width using ruler was
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102.4mm. The difference between the crack measured by the two-point sensors and the actual

crack length was 12.3% for the beam sample with the initial notch of 50mm in depth.
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(b) Measured crack length (a) Vs. Time (Sec), from Sensor 2

Figure 15. Crack Detection from Point Sensors for the Concrete Sample with an Initial Notch of

50mm

For the test sample with the initial notch of 25mm in depth, Figure 16 shows the measured

crack length propagation from the installed point sensors. The final measured crack length from
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the installed sensors was 141.6mm. The actual crack depth was 127.4mm. The measurement
difference between the sensors and the actual crack length was 11.15% when the concrete beam

sample with the initial notch of 25mm in depth.
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Figure 16. Crack Detection from Point Sensors for the Concrete Sample with an Initial Notch of
25mm

For the test sample with the initial notch of 75mm in depth , Figure 17 shows the measured
crack length development from the installed point sensors. The final measured crack length from
the installed sensors was 62.76mm. The actual crack depth was 77.4mm. The measurement
difference between the sensors and the actual crack length was 18.92% when the concrete beam
sample with the initial notch of 75mm in depth. In general, the sensors detected crack length better
for the samples with initial notches of 25 mm and 50mm compared to that of 75mm. The reason
of this may because the initial 75mm crack was approximately half of the height of sample, and in
this case, the sample quickly failed, and the strain had the lowest values so, the crack length

measured was small.
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Figure 17. Crack Detection from Point Sensors for the Concrete Sample with an Initial Notch of
75mm

The test results show that for the specimens with initial notches, the average measurement
error to detect a single crack using two point strain sensors was 14.12%, yielding an average
measurement accuracy of 85.88%.

3.7. Results for Samples without Initial Notch

For samples without initial notches, Figures 18 (a, b) illustrate the measured strains from
the strain gauges for Sample 1 during the three-point loading tests. Based on Equations (16, 18,
and 20) and with the measured strains from Sensor 1 and 2, the crack location and crack
propagation (crack depth) on the front surface of the specimen can be estimated as shown in Figure
19 (a). In Figure 19 (a), X-axis is the distance between the identified crack to Sensor 1 and Y-axis
if the crack depth pattern changes in the vertical direction. The actual cracks were also measured
from Figure 19 (a) to compare with the estimation of crack patterns based on the sensor readings.
Figure 19 (b) also shows the photo of the crack pattern after cracking for Sample 1. For Sample 1,
the maximum variance between the crack patterns detected from the sensors is within 8 mm, which

is 5 % of crack estimation error.
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Figure 18. Measured Strains from the Sensor 1 (a) and Sensor 2 (b) of Sample 1
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Figure 19. Comparison of Detected Crack Compared with Reference Crack (a) and Photo of after
Cracking (b) for Sample 1
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Figures 20 (a, b) illustrate the measured strains from the strain gauges of the Sample 2
which did not have a notch during the three-point loading tests and Figures 21 (a) is the comparison
between crack location and crack propagation (crack depth) in the front surface estimated using
sensors and the actual cracks as shown in Fig. 21 (b). For Sample 2, the maximum variance
between the crack patterns detected from the sensors is within 46 mm, which is 30.1 % of crack

estimation error.
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Figure 20. Measured Strains from the Sensor 1 (a) and Sensor 2 (b) of Sample 2
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Figure 21. Comparison of Detected Crack Compared with Reference crack (a) and Photo of after
Cracking (b) for Sample 2

Figures 22 (a, b) illustrate the measured strains from the strain gauges of Sample 3 for the
samples without notches during the three-point loading tests and Figure 23 () is the comparison
between crack location and crack propagation (crack depth) in the front surface estimated using
sensors and the actual cracks as shown in Figure 23 (b). For Sample 3, the maximum variance
between the crack patterns detected from the sensors is within 27 mm, which is 17.71% of crack

estimation error.
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Figure 22. Measured Strains from the Sensor 1 (a) and Sensor 2 (b) of Sample 2
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Figure 23. Comparison of Detected Crack Compared with Reference Crack (a) and Photo of
after Cracking (b) for Sample 3
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From Figure 19 (a), 21 (a), and 23 (a), it can be seen that the average variance between the
crack pattern detected using the discrete sensors on the bottom of the concrete beam and the actual
crack pattern for all three samples is 17.6 %, indicating a promising crack detection approach for
internal crack detection.

3.8. Summary

This chapter presented the experimental study for single crack detection. Experimental
results with three initial notches of 25, 50, and 75 mm in depth were made on the specimens to
control the location for cracks so that comparison between analytical and experimental analysis
can be made. An average crack depth detection accuracy yielded 88.85% from the three tested
specimens with initial notches. For the samples without notches, the average crack location and

depth detection accuracy achieved 82.4%.
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CHAPTER 4 EXPERIMENTAL STUDY FOR MULTPULE CRACKS

DETECTION

This chapter presents the testing program that was used to investigate detection of multi
cracks in concrete using the developed sensing system. To be able to achieve multiple cracks in
concrete, reinforced concrete beams were prepared for the laboratory experiments.

4.1. Strain Gauges Used for Multi Crack Detection

Since the sample size of the reinforced concrete beam for the multiple cracks is relatively
big, the strain gauges used for the multiple cracks detection were selected as the specific designed
strain gages for concrete samples provided by OMEGA Engineering, Inc. Table 7 shows the
detailed sensing specifications of the used concrete strain gauges for multiple cracks detection in
this study which was provided by the manufacturers. This special purpose one-axis strain gauge
has a large size of 30 mm in grid length and 3 mm in grid width, which provides strain
measurements up to +20,000ue. For reinforced concrete samples, this measured range is enough
to cover the required strain ranges. In addition, the influences from the temperature changes were
not considered for the strain gauges used in this study since the experiments were performed in

controlled environments in door and within a few minutes.
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Table 8. Specifications for Point Strain Sensor

Specifications Values
Accuracy 5%
Measurement range +20,000pe
Strain resolution +1lue
Operating temperature range -75t0 200 °C
Initial resistance 350 Q

Grid width 3mm

Grid length 30 mm

4.2. Samples Preparation and Experimental Setup

The samples used in this experiment were reinforce concrete (RC) beams with dimensions
of 152.4 mm x 241.3 mm x 1422.4 mm [85, 86] as shown in Figure 24. The concrete mix followed
the same mix design as in Table 5 of Chapter 3. As also shown in Figure 24, $10 and ¢12
reinforcements were applied in the RC beams as longitudinal reinforcement rebar in the
compression and tension regions and ¢8 at an interval of 152.4mm was used as stirrups for shear
reinforcement. The design of the RC followed reference [85, 86]. Table 8 shows the detailed
material properties of the used reinforcements. Figure 25 shows the molds for samples with the
reinforcements and Figure 26 shows a photo of the casted RC beam sample. Three RC beams were
prepared for testing to be statistically valid. On each RC beam, four strain gauges were attached
following Figure 6 in Chapter 2. The distance in between each strain gauge is 245mm as also

shown in Figure 26.
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Figure 24. The Schematic of the Reinforced Beam Details and Sensor Layout

Table 9. Material Properties of the RC Beams Reported

Reinforcement  fy Yield strength  ft Tensil strength E Young’s
(N/mm2) (N/mm2) modulus (N/mm2)
Rebar @12 468 645 210
Rebar @10 510 700 210

Figure 26. Photo of the RC Sample 1
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The three prepared RC beams were tested under continuous four-point loading with a
loading speed of 1 kN/min [87, 88] as shown in Figure 27. Figure 28 illustrates the experimental

setup for data acquisition and recording using a personal laptop for post-experiment analysis.

Figure 28. Experimental Setup for Data Acquisition and Recording using a Personal Laptop
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4.3. Results and Discussion
Figure 29 shows the measured applied load-displacement curves for RC Sample 1 from the
MST machine during the test and Figures 30~32 show the measured load vs time for all the three

tested RC samples.
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Figure 29. Load Vs Displacement for Sample 1
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Figure 30. Load VS Time for Sample 1
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Figure 32. Load VS Time for Sample 3

4.3.1. Experimental Results for RC Sample 1
Figures 33 (a-d) illustrate the measured strains from the strain gauges of Sample 1 during

the four-point loading tests. Figure 34 shows the three main cracks for sample 1 after the tests.
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Figure 33. Measured Strains from the Sensor 1 (a), Sensor 2 (b), Sensor 3 (c), and Sensor 4 (d) of
RC Sample 1
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Figure 33. Measured Strains from the Sensor 1 (a), Sensor 2 (b), Sensor 3 (c), and Sensor 4 (d) of
RC Sample 1 (continued)
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Figure 34. Cracks for Sample 1 after the Test

Table 9. summarized the detected cracks from the four strain gauges using the developed
algorithm in this study and the comparison with the measured cracks using rulers during the test
by video and monitoring the data (a;>a>>as). The first crack happened at 180 sec between sensors
1 and 2. Based on Equations (13, 15, and 16) and with the measured strains from Sensor 1 and 2
for detection initial crack location after that development. The second crack happened at 255 sec
between sensor 2 and sensor 4 using equations (17, 18, and 21) for detection initial crack location
after that development. Finally, cracks 3 happened between 295 and 320 sec presented by sensor
2. The cracks location and crack propagation (crack depth) on the front surface of the specimen
can be estimated as shown in Figure 35 for the comparison of detected cracks compared with
reference cracks. Figure 36 shows the cracks length (A) changing with time and Figure 37
illustrates the length of the cracks (A) and locations (L) changing with time for Sample 1. For
Sample 1, the sensor network detected locations and length for three main vertical cracks in the
meddle (critical zone). From Table 9 and Figures 35-37, it can be seen that the average detection
error between the crack pattern detected using the sensor network on the bottom of the concrete

beam and the actual crack pattern for all three cracks is 7%.
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Table 10. Results Obtained from Sensors Detected for Sample 1.

Crack 1 Crack 2 Crack 3
Location Direction Location Direction Location Direction
wnsort @ s @) s (@)
(mm) (mm) (mm)
Initial 25 170 350
28 17.5 172 115 355 30
30 175 178 13.9 360 30
32.5 11.5 182 9.2 365 19.5
35 14.5 185 6.9 370 14.5
38 17.5
40 11.5
42 11.5
Final 200 185 190
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Figure 35. Comparison of Detected Cracks Compared with Reference Cracks for Sample 1
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Figure 37. Detected Cracks (A) and Locations (L) with Time for Sample 1
4.3.2. Experimental Results for RC Sample 2
For sample 2, Figure 38 illustrates the photo of Sample 2 with sensors installed at the

desired locations. Figures 39 (a~ d) illustrate the measured strains from the strain gauges of Sample
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2 during the four-point loading tests. Figure 40 shows the crack pattern after tests. Table 10
summarized the detected cracks from the four strain gauges using the developed algorithm in this
study for Sample 2 with Figure 41 comparing the detected cracks with the measured cracks using
ruler. Figure 42 shows the cracks length (A) changing with time and Figure 43 illustrates the
length of the cracks (A) and locations (L) changing with time for Sample 2. For Sample 2, the
sensor network detected locations and length for three main vertical cracks in the meddle (critical
zone). From Table 10 and Figures 41~43, it can be seen that the average difference between the

crack pattern detected using the sensors on the bottom of the concrete beam and the actual crack

pattern for all three cracks for locations is 23.6 % and for crack length is 27 %.

Figure 38. Photo of the Sensor Layout on Sample 2
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Figure 40. Cracks for Sample 2 after the Test

Table 11. Results Obtained from Sensors Detected for Sample 2.

Crack 1 Crack 2 Crack 3
Location Direction Location Direction Location Direction
A C
(mm) (mm) (mm)
Initial 121 190 290
122.5 5.7 193 36.8 292.5 30
125 8.6 195 23.6 295 30
127 14.5 198 36.8 297 23.6
129.5 145 200 115 300 36.8
132 14.5 203 115 303 23.5
134 14.5 205 11.5 305 23.5
137 11.5 208 175 307 36.8
210 115 310 30
313 30
Final 150 140 130
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Figure 41. Comparison of Detected Cracks Compared with Reference Cracks for Sample 2
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Figure 43. Detected Cracks (a) and Locations (L) with Time for Sample 2

4.3.3. Experimental Results for RC Sample 3

For sample 3, Figure 44 illustrates the photo of the tested Sample 3 with sensors installed
at the desired locations. Figures 45 (a~d) show the measured strains from the strain gauges of
Sample 3 during the four-point loading tests. Figure 46 shows the crack pattern after tests for
Sample 3. Table 11 summarized the detected cracks from the four strain gauges using the
developed algorithm in this study for Sample 3 For Sample 3, it had two main cracks (a:>a2). The
first crack happened at 120sec between sensors 1 and 2. Based on Equations (13, 15, and 16) and
with the measured strains from Sensor 1 and 2 for detection initial crack location after that crack.
The second crack happened at 180 sec between sensor 1 and sensor 3 using equations (17,18, and
21) for detection initial crack location after that crack. The cracks location and cracks propagation
(crack depth) on the front surface of the specimen can be estimated as shown in Figure 47 for
comparison of detected cracks compared with reference cracks. Figure 48 shows the cracks length

(A) changing with time and Figure 49 illustrates the length of the cracks (A) and locations (L)
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changing with time for Sample 2. For sample 3, the sensors detected locations and length for two
main vertical cracks in the meddle (critical zone). From Table 11 and Figures 47~49, it can be
seen that the average variance between the crack pattern detected using the sensors on the bottom
of the concrete beam and the actual crack pattern for all two cracks for locations is 25 %, and for

crack lengths is 35 %.

Figure 44. Photo of the Sensor Layout on Sample 3
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Figure 46. Cracks for Sample 3 after the Test

Table 12. Results Obtained from Sensors Detected for Sample 3.

Crack 1
Location Direction Location Direction
N A
(mm) (mm)
Initial 120 320
122 11.5 322 11.5
124 23.5 324 23.5
127 36.8 326.5 30
130 36.8 329.5 30
135 30 332 36
Final 100 90
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4.4. Behavior Difference between Reinforced and Unreinforced Concrete

Steady state for plastic and fracture process zone (FPZ) extent and morphology is
considered an essential principle to understand and predict crack growth in materials. In ductile
materials such as metals, the characteristics of the plastic zones vary with thicknesses, texture, and
configurations near the crack tip. The FPZ zone progress can be used to quantify the fracture
toughness of the material and the conditions for and stability of crack growth. Also, ductile
material progresses through three stages, including an initiation stage (1) that is followed by a
transition (1) to steady-state crack growth (111) [89]. Moreover, when the maximum crack driving
force that may be formed in the structure is equivalent to the material fracture toughness, there is
enough energy to drive crack propagation and reach a relatively long distance. One kind of special
situation for rapid crack propagation is that the crack grows at a constant speed.
4.4.1. FPZ Progress of Reinforced Concrete

For reinforced concrete, figure 50 illustrates the nominal stress o, as a function of

normalized crack length for the tested RC Sample 1 in Section 4.3.1. It can be seen that reflecting
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the three phases of FPZ progress, the crack length with normal stress curve has three crack progress
stages including initiation, transition, and steady-state crack as a function of hardening. The
hardening phenomenon proceeded by the transition stage, and it was a result of the presence of the
reinforcement that causes a further increase in cracking resistance. It is worth mentioning that the
bond between concrete and steel bars may influence the stress intensity in the vicinity of

reinforcement by slowing down the whole process of the crack formation area.

Sample 1
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Figure 50. The Nominal Stress o, VS a Function of Normalized Crack Length for Reinforced
Concrete

Figure 51 shows the estimated fracture zone and stress for the development of fracture zone
and stress distribution ahead of the initial crack-tip for RC Sample 1 using a/D as longitudinal axis,
in which a is the crack length and D is the specimen depth following Reference [90,91]. Figure 52
and 53 illustrate the relation between the stress intensity factor (K) and crack length (a), also, with
time in RC Sample 1 for each crack. For RC beams, if crack width is needed, Figure 54 shows the

relation between cracks length and cracks width for the crack 1 of RC Sample 1, indicating that
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the crack width may be able to be relate to the length of the cracks since an approximate linear

relation may occur.
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4.4.2. FPZ Progress of Unreinforced Concrete
For unreinforced concrete, Figures 55 (a~c) show the mechanism of crack formation of the
three tested concrete beams without reinforcement (without notches) in Chapter 3. The crack

length with normal stress curve has the same crack progress for all three stages through initiation,
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transition, and steady-state crack as a function of the applied loads. When the normal stress reaches
the peak, the failure occurred and the curve exhibit softening passing the localized crack tip zone

(initiation stage), as well as descends sharply to reach zero value.
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Figure 55. The Nominal Stress o, VS a Function of Normalized Crack Length for Samples in
Unreinforced Concrete (continued)

For unreinforced concrete, it is assumed that the material property of the concrete is linear
and isotropic material, and the fracture is very small. Figures 56 (a~c) illustrate the relation
between the stress intensity factor (K) and crack length (a), also, with time for each unreinforced
beam samples tested in Chapter 3. Figures 57 (a~c) show the relation between the stress intensity
factor (K) and time (t) for those samples. Approximately linear behavior was noticed for all the
three unreinforced beams between the stress intensity and the crack length, indicating no

significant FPZ was formed in the unreinforced concrete beams during tests.
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The different behavior between reinforced concrete and unreinforced concrete from the
tested concrete beams shows that the unreinforced concrete had a brittle failure during the
experiment. While the reinforced concrete showed different failure processes presented by higher
cracking resistance. The failure crack (flexural crack) did not propagate in the tested reinforced
concrete beams as rapidly as in unreinforced concrete beams, and the destructive process in
reinforced concrete beams continued progressively even after developing two or three cracks [91].
The difference in failure process connected with developing of flexural cracks in unreinforced and
reinforced concrete beams can be noticed remarkably when comparing the normal stress—crack
length curves obtained during the experiment when comparing Figures 50 and 55 (c). The
significantly slower crack formation after the initiation stage in reinforced concrete beams resulted
in almost 62% times higher normal stress compared to the results measured in unreinforced

concrete beams.
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4.5. Summary

This chapter presented the experimental study for multiple cracks detection. Experimental
results showed that the developed algorithm can detect multiple cracks for their locations and
length with average measurement accuracy of 79.33% for the three RC samples tested. In addition,
the comparsion of detected behaviors between reinforced and unreinforced concrete beams showed
that cracks in reinforced concrete would form a significant FPZ but in unreinforced concrete, the

FPZ was very small.

83



CHAPTER 5. CONCLUSIONS AND FUTURE WORK

5.1. Conclusions

In this study, algorithms to detect internal cracks in concrete using minimum numbers of

point strain sensors were developed based on the stress intensity principal for both single crack

and multiple cracks. Based on this study, following conclusions can be made:

1)

2)

3)

4)

The developed algorithms are expected to be able to detect either single of multiple
cracks (at least two) in concrete using only a few point sensors at designed locations;
Experimental results showed for unreinforced concrete beams with prefabricated
notches to control the crack locations, the use of two point strain sensors with the
developed algorithm can detect the crack length propagation of a single crack at an
average measurement accuracy of 88.85%;

For unreinforced concrete beams without prefabricated notches, the use of two point
strain sensors with the developed algorithm can simultaneously detect the crack
location and crack length propagation of a single crack at an average measurement
accuracy of 82.40%;

For reinforced concrete beams, four point strain sensors with the developed crack
detection algorithm can simultaneously detect the crack locations and lengths

propagation of cracks up to three at an average measurement accuracy of 79.3%.

Through the developed crack detection networks from this study, the detected internal

crack layout can assist an appropriate future concrete structural maintenance or repair. Besides,

these crack layouts can help determine the reduced long-term durability performance and

properties for concrete which can be used to improve the future for design procedures with

consideration on damages. More importantly, the developed monitoring system can also be
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extended to apply in civil infrastructure with areas having limited accessibility, such as bridges,
nuclear reactors, historical buildings, tunnels, powerplants, and dams. The capability of detecting
hidden cracks in these concrete structures with low cost is also with high demand and significance.
Moreover, since only point sensors are needed in the developed scenarios, the cost of the
monitoring system is minimized and will be affordable for most concrete structures.

5.2. Limitations and Future work

The limitations of this work include:

1) The current work only considered two dimensions of the crack detection, however, in
the real world, most of the cracks are in three dimensions;

2) The concrete properties used in this study was assumed to be linear and elastic material
with no plasticity considered,;

3) The sizes of the measurement samples were fixed and the size effect was ignored in
this study;

4) The reinforcement may change the detection algorithm since the strain and stress
distribution in reinforced concrete is significantly different when compared to
unreinforced concrete as shown in Chapter 4, however, in the developed algorithm,
reinforcement was not considered, which may yield significant measurement errors as
indicated in Chapter 4.

With all the limitations mentioned above, in the future, more research work is needed to
improve the measurement accuracy of the developed algorithm with considerations of three
dimensions, plasticity in materials, sizes, and reinforcements in the concrete. In addition, potential
field tests are also demanded in near future before any furthrt application of the crack detection in

real world.
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