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CHAPTER 1

1. INTRODUCTION

1.1. Background

The transportation system of a country is the heart of its economy and the most
critical link in a transportation system is the bridges. According to the National Bridge
Inventory (NBI), 72,868 (12.1%) bridges were categorized as structurally deficient and
89,024 (14.8%) were categorized as functionally obsolete with a price tag of $48 billion to
repair structurally deficient bridges and $91 billion to improve functionally obsolete ones.
Some of these bridges were designed with older codes of practice and are considered to be
inadequate (i.e. lower load carrying capacity, susceptibility to flooding etc.) for present day
needs and some of them are in dilapidated condition and need to be closely monitored,
inspected, or repaired.

Most of the bridges of the transportation network of US were built in the post-
World War Il-era fueled by the booming economy of the time. Therefore, most of these
structures are approaching their 50-year theoretical design life and are not compatible with
modern standards reflecting today’s loading conditions. Consequently, these bridges are
prone to progressive deterioration that may lead to eventual collapse, unless measures are
taken to monitor such deterioration coupled with timely repair and maintenance to slow
down the deterioration process and prolong bridge life. In this tight economic environment,

creating an effective and cost-efficient bridge management system for health monitoring



and repairing these structures for early damage detection and collapse prevention is
extremely important.

Moreover, by catching the problem early, appropriate preventive maintenance
action would avoid unscheduled repairs later that are not only likely to be much more
extensive and hence expensive but cause more severe financial impact in terms of cost to
the owners of a bridge and lead to expensive long-term detours for the commuters. The
mandated visual inspection every two years alone may not be effective in this situation and
it is necessary to develop a reliable but cost-effective real-time scheme for monitoring the
health of such bridge structures. Structural damage to a bridge needs to be detected at an
early stage, so that necessary repairs can be undertaken in a timely manner by using
inexpensive and cost-effective procedures before the damage reaches dangerous
proportions. This research effort focuses on these two aspects of life extension of existing
bridges.

For bridge health monitoring a number of alternative schemes can be identified.
But before adopting a particular one in a given situation, it is necessary to ensure that the
adopted scheme can adequately address the following aspects of bridge management.

1. Conventional periodic visual inspection of bridges may fail to reveal the existence
or initiation of all the potentially critical structural damage, sometimes in hidden
locations.

2. The monitoring system should be able to warn the owners and managers of a bridge
in real-time about the problem(s) with structural integrity in the monitored bridge
structure before assuming critical proportions, potentially saving human lives and

property and minimizing disruption of traffic.



3. As far as possible, the scheme should report damage to engineers concerned
autonomously. In other words, the data from structural health monitoring (SHM)
system measuring bridge health should be communicated to the responsible
engineer’s desk without the need for personally visiting the bridge site, except in
special situations.

4. Energy needs of the SHM system should be met appropriately even if no
conventional power supply happens to exist at or near the bridge site.

5. Apart from reliability, cost-effectiveness is an important consideration.

Figure 1.1.1 presents the essential components of an effective bridge management
system, comprising of a network of sensors, a reliable power source (if possible,
untethered), a sensor data acquisition and processing system, a telemetric data
communication system, and a system for interpretation and decision making (for diagnosis

and prognosis).

* Network of health monitoring sensors
* Reliable local power source (( \))

*  Wireless communication of signals
W Base Station
(( )) |

Instrumented
Bridge Structure
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Action Module .
* No Action R -f] A
* Repair i : ﬁ = = |
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+ Replace

=
* Diagnostics module
* Decision making

Figure 1.1.1. Essential Components of a Bridge Management System.
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As per Figure 1.1.1, the focus of this research will be on the items labeled in red
that is health monitoring using a network of sensors, processing of sensor data, signal
characterization, detection of damage location, identification of the needs for repair, and
undertaking necessary repair to prolong the life of bridge to the desired extent. In a nutshell,
therefore, it involves health monitoring of an operational bridge structure to ensure its safe
and satisfactory performance in real-time and enabling the condition-based timely

maintenance.

1.2. State of the Art

1.2.1. Current State of the Art in Bridge Management

The most widely adopted method by NBI for structural health monitoring of bridges
is visual inspection every two years. The other methods that have been tried for structural
health monitoring of bridges, at least, in the context of research and development are strain
gages, LVDTs, tiltmeters, ultrasound testing, fiber-optics, 3D laser scanning, GPS based
systems.

The 3D laser scanning and GPS based monitoring systems provide only
displacement data to the operator which makes it impossible to detect the source location
of the damage accurately and are very expensive. Fiber-optics sensors are best suited for
new bridges, need precise installation and also are very expensive like the other two stated
methods. Additionally, such sensors are very sensitive to temperature changes which make
them unsuitable in field applications like real-time SHM of bridges. In ultrasonic testing,
the transducer needs to be passed over the surface of the structure, which makes the testing
impossible without an onsite operator. Furthermore, the interpretation of output from
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ultrasonic transducer requires very high degree of operating skill, experience and training.
Consequently, the automation of a real-time SHM system based on ultrasonic testing
becomes an extremely complex task. All these methods, except for fiber-optic sensors, are
better suited for investigating a bridge suspected to have already undergone damage. In the
case of acoustic emission (AE) technique, however, the ease of installation of the sensors
and acquisition of the sensor signal data is off-set by the great difficulty in interpreting the
signals in terms of damage location as well as its nature and source.

As stated above, most of the stated methods are geared towards determining the
health of a bridge after the known occurrence of a damage event. However, for really
effective bridge health management, there is a need for real-time monitoring its status. As
mentioned above, methods based on acoustic emission measurement and fiber-optic
systems are the viable alternatives. As the acoustic emission technique is better suited for
this purpose and can be used on both new and existing bridges, the focus of attention of
this study is on the use of this technique. In the case of bridge structures, the effort so far
in this regard has rather been limited due to shortcomings in proper interpretation of the
sensor signals, especially, in the case of concrete bridges. Unlike metals, acoustic signals
get severely modified during propagation inside concrete due to diffusion, reflection and
refraction and the non-homogenous character of the material. In this context, the separation
of damage related signals from other unavoidable acoustic sources becomes a daunting
task. Additionally, since significant signal parameters directly affect the speed of the
acoustic waves, the detection of source of signals of interest gets highly involved. Together
with the issues related to concrete material, the critical problems with the field application

of the AE technique to bridges need to be addressed.



Replacement, retrofitting and repair are the three main options for bridge owners to
ensure the safety of damaged bridges. As replacement and retrofitting methods are
expensive, time consuming and prone to traffic rerouting and gridlocks, another focus of
this research is repair. There are several conventional repair methods which need to be
chosen through case-by-case consideration keeping in view the material of the bridge
element to be repaired and the extent as well as nature of damage. In addition to the
traditional repair techniques, the FRP composite based repair method is another option to
extend the useful life of a deteriorating bridge. The focus of this research in this phase is a
repair technique which will help restore the strength of a bridge in the early stages of a
localized damage that could potentially assume dangerous proportions requiring extensive
repair which can be expensive and time consuming. Ideally, a localized composite patch
repair is expected to be quick, inexpensive, and will, most likely, not require closure of the
bridge to traffic. Available FRP composite repair methods, which can be applied to bridges,
are near-surface FRP, prestressed FRP, post-tensioned FRP and externally bonded FRP
patch repair.

Localized FRP composite repair method is tried in this study because it is easy and
quick to install and well suited for repairing local cracks, namely, the flexural and shear
cracks in a bridge girder. Additionally, the labor cost is less and doesn’t require closure of
the bridge during repair. FRP composites are customizable with respect to shape, size, and
strength and they are durable, lightweight, and have a high strength-to-weight ratio.
However, the selection of the type and size of the patch material and the effect of same on
the local as well as global behavior of the repaired structural element are issues of detailed

investigation. Another important aspect is the selection of the composite material from



those available commercially. Fiber reinforced polymer based composites are being used
by automotive, aerospace, sports equipment, etc. industries for quite some time. Naturally,
therefore, these materials are available to cater, primarily, for the needs and methods
followed in such industries. The application of such materials in civil infrastructure arena
is relatively a new phenomenon requiring significant amount of proper adaptation. This

challenge also needs to be addressed adequately in this study.

1.2.2. Acoustic Emission based SHM

Acoustic Emission measurement based technique is an emerging approach for real-
time damage detection of bridges. According to ASTM, AE refers to the generation of
transient elastic waves during the rapid release of energy from localized sources within a
material. Dislocation movement accompanying plastic deformation and the initiation and
extension of cracks in a structure under cyclic stress conditions cause the release of these
emissions. Other causes of such emission could be thermal stresses, residual stress cracks
induced during fabrication process, or other types of failure due to stress buildup. The AE
damage detection technique relies upon surface mounted piezoelectric transducers which
sense these high frequency elastic waves by conversion into electrical signals.

As an in-service bridge undergoes crack initiation or crack-growth, transient strain
waves are generated from such a location due to sudden redistribution of stresses in the
damaged component leading to acoustic emission. Actually, crack formation and growth
involve release of energy in the form of elastic waves with spherical wave front which can
be reflected at the boundaries of an instrumented structural component. Usually, the

phenomenon at the source is over within a few millionths of a second. Depending upon the



material, the effects of the event may die out in micro-seconds to milliseconds. The AE
sensor is essentially designed to convert dynamic excitation caused by strain waves into
voltage signals, taking advantage of the properties of piezoelectric crystals like lead
zirconate titanate (PbZros2Ti0.4803). Energy attenuation of the AE signal is caused by
geometric spreading, material damping, and scattering due to reflections at boundaries,
material inclusions, pores, etc. As a result, the AE signals detected by a sensor may be
significantly different than at the source.

As shown in Figure 1.2.1, the primary components of an AE sensor are: (a) a
piezoelectric crystal element (PZT), (b) two electrodes between which the PZT element is
sandwiched with one electrically grounded and the other connected to a signal output
socket, (c) a backing of damping material to damp out reflections and resonance conditions
within the transducer, if any, (d) a coupling layer or bonding agent to enable a smooth
transfer of acoustic emission signals from the structure to the sensor, and (e) a protective
metal enclosure which also acts as a shield against electromagnetic interference.
Sometimes, it may have a preamplifier integrated within the enclosure to amplify the
strength of the voltage signal picked up by the sensor. After pre-amplification of the signals
picked up by the AE sensor, it is subjected to A/D conversion before being processed in a
computer for display and analysis. Appropriate analysis of records from various AE sensors
enables noise elimination, identification of the nature of the source and its location. These
results may be further supplemented by undertaking traditional non-destructive (ND) tests

using records of ultrasonic devices, strain-gages, accelerometers, and the like.



(a) Case of AE sensor

(b) Dampingagent

(c) Electrodelayer

(d) Piezoelectric elementlayer
(e) Wear plate element

(f) Couplinglayer

(g) Socket for coaxial cable

(h) Monitored structure

Figure 1.2.1. Schematic view of an acoustic emission sensor.

Typically, a burst of acoustic emission signal output of a transducer rises to peak
amplitude quickly, and then it gets dampened out in a relatively slower pace. An idealized
acoustic emission signal can be seen in Figure 1.2.2. This signal can be generated by using
Equation 1.1.1, in which V, Vo, B, t and w are output voltage, initial signal amplitude, decay
constant, time and angular frequency, respectively [1].

V =V, x e-BOsinwt (1.1.1)



Amplijtude (relative scale)

Time (relative scale)

Figure 1.2.2. An idealized AE burst signal.

Acoustic emission technique is often considered to be very suitable for getting early
warnings against sudden fatigue failures of structures, which is considered to be the most
important contribution of the method to the industry. Under service conditions, acoustic
emission testing method is very good at detecting the accumulation of micro-damage inside
the structures. Because of this, the method is known for its effectiveness in fatigue damage
detection.

In spite of its advantages, there are still many problems with the application of
acoustic emission technique because most of the users of the method misunderstand its
concepts. Although the method has been used in research studies and in the industry for
quite some time, many users of the technique, including researchers, do not pay the needed
attention to sensor calibration and attachment. Also, large amount of collected data is

simply used as it is to explain material failure qualitatively. Sometimes, even in some
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reported research work, no distinction has been made between noise and real AE signals.
For this reason, a comparison of results from different published sources proved to be very
difficult.

Dunegan and Harris, attempted to correlate their experimental results with the
theoretical data generated by using Gilman’s mobile dislocation model. As shown in Figure
1.2.3, acoustic emission count rate obtained from the experiments is plotted along with the
data obtained by using theory as a function of strain. For a 7075-T6 aluminum specimen,
experimental data, which is represented as dashed line, show excellent agreement with the
theory as can be seen in Figure 1.2.3(a). On the other hand the theory and experimental
data cannot be correlated for an iron-3% specimen, as can be seen in Figure 1.2.3(b).
Although agreement between theory and experimental data in the study of Dunegen and
Harris possibly happened by chance, in the republications of this figure this important

aspect has not been identified.
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Figure 1.2.3. Acoustic emission rate and stress as a function of strain [2].
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One of the main disadvantages of acoustic emission technique is its performance in
a highly noisy service environment. In such conditions, signal discrimination and noise
reduction becomes extremely difficult, since the acoustic emission signals by themselves
are usually very weak [3].

Another disadvantage of acoustic emission technique is the modification of the
generated stress waves during the propagation of the signals in the structure before they
reach the sensor. Due to diffusion, reflection and refraction, waveform and the frequency
characteristics of the signal gets modified, depending upon the acoustical transfer
characteristics of the structure. The signals tend to undergo severe modifications as the
geometry of the specimen gets more complex. This may be attributed to the different paths
followed by the Rayleigh waves travelling on the surface and compression waves which
may undergo repeated reflections when they hit the surface of the structure. In Figure 1.2.4

a schematic illustration of this phenomenon with respect to two simple geometries is

shown.
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Figure 1.2.4. Modification of waveform and frequency characteristics of an acoustic
signal due to specimen geometry [4].
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In order obtain to reliable and meaningful diagnostics data from a successful

acoustic emission test, the following three main tasks are required to be undertaken:
e Noise elimination of the polluted signals.
e Determination of source location of the acoustic emission signals.
e Source characterization of the signals of interest.

During an acoustic emission test, pollution of the recorded data by noise from
various sources is inevitable. Noise sources may either be external or internal to the
structure like crack breathing, friction, impact, ambient noise etc. [1]. Eliminating the noise
recorded as an integral part the signal is an unavoidable appendage of acoustic emission
testing.

One of the most widely used methods for noise elimination during acoustic
emission testing is based on the use of band-pass filters. Applying this traditional signal
cleaning technique to the acoustic emission data can, however, be counterproductive.
Specimen geometry, material and non-homogeneities inside the structure may severely
modify the frequency characteristics of the signal. Without taking necessary precautions,
using band-pass filters on acoustic emission signals might result in filtering of the original
signal along with the noise. Narrowing of the frequency pass band of the filter is more
unlikely record the noise, but may also adversely affect the detection of the actual acoustic
emission signals.

Although it is not very promising, the application of filters for noise elimination
might be successful if proper preliminary investigation is undertaken to identify the

frequency characteristics of the signals of interest.
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Figure 1.2.5. Structure of F-111 aircraft [5].

One of the most notable applications of filtering method for event detection and
noise elimination in acoustic emission testing occurred during the production phase of the
United States Air Force F-111 fighter bomber [5]. The general structural details of a F-111
aircraft are quite complicated, as can be seen in Figure 1.2.5. In this case, effective noise
filtering was ensured by using the thresholding method, as evidenced by the results of the
tests. It was discovered during the study that the acoustic emission signals caused by
airframe damage had high energy and large amplitude in the 300 kHz frequency range.
This information was used to build a filter for signal amplitude and energy with three
different thresholds: moderate events, strong events and severe events. All of the data

recorded by acoustic emission sensors were gathered and processed by an automatically
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executed program. Thereafter, all the detected acoustic emission events were classified

with the help of the threshold algorithm.

YELLOW

coakk

YELLOW

Figure 1.2.6. Diagrams of F-111 fighter jet with locations of acoustic emission events.

Recorded acoustic emission event locations can be seen on the outline diagrams of
the aircraft shown in Figure 1.2.6. The events indicated as “yellow” were from a cracked
tunnel truss and a disbanded wing joint, and the event indicated as “red” was from a broken
wing carry-through box bolt.

In spite of this successful application of the thresholding technique, noise
elimination and source classification of AE events by using this method is usually not
always feasible due to the requirement of costly and time consuming preliminary
investigations to determine the threshold values for signal processing. Additionally, this

method is not applicable to bridge structures, since every bridge project is unique unlike
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an aircraft structure. Therefore, the costly and time consuming preliminary investigations
need to be repeated for each project which makes this method impractical for bridges.

One of the main goals of acoustic emission testing is usually the determination of
the source of the signals. If the geometry and material of the specimen under test is simple
and homogenous, determining the location of the source of the acoustic signals can be an
easy task. Since the location of the sensors on the specimen are known and the velocity of
the waves in a simple and homogenous specimen can be assumed to be constant, by using
the arrival time differences of the acoustic emission waves on different sensors, the location
of the source of damage can be predicted deterministically.

Number of unknowns in a deterministic source location problem is the time of
occurrence of the event and the dimensional quantities that define the location of the
source. For linear, planar and volumetric source location problems, the number of
unknowns is two, three and four, respectively. Therefore, in an ideal case, the minimum
number of sensors needed in a deterministic AE based damage identification scheme is two
for linear (1D), three for planar (2D) and four for volumetric (3D) situations, since for each
sensor there is a corresponding equation in the problem.

In the linear source location scheme, point of interest can be determined easily
based on known linear distance between two sensors (/), wave velocity (v) and the arrival
time difference (¢) using Equation 1.2.1 below, in which x is the distance between the
source location and the mid-point between the two sensors:

x=v-t (1.2.1)

Detection of AE sources on planar surfaces in 2D is more complex than linear

source location. Pair of differences in arrival times determined for an array of three sensors
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defines two hyperbolae and the source of the signal is located at the point of intersection
of the two. Planar source location can be accomplished with the help of Equations 1.2.2 to
1.2.5, based on the geometry of the problem shown in Figure 1.2.7. By using the known
positions of sensors, measured signal arrival time differences, and propagation velocity,
the unknown “7”” can be found. Planar acoustic emission source location on a spherical and

a cylindrical surface can be determined easily by following a similar approach [6], [7].

(A261 - A162)

cos(6@ — @) = T (1.2.2)
[(A1x, — Azx1)? + ((A1y, — Azy1)2)] /2
(Ary, — Azyy)

tan¢g = 1.2.3

¢ (Ayx; — Ayxy) ( )
Where:
Ay = xf +y? — 67 (1.2.4)
A, =x2 +y2—62 (1.2.5)
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Figure 1.2.7. Geometric representation of the planar source location problem [8].

For structures and specimens with more complex geometry and non-homogenous
material characteristics, deterministic source location methods described earlier may not
be accurate enough, or may even lead to unsolvable equations. As the acoustic waves
reflect back and forth on encountering non-homogeneity inside the specimen or on
reaching the boundaries of the structure, the waves start to change modes and the path
followed becomes unpredictable. Since the reflection of the waves and different types of
behavior of different wave modes decrease the accuracy of source location methods
described above, it is necessary to account for the geometry and material characteristics of
a test specimen and also the operating frequency of the acoustic emission system, in

selecting the proper source location method.
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In one of the studies, damage source location detection on simple 7075-T6 type
aluminum specimens were investigated [9]. Two types of methods were used to determine
the source location of the events. The first method is a conventional constant velocity fixed
threshold method and the other one is a frequency dependent velocity method. Frequency
dependent velocities are determined by analyzing the first 100us of the waveforms with
wavelet transformation and generating a corresponding spectrogram. After the controlling
frequency of the early arriving wave envelope is determined, the frequency dependent

velocity of the waveform can be determined by using Equation 1.2.6 [10].

2 2 L2 27-1
]I//I:z 3- (1—1/) (%) l 3K222T1_V)(%)] (1.2.6)

where, V., /2(1—1/) and/l——

In Equation 1.2.6, V5 is the shear wave velocity, v is Poisson ratio, £ is the modulus

of elasticity, p is the mass density, 4 is the thickness of the plate, 4 is the wavelength, kv is
the wave number and V) is the flexural wave phase velocity. Thereafter, linear source
location of the signal is calculated by using Equation 1.2.7.

(ty—t) Vi Vo +Vy-L
= 1.2.7
x A (12.7)

Here, V1 and V2 are the flexural wave velocities for the first wave frequency, #1 and
t> are arrival times for the first and second sensors, L is the distance between two sensors
and x is the distance from the first sensor. Results of these methods demonstrated that
although the conventional constant velocity method causes significant error, the frequency

dependent velocity method reduces the location error significantly.
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One of the main flaws of the frequency dependent velocity method stems from its
assumption of AE waves having the same frequency characteristics during their travel from
the source to the sensor. The wave velocity calculated using this method is based on the
signal frequency at the sensor location. However, frequency characteristics of a AE wave
gets significantly modified during its travel inside the structure on encountering
boundaries, non-homogeneities, flaws, etc. Although this method worked well with simple
aluminum specimens, it is not applicable to real structures which are more complex from
geometry and materials point of view.

During practical applications, physical access to different parts of a structure of
interest may be limited. Sometimes, in such cases, sources of acoustic emission events need
to be determined by using only one acoustic emission sensor [11]. Another powerful
method to determine the source location of an acoustic emission event is wavelet
transformation. Acoustic emission waves travel through a structure in variety of modes
with different attenuation and dispersion characteristics. By separating these modes during
signal processing with wavelet transformation, the acoustic emission source can be located
by using the differences in wave velocity between different wave modes. This method was
used on a test specimen of thin steel plate, on which the acoustic emission events were
simulated. Based on the results of the study, it was concluded that the method was
successful in determining the source locations of acoustic emission events for specimens
with simple geometry.

For structures with complex geometry like an aircraft, determining the location of
an acoustic emission source is a difficult task [12]. Solving this type of extremely complex

problems is deterministically impossible. The most feasible method for solving such
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problems of highly non-linear nature is to use artificial neural networks (ANN). An
intelligent locator based on general regression neural network has been tested on different
types of specimens. Before the actual experiment, a set of tests were performed to train the
intelligent locator. This was followed by actual tests on four different specimens with
different acoustic emission sources. The specimens used were: bands, plates, rings and
vessels. Following these tests, the source location results obtained from the neural network
were compared with the results obtained by the conventional triangulation method. Based
on the results of the study, it was concluded that the conventional source location method
can be substituted by the intelligent locator. The same artificial neural network based
intelligent locator was tested with multiple acoustic emission sources in another study and
confirmed its success [13].

Several structural mechanisms and environmental sources including cracks,
friction, impact, rain, airflow etc. may generate acoustic emission waves. Since another
major interest of acoustic emission testing is the damage state of the structure, signals
generated from sources other than damage mechanisms need to be effectively detected and
eliminated.

In the successful development of a signal processing approach for the acoustic
emission technique through advances in neural networks enabled automation of the process
of crack detection and recognition. Early development of the approach relied primarily on
laboratory testing [14], [15]. For this purpose, test objects were fabricated to simulate the
aircraft pressure hull and tested under fatigue loading in the laboratory to destruction using

several pressurization cycles. An artificial neural network was used to classify the recorded
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signals generated by crack growth, rivet noise, rubbing and membrane noise with a success
rate of 93%.

Automatic pattern recognition techniques and artificial neural network is also used
during in-flight tests for separation of crack related acoustic emission signals from other
sources [16]. Cessna T-303 Crusader aircraft was selected as a test-bed for the first phase
of in-flight acoustic emission data collection. The special test object, which is a specimen
made out of 7075-T6 aluminum alloy, was attached in the tail section of the aircraft as a
passive element. The specimen was mounted behind the front spar of the vertical stabilizer.
Due to the motion of the aircraft during the flight, the test object generated acoustic
emission signals which were picked up by AE sensors.

During the second phase of testing, a more stringent in-flight test was conducted
with a Piper PA-28 Cadet four-seat propeller driven aircraft [17]. Acoustic emission testing
system was applied to the cowling of a Piper PA-28 Cadet aircraft and the structure was
monitored with this system for crack detection during flight. The test-bed aircraft cowling

and in-flight test setup can be seen in Figures 1.2.8 and 1.2.9, respectively.

Piper Cadet
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Figure 1.2.8. The test bed cowling of Piper PA-28 Cadet aircraft [17].
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Figure 1.2.9. In-flight test setup [17].

After the in-flight tests, experiments were conducted under controlled laboratory
conditions. The purpose of the laboratory work was to generate signature crack related
acoustic emission data for neural network training by using specimens made out of the
same alloy as used during in-flight tests. After the laboratory work, data gathered from
laboratory tests was used to train a self-organizing neural network map. By using the
trained neural network and the gathered in-flight data, crack related acoustic emission
signals were successfully separated from other signals, which were generated by rubbing,
extraneous noise or other clutter.

Although neural network approach is promising for source location and signal
characterization of AE events for aircraft structures, some issues needed to be addressed
before this method can be applied to bridges. All literature studies that adopted the neural
network approach generated their training data sets in the laboratory by using simple
specimens. Although those specimens and the structure of interest shared the same

material, the geometrical characteristics were completely different. Therefore, the training
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data sets generated by following this approach did not represent the real damage related
signals of interest. This issue could be overcome if researchers generated their training data
sets in the laboratory by testing real full-scale structural aircraft elements. This approach
might work for aircrafts since aircraft components are relatively smaller than the bridge
hardware elements making them better suited for full-scale laboratory investigations to
generate training data set. On the other hand, conducting full-scale laboratory tests on
structural bridge components is mostly very cumbersome.

Acoustic emission testing finds application in aircrafts, automobiles, pressure
vessels, pipes and tanks. However, its application in bridge infrastructure is minimal. Since
concrete is probably one of the most popular material system for modern bridges, a proper
understanding of the acoustic emission characteristics of this material is extremely
important. Researchers attempted to apply AE technique to both reinforced concrete and
prestressed concrete with limited success [18], [19]. Additionally, none of the studies
address the issues for the field application of the AE technique as a real-time SHM system,
like the separation of the damage related AE events from the non-damage related ones,

source location detection of signals of interest, etc.

1.2.3. FRP Patch Repair

After the nature and location of the damage is detected, necessary action must be
taken to ensure continued safety of the bridge. As extreme measures like replacing and
retrofitting a bridge is costly often exceeding the available resources, the life of a damaged
bridge needs to be extended by adopting inexpensive, safe and reliable measures that can

be implemented rapidly without creating traffic bottlenecks. For this purpose, one possible
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approach is to repair the damage using bonded FRP (Fiber Reinforced Polymer) composite
patches.

FRP’s are typically plastic and polymer materials reinforced with glass, carbon,
basalt, or aramid fibers. Main advantages of FRP composites over traditional repair
materials like grout, cement, concrete and steel are high tensile strength to weight ratio,
low maintenance costs and avoidance of traffic congestions and delays during the repair
work. After the wide acceptance of FRP materials in the aerospace and automotive
industries, construction industry can also benefit from this new type of material to ensure
effective management of the national bridge inventory.

The most common types of deterioration observed in steel bridges are corrosion
and fatigue cracking, and for concrete bridges it is delamination, spall and cracking.
Damages caused by vehicle collision is another type of serious bridge deterioration which
is quite common. Figures 1.2.10 through 1.2.12 show some examples of steel bridge
deterioration. Primary factors that are responsible for decline of steel bridges are loss of
material and stress cracking due to corrosion, inadequate fatigue life and design errors. For
concrete bridges, deterioration is attributed to various factors like overstressing, design
errors, impact damages, efflorescence, sulfate and acid attacks, carbonation, scaling,
leaching, chloride-ion penetration, freezing and thawing, thermal cycles, poor quality
construction materials and insufficient workmanship quality. Some examples of such

deteriorations are presented in Figures 1.2.13 and 1.2.14.
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Figure 1.2.10. Collapse of Mianus Bridge, caused by rust formation within the bearing on
a pin.

Figure 1.2.11. Corroded plates of Stillwater Bridge in Minnesota.
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Figure 1.2.12. Bent steel girder due to impact damage.

LA

(a) Flexural cracks (b) Longitudinal crack

Figure 1.2.13. Cracked concrete girders.
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Figure 1.2.14. Deterioration and damage of tee beams [20].

Although FRP materials are around for nearly 100 years, they have been started to
be used for strengthening and repairing civil engineering structures in the late 20" century.
The concept of repairing aerospace structures with metal patches and bonded composite
laminates is around for a while and has been successful so far [21]. The proven usefulness
of the method in other industries is a motivating factor for civil engineering community
researchers for further exploration.

The early practical applications of repairing, retrofitting and post-strengthening of
existing structures was with externally bonded steel plates. Due to many drawbacks of this
methodology, researchers directed their interest to alternative materials. One of the most
suitable candidate as a repair solution for damaged structures was found to be FRP by early
researchers. Its low weight, high tensile strength, corrosion resistance and ease of
application made FRP a viable option for extending the life of damaged bridge hardware.

One of the FRP repair schemes applicable to prestressed/post-tensioned/reinforced
concrete beams is near-surface fiber reinforced polymer (NS-FRP) system. Behavior of
post-tensioned concrete slab bridges strengthened with NS-FRP system has been

investigated [22]. A half-scale model of a real post-tensioned slab bridge, which was
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constructed in 1973 in Winnipeg, Manitoba, Canada, was fabricated. One of the test
specimens was left un-strengthened and the other one was strengthened with embedded
CFRP (Carbon Fiber Reinforced Plastic) bars. The strengthening process started by cutting
grooves in the tension zone of the slab followed by the insertion of CFRP bars. Thereafter,
the bars were covered by filling the grooves with epoxy resin. In Figure 1.2.15, the
employment of the NS-FRP system on the slab specimen is shown. The slabs were tested
under static loading by using a uniform line load on a width equivalent to the tire contact
patch of an ASSHTO HSS-30 truck. The observed mode of failure for both the cantilevers
was due to crushing of concrete. The strengthening scheme using NS-FRP increased the
moment capacity of the slabs by 36%.

Post-tensioning
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Figure 1.2.15. Post-tensioned concrete slab strengthened with NS-FRP.

Although NS-FRP system is an effective repair option for deteriorated concrete

bridge beams. However, as this repair method require grooves to be sawed into the girder,
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it poses the risk of causing further damage to the structure during the repair process by
accidentally sawing the prestressing steel/post-tensioning strands/rebars along with the
concrete.

Other two viable FRP composite repair methods, which are applicable to bridges,
are prestressed FRP/CFRP (P-FRP/P-CFRP) and post-tensioned FRP/CFRP (PT-FRP/PT-
CFRP) techniques [23], [24]. The efficiency of those two methods has been evaluated along
with three other variants of CFRP-based repair systems for strengthening of impact
damaged prestressed concrete girders [23]. The performance success of the procedure was
offset by the difficulties of the procedures involved.

Another repair scheme, which is applicable to all types of girders, is externally
bonded FRP patch repair [25], [26]. Four full-sized prestressed concrete girders were
intentionally damaged to simulate impact damage, by removing concrete from the bottom
flange of the beam and also splitting a number of prestressing strands in the laboratory
[25]. Thereafter, the beams were repaired by patching the damaged area with CFRP sheets
to restore the original flexural capacity. The test beams were strengthened with transverse
CFRP jackets, in addition to the longitudinal flexural CFRP sheets, as shown in Figure

1.2.16. The method seemed to be effective when at least 85% of the strands are intact.
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Figure 1.2.16. Bonded CFRP flexural patch configuration.

In addition to concrete beams, FRP repair scheme can provide a feasible repair
solution for steel girders as well. In Figure 1.2.17, different retrofit schemes for steel
girders are shown. Delaware Department of Transportation chose the I-704 Bridge to assess
the effectiveness of CFRP based rehabilitation process on steel bridges. One of the steel
girders of the bridge was strengthened by bonding one layer of CFRP to the outer face of
the tension flange. Thereafter, six CFRP plates were installed over the full length of the
girder using four overlapped sections. Two load tests were performed on the chosen girder,
one prior to and the other after rehabilitation. The rehabilitation procedure improved the

girder stiffness by 11.6% [27].
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Figure 1.2.17. Different strengthening schemes for steel beams [28].

By using one or combination of the following approaches, feasibility and efficiency
of retrofitting of mainly steel girders with bonded FRP patch is examined [28]. Repair of
naturally deteriorated steel girders [29], repair of artificially notched girders to simulate
fatigue cracks, section loss due to corrosion [30], [31], [32], strengthening of undamaged
girders with inadequate capacity [33], [34], [35], and retrofitting of steel girders acting
compositely with a concrete deck [36], [37]. It is clear that using bonded FRP sheets and
plates can be effective in restoring the lost capacity of a damaged steel member and
strengthening of steel structures to resist higher loads.

In literature and in design standards [38], [39], [40], it has been observed that for
flexural repair, the usual practice is to bind the FRP patch along the full-length of the
structural member, as shown in Figure 1.2.18. This practice is highly wasteful of repair

material and expensive. This issue is addressed in this study
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Figure 1.2.18. Beams repaired against flexure with full-length FRP patches.

One of the most important properties of a FRP material, which is intended to be
used for strengthening, is its modulus of elasticity. Especially when the substrate material
is steel, choosing an appropriate FRP material for strengthening purposes is very critical.
If a steel structural member is repaired with FRP with a low modulus of elasticity, most of
the load will be carried by steel with very little redistribution of service load effects to the
patch. As a result, the load capacity of the FRP patch cannot be utilized and the capacity
of the degraded steel member will not experience the necessary relief.

Since the modulus of elasticity of steel is higher than most of the FRP materials in
the market, new high modulus carbon fiber reinforced polymer (HM-CFRP) material may
be a very suitable option for strengthening steel bridges. In a study, the performance of
steel-concrete composite girders strengthened with HM-CFRP was investigated in the
laboratory, both under overload and fatigue conditions [43] and found to be a very effective
material for repairing and strengthening steel-concrete composite bridge girders.

Because of its high modulus of elasticity, other suitable candidates for repairing

and strengthening of steel structures are ultra-high modulus carbon fiber reinforced
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polymer (UHM-CFRP) and ultra-high modulus carbon/glass fiber reinforced polymer
(UHM-CFRP/GFRP) materials. UHM-CFRP/GFRP is a composite system consisting of
one laminate of glass fiber/epoxy composite fabricated on to both sides of two laminates
of carbon fiber. The reason for using the GFRP laminate adjacent to the adhesive is to allow
a more uniform load distribution.

Before the application of CFRP to a steel structure, an important physical
phenomenon called galvanic corrosion needs to be taken into account. Galvanic corrosion
is the build-up of corrosion at the contact surfaces of dissimilar materials which are carbon
and steel in this case [44]. Since galvanic corrosion causes not only the accelerated
corrosion of the steel but also the degradation of the CFRP, its prevention is essential for
long-term durability of steel structures repaired with this material [45]. Prevention of
galvanic corrosion can be accomplished by either using thicker epoxy layers or GRFP
laminates between the steel and the CFRP [46], [47], [48], [49].

From the point of view of design, brittle natured debonding failures are one of the
main concerns that need to be taken into account to ensure the effectiveness and safety of
the repair system. Since premature debonding is a result of shear and normal stress
concentrations at the ends of the bonded plates, procedures to predict the normal and shear
stress concentrations at the ends of the bonded steel plates have been reported in [50]. After
FRP material became more popular as a repair solution, work done on steel plates was
extended to bonded FRP plates [51].

Analytical studies were undertaken on debonding problems in FRP bonded steel
and concrete systems by a mechanistic based debond failure model [52]. Using a global

fracture approach, debonding model is based on the assumption that the failure takes place

34



through the entire FRP reinforcement in a brittle fashion. The debonding failure criterion
was arrived at by equating the total dissipated energy during the failure of the bond to the
interfacial fracture energy required for debonding. The global debonding criterion can be
seen in Equation 1.2.8. As the beam’s curvature/deflection ratio increases under loading,
the portion of the energy stored in the strengthened beam in excess of that stored in the un-
strengthened beam reaches a critical value which causes debonding failure.

P3P
ap = == g = (Genly by + T laba) + WY 2 0 (1.2.8)

Here, AD and 3.4 are the energy dissipation and deflection at a point at which
debonding takes place. P14, P24, K1 and K>, respectively, are un-strengthened beam load at
the displacement 6.4, strengthened beam load at the displacement d.4, Mode I and Mode 11
stress intensity factors. Furthermore, Gru, I'Fi, Iy, la, by and bs are Mode II fracture energy
of concrete, Mode II fracture energy of FRP-FRP interface, length of the FRP
reinforcement, length dimension of anchorage area, FRP reinforcement width and width of
the anchorage reinforcement. Ws” is the plastic energy dissipation due to rebar yielding.

Failure of concrete and steel beams strengthened with FRP may be in several
modes. The most common failure mode for FRP strengthened concrete beams are: concrete
crushing, FRP rupture, cover delamination, FRP debonding and shear failure. In the case
of steel beams failure may take place through: top flange buckling under compression, web
buckling in shear, FRP debonding and FRP rupture. In Figures 1.2.19 and 1.2.20, most

common failure modes of FRP strengthened concrete and steel beams are shown.
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Figure 1.2.19. Most common failure modes for FRP strengthened concrete beams [53].
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Figure 1.2.20. Most common failure modes for steel beams strengthened with FRP [53].

Early researchers put forth great effort to understand the nature of debonding.
Although empirical formulas and mechanistic models were developed to analyze and
design beams repaired with FRP against debonding, this failure mode is only one of the

many ways that the structure may fail. Therefore, for design and analysis purposes,
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analytical methods are needed which can capture the global behavior of beams repaired

with FRP instead of just focusing on only one mode of failure.

1.3. Motivation

As stated in Section 1.2.1, for a bridge management system which can
autonomously report damage to the engineers concerned, acoustic emission technique is
chosen as the base of the monitoring module due to its advantages over other SHM
methods. In a realistic situation, such a module needs a network of sensors and a data
acquisition system to automatically gather data from the bridge, a telemetric data
communication system to upload the recorded data to the cloud and, more importantly, a
diagnostics system at the central station for sensor data interpretation and to help in
decision making.

For the second part of this bridge management system, which is concerned with the
repair of the bridge to extend its life, FRP composite repair method is chosen as the main
approach. Among all the FRP repair methods, externally bonded FRP patch repair
technique is selected due to its cost-efficiency, ease of application and effectiveness as
previously stated in Chapter 1.2.1. In literature and in design standards, it has been
observed that the universal practice is to bond the FRP patch mostly along the full-length
of the structural member. In view of the fact that initial damage in a real bridge is highly
localized and if the SHM can detect the same in real-time, one may get away with more
cost effective localized bonded composite patch repair in much less time. Accordingly, the
primary focus of this phase of the research will be this kind of repair using different types

of available FRP materials. This will involve initial proportioning of patch material
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followed by more rigorous evaluations of the local as well as global performance of such

repair.

1.4.  Objectives and Scope

The primary goal of this research is to develop an effective but simple scheme for
real-time detection of damage (or cracks) in bridge superstructures by applying modern
concepts in structural health monitoring and also to develop a scheme to repair a damaged
bridge using bonded FRP. It is obvious that the desired objective can be realized by
undertaking it in two distinct stages.

Objective - 1: Developing an effective AE based real-time bridge superstructure
health monitoring system which can be applicable to conventional bridges, namely, those
of steel, reinforced concrete, and prestressed concrete, using both experimental and
analytical techniques followed by finite element simulations for generating data for both
damage identification and validation. To achieve this objective, the following steps will be
undertaken.

Task 1.1: After a thorough review of the existing hardware for AE based structural
health monitoring, the most suitable hardware for the present study will be identified.

Task 1.2: Based on the specifications of existing test hardware and the hardware to
be acquired, a set of representative test specimens will be proportioned and fabricated.

Task 1.3: Necessary hardware for undertaking cyclic loading test and data
acquisition will be fabricated and, as needed, acquired.

Task 1.4: A scheme for processing AE signals will be developed.
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Task 1.5: The specimen will be subjected to cyclic or quasi-static load testing, as
needed, in the laboratory to cause damage and necessary sensor data will be acquired.

Task 1.6: The sensor data will be processed by denoising, damage source location
identification and source classification.

Task 1.7: Finite element models of the test specimens will be created to simulate
the test.

Task 1.8: All results will be discussed and necessary conclusions will be drawn.

Objective - 2: Developing a quick and inexpensive FRP patch repair system
applicable to localized early stage damages in typical bridge superstructures, namely, those
of steel, reinforced concrete and prestressed concrete. Apart from developing simple
methods to detail the required repair work, analytical tools will be developed to study the
local and global performance of the repair work and validate the same through
experimental investigation.

Task 2.1: Available FRP patch material will be identified and the ones suited for
the present study will be acquired.

Task 2.2: Simple procedures for proportioning local patch repair of the commonly
used materials for bridge superstructures will be developed.

Task 2.3: Size of beam test specimen will be proportioned, fabricated, instrumented
and readied for testing in the loading frame under quasi-static loads.

Task 2.4: Damage will be induced in the beams simulating real-life situations.

Task 2.5: Patch repair of the damaged beams will be undertaken and tested for

assessing the resulting improvement in response under applied load.
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Task 2.6: Tests will be undertaken in the laboratory to determine the mechanical
properties of the bond material used to bind the patch material to the test beams.

Step 2.7: A mechanistic model will be developed to predict the performance of the
patch repaired beam under load.

Task 2.8: Finite element models will be created to accurately predict the
performance of the test beams under load before and after patch repair.

Task 2.9: All results will be evaluated and necessary conclusions will be drawn and
appropriate recommendations will be made.

Outcomes of the aforementioned efforts are presented in subsequent chapters. For
instance, the stated tasks undertaken for satisfying Objective 1 are presented in Chapter 2
and those under Objective 2 are covered in Chapter 3. In Chapter 4, conclusions and
recommendation are presented. Appendices A to G contain various supplemental

information like details of test specimens, test setups, material test data, etc.
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CHAPTER 2

2. BRIDGE HEALTH MONITORING USING ACOUSTIC
EMISSION TECHNIQUE

2.1. Introduction

The primary aim of developing a comprehensive bridge health management system
is to design a self-sustaining, autonomous, wireless structural monitoring system based on
stress, vibration and acoustic emission sensing, building the prototype, experimentally
verifying it and lastly developing accurate finite element models for aiding the signal
processing and decision making procedures. Figure 2.1.1 shows the general system
architecture of such a system. However, only a part of the effort being undertaken in such
a large interdisciplinary project is considered in the study presented herein. The three main
components of the overall effort are as follows:

e A low-power Flash FPGA-based AE sensor platform, which will work as a data
acquisition system.

e A vibration-based self-adaptive energy harvesting technology that works with a
broad range of excitation frequencies.

e Quantitative structural health assessment analysis based on acoustic emission
signals to de-noise the sensor data, characterize the signal source and identify the

event location followed by component-level and system-level health assessment.
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Figure 2.1.1. General architecture of the system.

The first two efforts were conducted though primary collaboration of researchers
in Electrical Engineering and Mechanical Engineering Departments of Vanderbilt
University. They developed wireless sensor data acquisition network platform and the
energy harvester, respectively [54]. These major efforts are, however, not presented here.
In this study, only the work done by the author related to the third effort is presented. The
five main components of the author’s effort were:

e Testing the whole SHM system on structural specimens representative of typical
bridge components.

e Processing of sensor data for damage detection and noise elimination.

e Detection of the source of the acoustic signal of interest.

e Diagnosis of the nature of the signal for source characterization.
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e Developing finite element models including the AE sensors and validate with

experimental results.

2.2. Experimental Studies on Test Beams

As representative structural elements, steel, reinforced concrete and prestressed
concrete beams were considered in this study. Design and fabrication details of the test
specimens for this stage (stage-1) is given in Appendix-A. The first two stated beam types
were tested by subjecting to cyclic loads and the third type could be subjected to quasi-
static loading only, primarily, due to equipment limitations.

After the electrodynamic shaker and the support system were mounted on the strong
floor and the sensors and the data acquisition system were setup and calibrated, the system
was ready to perform the experiments on reinforced concrete and steel beams. Initial cracks
were introduced to the steel beams to expedite the crack growth process. Five of the
reinforced concrete beams were used in trial runs to fine tune the test procedure and the
rest of the beams were subjected to final test runs. In each case, the signal data from four
acoustic emission sensors were recorded using the data acquisition system, for further
processing and evaluation. Also data from other transducers like strain gages (two at
quarter points, one at top center and one at bottom center) and accelerometers were
acquired for supplemental information on response.

The prestressed concrete beam could not be accommodated in the cyclic loading
system setup for steel and reinforced concrete beams because of its larger dimension and
heavy self-weight. In order for the retention of the prestressing force after unavoidable

losses, prestressed beams of smaller dimensions was not feasible. Under the circumstances,
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the only recourse was to subject the beam to four-point quasi-static loading till cracks
appear creating strain waves which can be picked up by the AE sensors. All details of the
supports, loading systems and testing equipment used during this stage are given in
Appendix-B.

Since the method of pencil lead break testing is the most widely used method to
calibrate and measure the performance of an acoustic emission system under laboratory
conditions, several sets of pencil lead break test was performed on each type of test beam
before actual cyclic loading. Pencil lead break testing is also known for generating acoustic
signals which closely resemble the signals generated by cracks. Therefore, the data
generated by pencil lead break tests can be used for training the neural network for locating

the sources of signals from a real crack growth recorded during cyclic load testing.

2.2.1. Behavior of Reinforced Concrete Beam

Pencil-lead-break test stations and the general configuration of the reinforced
concrete beam are shown in Figure 2.2.1. Pencil-lead-break test was undertaken
successively by advancing from station-1 thru station-14, and then by retracing backwards
from station-14 to station-1. This routine was repeated several times giving several sets of

recorded data. In each set a total of 27 pencil-lead-break signals were generated.
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Figure 2.2.1. Location of pencil-lead-break stations for reinforced concrete beam.

After the conclusion of pencil-lead break-test, the beam was subjected to several
sinusoidal dynamic loading cycles at 10Hz with different amplitude and durations. The
load was applied through one pairs of closely spaced knife edges both at top and bottom
causing downward and upward deflections in the beam during cyclic excitation. The
applied amplitudes of cyclic sinusoidal displacement were 0.01”, 0.02”, 0.05”, 0.10” and
0.15”, respectively. The first two smallest amplitudes were specifically chosen to ensure
recording of signals prior to any crack formation (or growth) from non-crack related
sources like environmental noise, rubbing between the beam and supports, friction between
the concrete and the reinforcement, etc. However, no such event could be identified during
these two initial cycles.

During subsequent loading with amplitude of 0.05”, a crack appeared in the bottom
of the beam at a distance of 7.5” from the center of shaker link. This crack eventually
spread to the full depth of the beam when the excitation amplitude was increased to 0.10”.

No additional major events were discernible when the amplitude was further increased to
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0.15”. A general view of the test setup, showing the close-up view of the crack and

locations of the accelerometer, gages and transducers can be seen in Figures 2.2.2 to 2.2.4.
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Figure 2.2.3. Cracking of reinforced concrete beam with excitation amplitude of 0.05”.
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Figure 2.2.4 Locations of gages, AE sensors, accelerometer and crack of the reinforced
concrete beam.

2.2.2. Behavior of Prestressed Concrete Beam

The results of quasi-static load tests on prestressed concrete beam PSCB3 only are
considered. First, the test was undertaken on the original beam so that the maximum
applied load caused crack-like damage to the beam. Secondly, the testing was repeated
after the damaged beam was subjected to bonded FRP patch repair, following procedures
discussed in Chapter-3. Acoustic emission activity of the beam was monitored during both
the tests to allow for the determination of the modifying effect of the repair on the recorded
signals. The top and side station-locations for pencil-lead-break tests are shown in Figure
2.2.5.

During the first loading stage, the beam was loaded up to a total load of 22 kips
when two shear cracks appeared on each of the girder. During the first loading cycle, only
two acoustic sensors were operational and one of these got detached as one of the shear
cracks appeared right at the location of this sensor (see Figure 2.2.6). Close-up view of the
cracks, a view of the general test setup and locations of gages and sensors are shown in

Figures 2.2.6 to 2.2.8.
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Figure 2.2.5. Pencil-lead-break stations of the prestressed concrete beam.
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(a) Detached sensor (Channel-1) at first (b) Second shear crack (symmetrically
crack location placed)

Figure 2.2.6. Cracks of the prestressed concrete beam.
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Figure 2.2.7. General testing setup for prestressed concrete beam.
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Figure 2.2.8. Locations of the gages, transducers and the cracks of the prestressed
concrete beam before repair.

The repaired girder reached the limit state at a load of 17.3 kips showing shear
compressive failure. One of the original cracks appeared during the first loading stage grew
further by extending from the load application point to the support roller. During this

loading stage, fortunately, all four AE sensors were active. Close-up views of the crack and

locations of the gages and transducers are shown in Figures 2.2.9 and 2.2.10.
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Figure 2.2.9. A view of the gages, transducers and the failure in the repaired girder.

2.2.3. Behavior of Steel Beams

Locations of the sensors, supports, loading configuration and pencil-lead-break test
stations of all the three steel beams (SB-1, SB-2 and SB-3), are shown in Figures 2.2.11 to

2.2.13. For these beams, the pencil-lead-break tests were undertaken as before.
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Figure 2.2.11. Pencil-lead-break test stations for steel beam SB-1.

Initially, a 10 Hz cyclic loading with displacement amplitude of 0.25” was applied
to the undamaged steel beam SB-1 to determine if it generates any non-crack related
signals. This led to the detection of several major acoustic emission events. The data
generated here was later processed to identify the nature of the signals generated by non-

crack related sources.
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Figure 2.2.13. Pencil-lead-break stations for steel beam SB-3.

After the initial damages were introduced in the steel beams, as described earlier,
the beams were excited with sinusoidal loads of 10 Hz with different cycles of increasing
displacement amplitudes and different durations. For instance, SB-1 was loaded with three
such cycles with amplitudes 0f 0.20”, 0.25” and 0.50”. SB-2 was loaded with four different
cycles with displacement amplitudes of 0.085”, 0.106”, 0.212” and 0.150”. SB-3 was

loaded with three different cycles with the displacement amplitudes of 0.20”, 0.25” and
0.30”.
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In the case of steel beams SB-1 and SB-2, the purposely induced initial cracks kept
growing with increasing loading cycles, as detailed in Appendix-A. On the other hand, in
the case of beam SB-3 with a pair of edge cracked holes in the bottom flange at midspan
detailed in Appendix-A, needed cyclic loading for a much longer duration for crack growth
to occur, unlike what happened with SB-1 and SB-2. Cyclic loading of SB-3 was stopped
after a crack growth of very small size could be realized. During these test runs, the signals
due to generated stress waves were recorded with the data acquisition system. The general
view of test setup, a close-up of the crack in SB-1 and locations of the gages, accelerometer

and transducers for all steel beams are shown in Figures 2.2.14 to 2.2.18.

Figure 2.2.14. A view of test setup for steel beams.
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Figure 2.2.15. Crack formation in steel beam SB-1 (highlighted).
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Figure 2.2.16. Locations of gages, transducers, accelerometer and crack in beam SB-1.
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Figure 2.2.17. Locations of gages, transducers, accelerometer and crack in beam SB-2.
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Figure 2.2.18. Locations of gages, transducers, accelerometer and crack in beam SB-3.

2.3. Signal Processing

The most challenging issues of AE sensor based health monitoring of structures is
de-codifying the information carried by the recorded signals so that the location of the
source of the signal and the nature of the processes causing it can be identified. This is a
difficult proposition because the signal gets polluted by background noise from various

sources and these noises need to be filtered out to enable the accurate location of the
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damage. In order to identify the nature of the damage, it is necessary to have the classified
information about various damage sources. Powerful tools like wavelet transformation,
power spectrums, fast Fourier transforms and neural networks, are the most promising tools
which could help achieving the desired objectives. In this study, these very tools were used
for the elimination of the background noise, in the detection of the damage source and for

classifying the de-noised signals based on their sources.

2.3.1. Noise Elimination

The noise sources of a recorded acoustic emission signal can be internal or external
based on the equipment, structure under test and loading and environmental conditions.
Some of the most common noise sources encountered during acoustic emission testing are
crack breathing, friction, impact and ambient noise [1]. The traditional method among the
researchers to eliminate the acoustic emission noise is simply to use band-pass filters.
Although with necessary precautions and thorough preliminary investigations of the
structure, environment and loading conditions, the method might work in some situations,
but there is always a high probability of inhibiting the acoustic emission detection. This
study attempts to use a more potent tool [55] like wavelet transformation to eliminate the
background noise from the recorded AE signals.

Wavelet transformation is a natural extension of Fourier analysis. One of the
alternative methods to separate tangled signals is windowed Fourier transformation with
which one can accomplish this task only with limited success. On the other hand, all

components of the signal with high and low frequencies and local details or discontinuities
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can be detected easily with the help of wavelets. Consequently, wavelets are sometimes
referred to as ‘mathematical microscope’ [56].

Wavelet transformation basically converts the signal into the information of
numbers and coefficients. This information can then be used to represent the signal itself
as a combination of multiple shifted and scaled wavelets. By knowing the mother wavelet
and the information of numbers and coefficients, one can work on, transmit, store, analyse,
or reconstruct the original signal. Wavelet transformation follows a similar path as the
Fourier analysis to calculate the signal coefficients. The basic idea behind the method is to
multiply together the signal and the function being analysed, and then to compute the
integral of the resulting product. Comparison of wavelet and Fourier transformations is
represented graphically in Figure 2.3.1. In a nutshell, wavelets can be considered as
mathematical functions with limited duration and zero average value. In general, wavelet
transformation is the breakdown of the original signal into scaled and shifted versions of
the mother wavelet. Scaling the wavelet or changing of frequency can be achieved simply
by squeezing or stretching the chosen wavelet or by changing the amplitude. Unlike other
traditional signal analysis methods, wavelet transformation does not ignore the local details
in the signal, which is the main advantage of the method. Therefore, signal de-noising can

be accomplished with minimum degradation.
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Figure 2.3.1. Graphical representation of Fourier and wavelet transformations.

A signal corrupted by noise can be represented mathematically by using Equation
2.3.1 where sn, 0, 5, t and o represent the noise, original signal, recorded signal, time and
noise level, respectively.
s(t) =s,(t) +0.s,(t) (2.3.1)
De-noising procedure used in this study is accomplished in three main stages, as
explained below based on the sample noisy signal represented by Equation 2.3.1.
e After choosing a mother wavelet and a decomposition level, the noise function sx(?)
is computed by using a “thresholding” method after the wavelet decomposition.
e A thresholding algorithm (hard or soft) is applied to the wavelet detail coefficients.
e The signal is reconstituted based on the unchanged (if any) and the modified detail
coefficients by using wavelet reconstruction.
Decomposition of the signal is started by applying the mother wavelet at the
smallest scale. This procedure is then repeated for each decomposition level by doubling
the time scale, in other words by expanding the wavelet. This process is continued until the

target decomposition level is reached. The decomposition level used during this study is 5.
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The most popular wavelet thresholding algorithms are termed as hard and soft. Hard
thresholding method can be described as a “keep or kill” procedure, in which wavelet
coefficients which are below a selected threshold are eliminated. On the other hand, during
the soft thresholding procedure, which is an extension of the hard version, the nonzero
coefficients (above the threshold) get shrank towards zero in absolute value. In this study,
since soft thresholding procedure give smoother signal outputs indicated by preliminary
studies, the same is used here during the de-noising process. Hard and soft thresholding
procedures are described mathematically and graphically in Equations 2.3.2 and 2.3.3 and

Figures 2.3.2 and 2.3.3.

0, if |di| < 2

dﬁ(ard :{ lfl ]kl (2.3.2)
djk_lr lfld]kl > A
0, if|dj] <2

At = {dj -4, if |dp | > 2 (2.3.3)

dix +4,  ifldy| < -2
Here, subscripts j and k represent decomposition/resolution level and index of the
wavelet coefficients. Moreover, dix, 0 and A represent wavelet detail coefficients,

thresholded wavelet coefficient and thereshold level, respectively.
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Choosing the threshold is a very delicate and important statistical problem.
Threshold levels that are used during the de-noising procedure are determined by using the
“Universal Threshold” method proposed by Donoho and Johnstone [57]. Theoretical
considerations of the method yield the formula shown in Equation 2.3.9.

Let the wavelet coefficients of the noise be X; for i=/,...,n where X; is an i.i.d.
N(0,6?).

Defining: Z = [miax Xl-]

By Jensen’s inequality:

(p(E[XD) < E[p(X)] (2.3.4)

Where ¢ is a convex function and E is the expected value.

exp{tE(Z)} < Eexp{tZ}=E max exp{tX;} < i, E[lexp{tX;}] (2.3.5)

From the definition of Gaussian moment generating function which is the expected

value of e for a real random variable X.

E exp{tZ} < Y™, E[exp{tX;}] = n (eﬂtel/zazfz) (2.3.6)

Therefore:

2.2

tE{Z} = logn + >

(2.3.7)

Set ¢ by using Equation 2.3.8 to get “Universal Threshold” relationship shown in

Equation 2.3.9.

JJ2logn

o

AV =./2.logn.o (2.3.9)

(2.3.8)
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Where 4, o and n are threshold level, square root of variance of the noise and length
of the input vector, respectively. During multi-resolution wavelet decomposition, empirical
wavelet coefficients at the finest scale are essentially pure noise with a small fraction of
exceptions [57]. The noise variance o” is estimated as the median absolute deviation of the
wavelet coefficients at the finest level divided by 0.6745.

The mother wavelet that will be used throughout this study is chosen as the
symmetrical wavelet Symlets 8 (Sym8), shown in Figure 2.3.4. The family of Symlet
wavelets is a modified version of Daubechies wavelets with increased symmetry. The main
motivation for choosing this wavelet as the mother wavelet is mainly due to its past success
in similar applications. For each test specimen, AE signals from crack initiation/growth, as
raw records and those after de-noising, are shown in Figures 2.3.5 to 2.3.8. Due to the
extremely small crack growth in the case of steel beam SB-3, no clearly measureable crack
related acoustic emission data could be recorded and hence no processed data can be

reported for this specimen.
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Original Signal (S)

Valtage (mV)
=== o o o o o
RBERBEoRBRBRBRR

-0.05
-2.0E-04 0.0E+00 2.0E-04 4.0E-04 6.0E-04 B8.0E-04 1.0E-03 1.26-03 14E-03 1.6E-03

Time (ps)

De-Noised Signal (D.)
0.05
0.04
0.03
0.02
.01

Voltage (mV)
o

-0.01
-0.02
-0.03
-0.04

-0.05
-2.0E-04 0.0E+00 2.0E-04 4.0E-04 6.0E-04 B.0E-04 1.0E-03 1.26-03 1.4E-03 1.6E-03

Time (ps)

Figure 2.3.7. Original and de-noised crack signal from the reinforced concrete beam.
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Figure 2.3.8. Original and de-noised crack signal from prestressed concrete beam.

After a close inspection of the signal records shown in Figures 2.3.5 and 2.3.6, it is
evident that the de-noised signals of crack growth recorded for the steel beams SB-1 and
SB-2 are quite similar with the theoretical signal shown in Figure 1.2.2. This similarity
underscores the success of the applied de-noising procedure used in this study. However,
similar agreement cannot be clearly emphasized in the case of reinforced and prestressed
concrete specimen data shown in Figures 2.3.7 and 2.3.8. This may be attributed to the
non-homogenous nature of concrete material as well as the presence of inclusions like steel
rods and/or strands inside these beams. Consequently, it may be reasoned that the waves
traveling inside the reinforced concrete and prestressed concrete specimens experienced
significantly more modifications before reaching the acoustic emission sensors.

A theoretical acoustic emission signal based on Equation 1.1.1 is generated by

selecting the values of the variables Vo, B and @ as 1, 95 and 3.03E+5, respectively.
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Comparison between the theoretical signal and the real de-noised crack generated acoustic
emission signal is presented in Figures 2.3.9 and 2.3.10 for steel beams SB-1 and SB-2. In

both cases, the closeness between theory and experiment is striking.
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Figure 2.3.9. Comparison of empirical acoustic signal with experimental data for SB-1.
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Figure 2.3.10. Comparison of empirical acoustic signal with experimental data for SB-2.

2.3.2. AE Event Source Location

During the travel of the stress wave inside the structure, spectral and modal
characteristics of the wave changes significantly as it encounters complex shaped
boundaries, non-homogeneities, damages or cracks, and the like. In addition, sensor and
equipment limitations and the effect of sensor coupling agent, cause the stress wave to get
severely modified before it gets converted into an electrical signal. Since the speed of the
stress wave is highly dependent on the frequency and modal characteristic of the wave
itself, determining the source of an acoustic emission signal becomes a highly nonlinear
problem due to the factors described above, especially for reinforced concrete structures.
This problem is represented in Equation 2.3.10 by Spall et al. for the output of a sensor
located at distance r, corresponding to the instant of time ¢ [58].
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t
v(t) =fj h(r,x,—1).B(x,7).dx.dt (2.3.10)
0 structure

Where, v(?), x, 5, h and 7 are sensor output, source location, distribution of dilatation
caused by acoustic emission event as a function of position and time, structural and sensor
impulse response and time, respectively. Equation 2.3.10 looks like a simple relationship,
but determining /4 and f appearing in the integrand can be extremely involved.

Classical deterministic time difference of arrival (TDoA) methods can only solve
acoustic emission source location problems for relatively simple situations and structures
like a simple plate or a solid cylindrical bar with homogenous material. In the presence of
dispersion, significant background noise, and material non-homogeneity, the classical
source location methods tend to fail because of excessive distortion of the AE signals
during its propagation from the source to the sensor. Such signal modifications and
distortions make the accurate detection of signal source highly uncertain. In this study, a
new method based on Artificial Neural Networks (ANN) is proposed to be used to
overcome this difficulty. The method is based on the use of the commonly used AE signal
parameters such as frequency, rise time, maximum signal amplitude, signal energy, signal
count and duration, in addition to signal arrival times to train the ANN which can then later
be used for the determination of source location of the AE signals of interest. Before actual
testing, several sets of data generated by using pencil lead break tests are used to train the
ANN by combining the previously mentioned parameters covering the zone of interest.

The artificial neural network adopted in this study is a two layer (one layer being
hidden) feed-forward network with sigmoid hidden neurons. Feed-forward networks are

the most widely known and the most popular type of artificial neural networks. Such
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networks have characteristically layered structures. A sample feed-forward neural network
structure is shown in Figure 2.3.11. Each layer inside the network has multiple processing
units called nodes. Each node in the network is connected to another node with a synapse
(weight) which represents the importance of the connection. The connected nodes never
belong to the same layer of the network. Functionality of the i neuron in a feed-forward

network is defined by Equations 2.3.11 and 2.3.12.

k

Yi = Z Wij - Jj (2.3.11)
j—0

vi = f(e) (2.3.12)

Here wxy, Vx, ¢, f(z) and k are the weight of the connection between the x and ™
neuron, output of the x” neuron, potential of the x” neuron, output function and the number

of inputs feeding the current neuron, respectively.

Inputs Outputs

Hidden layer

Figure 2.3.11. Sample structure of a one hidden layer feed-forward neural network.

There are two functions in an ANN that determine the way signals are processed

by a neuron. The first one is the activation function which is defined by Equation 2.3.11
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and the second one is the output function which appears as f(z) in Equation 2.3.12. The
combination of these two is called the transfer function. A transfer function basically takes
the value from the activation function and turns it into a value between zero and one. This
output then becomes an input for another neuron in a different layer. A non-linear sigmoid
transfer function, which is used with the ANN of this study, is given by Equation 2.3.13

and shown in Figure 2.3.12.

flp) = (2.3.13)

1+e ¢

..........................................

___________ :_________.____._____E________._é____o__s

Figure 2.3.12. Sigmoid transfer function.

Leverberg-Marquardt back propagation algorithm [59] is used to train the ANN

which is also known as the damped least squares method. Basically the goal of training is

71



to teach the ANN the associations between inputs and outputs. Steps followed during a
Leverberg-Marquardt back propagation algorithm iteration is as follows [60]:
e Step-1: By using Equations 2.3.11 and 2.3.12, calculate the corresponding network
outputs during the feed-forward phase.

e Step-2: Based on the network outputs, calculate the errors:
e =L-Y

Then compute the sum of squares of errors over all inputs:

e Step-3: It can now be shown that:

VW x)=J" (x)-¢x)
VI x) =" (x)- J(x)+S(x)

Where J(x) is the Jacobian matrix:

I Oe, (ﬁ) Oe, ()_C) Oe, ()_C) |
Oox, x, o
e,lx) e,(x) 0, )
ox, ox, Ox,
J(x)=
e, (1) Je, (ﬁ) Je, (ﬁ)
| Ox ox, W_

S(x)=Y e (x)Ve,(x)

i=0

e Step-4: The following equation is solved to obtain Ax:
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Ax =7 () S @)+ e 1] T (@) elx)
In which u and 7 are the damping factor and the identity matrix, respectively. When
V(x) increases during a step, damping factor u gets multiplied by factor . When
V(x) decreases, u is divided by f.

e Re-calculate V(x) by using x+4x. If V(x) is smaller than the one computed in Step-
2, reduce p with S, let x = x + Ax, and go back to Step-2. If V(x) is not reduced, then
increase u with f§ and go back to Step-4.

e The iterations stop when V7V(x) defined in Step-3 is less than a predetermined

tolerance or V(x) defined in Step-2 has been reduced to some error goal.

There are total 28 input nodes for the ANN, namely, arrival time, frequency,
maximum signal amplitude, rise time, signal count, duration and energy for each signal
recorded by all four sensors. In the hidden layer there are 10 nodes. The only output node
of the ANN is the location of the AE events. After the training phase of the ANN for each
specimen is completed by using the data sets generated by pencil lead breaks, the source
locations of real AE events are predicted by using these ANN’s. Unlike the cases of
reinforced concrete and steel specimens, the data recorded for the prestressed concrete
specimen was not found to be suitable for determining the source locations of AE events.
The main reason is the relatively large size of the prestressed concrete specimen as
compared to the number of sensors used. Most of the acoustic signals were not picked up
by more than three sensors due to attenuation which made it impossible to detect the signal
source. Therefore four sensors are considered to be inadequate to determine the source
location of the AE events for a girder of same or larger size and length as the prestressed

concrete test beam. Comparison of the ANN source location predictions of some signals
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with the real crack location for the steel and reinforced concrete test beams are presented
in Tables 2.3-1 and 2.3-2, respectively. As can be seen from the results, source location of
AE events can be predicted with high accuracy by using the proposed method, provided an
adequate number of appropriately located sensors are used.

Table 2.3-1. Comparison of actual crack location in the steel beam SB-1 with neural
network predictions (Distances are from left end).

Neural Network prediction Actual crack location Error

1618.42 mm 1651.00 mm 0.99%
1610.67 mm 1651.00 mm 1.22%
1469.52 mm 1651.00 mm 5.49%
1649.59 mm 1651.00 mm 0.04%
1720.52 mm 1651.00 mm 2.11%

Table 2.3-2. Comparison of actual crack location in the reinforced concrete with neural
network predictions (Distances are from left end).

Neural Network prediction Actual crack location Error

993.91 mm 1028.70 mm 3.38%
1034.45 mm 1028.70 mm 0.56%
1005.77 mm 1028.70 mm 2.23%
1034.06 mm 1028.70 mm 0.52%
1016.51 mm 1028.70 mm 1.18%

2.3.3. AE Source Characterization

As was stated before, in the case of steel beam (SB-1) without initial crack, several
major acoustic emission events were recorded. On the other hand, after the deliberate
introduction of the initial crack, almost every major event recorded seemed to originate
from crack growth. This may be attributed to the reduction of the stiffness of the beam
because of the large initial damage, reducing the load capacity and hence the reactions

experienced at the supports. A careful examination of the records before introduction of
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the cracks indicated that the signals originated from outside the confines of the specimen.
Realistically, the support systems seemed to be the source. The most probable cause of
these events were rubbing and associated reversing friction forces between different
components of the support system, like plates, bolts, nuts and washers.

It was expected that crack related acoustic emission signals will have quite different
frequency components than signals generated by other types of sources [1]. Therefore, for
an effective classification of such events, signals of interest need to be converted from
time-domain into frequency-domain. The fastest and most effective way to accomplish this
is to generate the power spectrums of the events by using fast Fourier transformation. On
the other hand, it is feared that fast Fourier transformation may ignore local details of the
signals. In addition, with this method, it is harder to visualize the information contained in
different frequencies of the signal.

One alternative to using fast Fourier transforms to classify the acoustic emission
events created by different types of sources, is to use continuous wavelet transformation
(CWT). Graphical representation of the main idea behind the wavelet transformation is
presented in Figure 2.3.1. The method basically works by representing the original signal
by summing scaled and shifted versions of the mother wavelet. As a result of the continuous
wavelet transformation, each scaled and shifted wavelet has a coefficient “C” and a scale
“a”. The coefficient “C” is a function of scale and position and it is used for storing the
correlation information obtained from the continuous wavelet transformation. The higher
the value of coefficient “C”, the more closely correlated that wavelet is to a particular

section of the original signal. On the other hand, scale “a” represents the stretching rate of
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the wavelets. The higher the value of scale “a”, the more stretched is the wavelet in the
time axis.

An examination of the signals originating from the supports and those due to crack
growth indicated that crack related signals have more high frequency information than non-
crack related signals. To investigate it further, two crack-related and two rubbing/friction
related, total four signals were converted from time domain to frequency domain. The crack
related signals corresponded to what are shown in Figures 2.3.9 and 2.3.10. Chosen crack
related and non-crack related time domain signals are shown in Figures 2.3.13 and 2.3.14,
respectively. The conversion process from the time domain into the frequency domain is
accomplished by both generating power spectrums with the help of fast Fourier
transformation as well as by using continuous wavelet transformation. Power spectrums of
the crack related and non-crack related signals are presented in Figures 2.3.15 to 2.3.18
and continuous wavelet transformations of the same signals are presented in Figures 2.3.19

and 2.3.20.
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Figure 2.3.13. De-noised signals originating from rubbing/friction.
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Figure 2.3.14. De-noised signals originating from crack growth.
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Figure 2.3.15. Power spectrum of the first signal generated by rubbing/friction.
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Figure 2.3.16. Power spectrum of the second signal generated by rubbing/friction.
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Figure 2.3.17. Power spectrum of the first signal generated by crack growth.
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Figure 2.3.18. Power spectrum of the second signal generated by crack growth.
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Figure 2.3.19. CWT of the signals generated by rubbing/friction.
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Figure 2.3.20. CWT of the signals generated by crack growth.

Even by a rough comparison of the power spectrums, one can notice that
rubbing/friction related signals contain much more low frequency information than crack
related signals. This conclusion can be verified with continuous wavelet transformation as
well. Crack related signals are correlated with the mother wavelet on lower scales. On the
other hand, signals generated by rubbing/friction are correlated with the mother wavelet
for higher “a” values. This indicates that the wavelets are more stretched in the case of
non-crack related signals. Since stretching a wavelet means lowering the frequency, CWT

results agree with power spectrum data. As a result, non-crack related signals can easily be
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separated from the signals generated by crack growth in steel beams by examining the

nature of frequency difference between the two signal types.

2.4. Finite Element Modeling of the AE Phenomenon

As stated in Section 2.3, it is critical to have a proper training data set to determine
the source locations of acoustic emission events of a structure by using the artificial neural
network approach. Depending upon the situation, one possible way to generate such data
sets is to do pencil-lead-break tests on the structure of interest. In the laboratory
environment, generating those data sets by such tests for a structural component like beam
may not be an issue. However, conducting such tests on a real bridge beam is unrealistic.

An attractive way to generate the training data sets for the artificial neural network
is by using the finite element method. This is feasible only if crack signal generation and
capture can be simulated in a finite element simulation of the structure and the
corresponding voltage output values of the AE sensors can be obtained. The output signals
from finite element simulation can then be processed further to clean the noise. Then the
resulting clean signals can be used to train the artificial neural network which can
subsequently be used for determining the locations of the acoustic emission events in the
real structure.

For the generation of the training data sets accurately, actual mechanics of the
acoustic emission phenomenon has to be faithfully accounted for during the simulation of
the structure of interest mounted with acoustic emission sensors. As shown in Figure 2.4.1,
the main components of the acoustic emission phenomenon required to be accounted for

during the finite element modeling process are as follows:
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e Accurate simulation of the incoming incident waves matching the
characteristics of the real-life stress waves.

e Identifying the location of the components of the sensor in the time domain and
calculating the force exerted by the mass of the sensor components on the
piezoelectric material.

e Conversion of the strain exerted on the piezoelectric material to electric

potential.

Sensor Housing

T
.

\

Sensor Element (PZT)

Incident Wave m—)p

Figure 2.4.1. Acoustic emission phenomenon.

2.4.1. Material Properties and Geometric Details of Sensor Components

During the experimental work MISTRAS companies R15-a type sensor was used,
and, accordingly, modeled in finite element simulation. As no data or drawings of the
interior details of the sensors, except material properties of the components, could be
obtained from the manufacturers, one of the sensors was actually disassembled for
acquiring all the mechanical and electrical details of the sensor. After dismantling all the
components of the sensor, dimensions and weight of each component were measured and
the mechanics of the sensor was decoded. Details of the disassembly process are given in

Appendix-C.
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2.4.2. Finite Element Modeling of Piezoelectricity

A piezoelectric material undergoes strain when an electric potential gradient is
applied to it. The process is reversible, that is it responds as electric potential gradient when
subjected to change in stress. For defining basic electro-mechanical coupling, two
parameters are used which are piezoelectric and dielectric properties. Piezoelectric
property of a material represents how applied electric potential gradient is converted into
strain or vice-versa. Dielectric property on the other hand, is the ratio of electric potential
stored in a material after voltage is applied. Piezoelectric (e?) and dielectric (D?) properties

of PZT-5H which is the crystal of the piezoelectric sensor are shown below:

0 0 0 741 0 O
e’ =1-274 593 -274 0 0 O |[*10"Zm/V
0 0 0 0 0 741

1.505 0 0
D= 0 1301 0 [*10°F/m
0 0 1.505

In the piezoelectric property matrix e’m;, the first index m (rows one to three)
corresponds to the electric displacement (or electric flux). The second and third indices i
(columns one to three) and j (columns four to six) on the other hand, refer to normal stresses
and shear stresses, respectively. In the dielectric property matrix D?;, each diagonal value
corresponds to the dielectric property of the material in each direction (x, y and z).

For finite element modeling of the piezoelectric AE sensor, Abaqus software was
used. In this software, the electrical properties of piezoelectric materials are comprised of
piezoelectric and dielectric effects, as shown in Equation 2.4.1.

qi = ei(?'k * Sjk + Diq])' * E] (2.4.1)
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Where gi is the electric flux and e?;, gix, D?; and E; are piezoelectric stress coupling,
small-strain component, dielectric matrix and gradient of the electric potential,
respectively.

The mechanical behavior on the other hand, can be defined by Equation 2.4.2 in
terms of piezoelectric stress coefficient matrix.

0ij = Dfijy * € —epy; * Em (2.4.2)

Here oy is the mechanical stress tensor, DFju, ek, e’mij and En are elastic stiffness

matrix, strain tensor, piezoelectric stress coefficient matrix and electric potential gradient

vector, respectively.

2.4.3. Selection of the Finite Element Solver and the Integration Scheme

Abaqus has two main solvers each of which work with a different integration
scheme for solving dynamic problems. Implicit scheme is implemented by
Abaqus/Standard and explicit scheme on the other hand is used by Abaqus/Explicit. Each
integration scheme has its own advantages and drawbacks. The most efficient way of
solving stress propagation problems involving degradation of the structure is to use the
explicit finite element method. Therefore, the main solver chosen for finite element
modeling of the acoustic emission testing stage of this study is Abaqus/Explicit.

In explicit finite element method, iteration and solution of systems of equations
simultaneously are not required unlike the implicit integration scheme. Alternatively, the
solution steps from one increment to the next by marching through time. In other words,
Abaqus/Explicit treats the problem as a wave propagation problem. For obtaining a

meaningful solution from the solver, each time increment of the solution must be smaller
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than the minimum stable time increment. Otherwise, the solution obtained will be unstable,
that is, oscillatory and unreliable. The minimum stable time increment can be represented

by Equation 2.4.3.

At i = fz (Vi+ez -¢) (2.4.3)

Here, f'and ¢ are cyclic frequency of the highest eigenvalue of the model and the
fraction of critical damping for that eigenvalue. Alternatively, the minimum stable time

increment can be defined as smallest transit time of a stress wave from one element to the

next (Equation 2.4.4).

Le

Atpin = — (2.4.49)
Ca

Where:

E (2.4.5)
cq; = |— A
¢ e

In which, L¢, cq4, E and p are characteristic element length, wave speed, modulus of
elasticity and material density, respectively.

Although Abaqus/Explicit is more effective than Abaqus/Standard for the solution
of stress propagation problems, one of the main drawbacks of this solver is the limited
number of element types it allows. In addition to regular stress/displacement elements to
model the beam and secondary sensor components (i.e. sensor case, wear plate, etc.),
piezoelectric elements are also required to model the piezoelectric crystal of the AE sensor.
Piezoelectric elements are not available in the element library of Abaqus/Explicit. However
Abaqus/Standard does have these. Therefore, the piezoelectric crystal inside the sensor is

modeled with Abaqus/Standard and the rest of the model is simulated with
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Abaqus/Explicit. During the analysis, these two solvers are made to inter-communicate
with the help of the co-simulation engine of Abaqus, at the specified contact regions.

One other way of modeling this problem is to use Abaqus/Standard to solve the
whole domain. But since the efficiency of the explicit solver is much higher than implicit
solver for these types of problems, solving the whole model with the help of co-simulation
engine by using two separate solvers is computationally much more efficient. Additionally,
explicit integration scheme gives more accurate results for stress propagation problems
than the implicit integration scheme which is another reason for preferring the co-

simulation approach.

2.4.4. Element Selection for the Finite Element Model

A main limitation of Abaqus (both Abaqus/Explicit and Abaqus/Standard) is its
restriction in the modelling of fatigue cracking as a dynamic event. The only direct way of
modeling fatigue cracking with Abaqus is by using a quasi-static analysis procedure which
assumes sub-critical cyclic loading conditions. Consequently, the energy released by crack
formation needs to be modeled by different means.

During the modeling process, nodes across the crack are connected with a 1D truss
type connector element, Figure 2.4.2. The nonlinearity of the connector element is defined
in such a way that, after a certain amount of tension force is built-up linearly, the resistance
of the connector drops immediately to zero. Therefore the crack snaps open which is very

similar to what happens when an existing crack grows in real life.
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Figure 2.4.2. Truss element connecting the crack tip.

Since the thicknesses of the flanges and the web are small compared to the other
dimensions of the beam, plane stress shell elements are used to model the steel beam
specimen. In addition, the beam itself is the part of the model which requires the most
elements to be discretized, therefore selection of the shell elements over the solids for that
particular section of the model saves a lot of computational time. Piezoelectric crystal
inside the sensor are modeled with solid piezoelectric elements. The other components of
the sensor (i.e. sensor case, wear plate, etc.) are modeled with regular solid stress-
displacement elements. Table 2.4-1 presents the details of the finite element mesh for the

steel beam and the sensor models.
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Table 2.4-1. Details of finite element mesh for the steel beam and the sensor.

Description of ~ Components of the Steel Beam and the Sensor Models

Item Beam PZT Sensor Case & Plate
Element Shape  Quadrilateral ~ Triangular Tetrahedron Tetrahedron
Element Family 2D Stress 2D Stress  Piezoelectric 3D Stress

Element Type S4R: 4-node  S3:3-node C3D4E: 4-node C3D4: 4-node

Geo. Order Linear Linear Linear Linear

No. of Elements 711,880 9,458 3,676 1,953

First-order linear elements are used to discretise both the beam and the sensor
models. Lumped mass formulation of such elements gives an advantage over the consistent
mass formulation of the second-order quadratic elements for stress wave propagation
problems [61].

Another important concern that needs attention during element selection of stress
wave propagation problems is the identification of acceptable size of the elements. The
mesh element size needs to be selected in such a way that the mesh is able to represent the
shapes of the stress waves with acceptable accuracy. This phenomenon is obvious from
Figure 2.4.3. The displaced shape of the fine mesh shown in Figure 2.4.3(b) represents the
mode and frequency characteristics of the stress wave much more accurately than the

coarse mesh shown in Figure 2.4.3(a).

I I
BB

(a) Coarse mesh (b) Fine mesh

Figure 2.4.3. Effects of mesh fineness on wave characteristics [61].

&9



As reported in the literature, length of each element has to be at least eight fold
smaller than the wavelength of interest [62]. By using the Equation 2.4.6 given below,

minimum required element dimension can be calculated.

C. .
Lypgy < — (2.4.6)

min " f
In this equation, Lmin, Cmin, nmin and f are minimum element length, wave speed,
required number of elements through the wavelength and the frequency of interest,
respectively. By selecting Cmin, nmin and f as 2.4e5 in/s, 8 and 350 kHz, the minimum
required element size is calculated as 0.085 inch. Although most parts of the steel beam is
meshed using this element size, regions around the crack and under the acoustic emission
sensor are meshed with 0.010 inch elements, to get a better wave resolution around these

regions.

2.4.5. Finite Element Analysis of the Test Specimen

Because of the non-homogenous nature of concrete, it is impossible to detect the
randomly distributed impurities, regions with varying material properties or entrapped air
pockets present inside the reinforced concrete and prestressed concrete beams. Since such
defects have a considerable effect on the speed, mode and direction of the stress waves
traveling throughout the structure, it is impossible and not advisable to analyse concrete
beams numerically, at least, with respect to the problem in hand.

Finite element simulation was undertaken for the steel test specimen SB-1 only.
The material and geometrical properties of the beam, as stated in Appendix-A, were used
in the model. A very important component of the model is the piezoelectric AE sensor of

which significant details was given earlier in this chapter. All bonds between the
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components of the sensor and the adhesive between the beam and the sensor were modeled
allowing for strain compatibility assumption. For saving computational effort, only the
sensor designated as channel-1 shown in Figure 2.2.16 was modeled. The full acoustic

emission sensor model attached to the steel beam is shown in Figure 2.4.4. Inside view of

the sensor after the metal case is removed is shown in Figure 2.4.5.

Figure 2.4.4. Full acoustic emission sensor model.

Figure 2.4.5. Sensor model after the steel case is removed.
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The beam model was subjected to a sinusoidal displacement amplitude, virtually
duplicating the way the test specimen SB-1 was loaded during regular cyclic load testing.
After the growth of the existing crack, Figure 2.4.6 and Figure 2.4.7 show the stress waves
leaving the crack tip at 400 and 800 ps after the crack growth event. Reflection of the stress

waves into the web of the beam after encountering the boundaries of the flanges of the

specimen are shown in Figure 2.4.8.

Figure 2.4.7. Stress waves leaving the crack tip 800 ps after crack growth.
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Figure 2.4.8. Stress waves reflecting back to the web from the boundaries of the flanges.

Thereafter, electric potential output history of the sensor is measured by calculating
the voltage differences between the top and bottom faces of the sensor element. By
selecting the frequency of interest as 350 kHz during the calculation of the minimum
element dimension earlier in this chapter, high-frequency noise was automatically
eliminated. The lower frequency noise was cleaned from the signal by using a procedure
similar to what is described in Section 2.3. The acoustic signal data computed as output of
the finite element model of the AE sensor is compared with experimental results and
empirical data in Figure 2.4.9.

As can be seen from Figure 2.4.9, there is very good agreement between finite
element data, empirical formula and experimental results. Especially in the frequency
domain, the agreement of results based on experiment, empirical formula and simulation

are excellent. Other signal parameters obtained from the finite element simulation like
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arrival time, maximum signal amplitude, rise time, signal count, duration and signal energy

also show good agreement too.
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Figure 2.4.9. Comparison of finite element simulation results with experimental data and
empirical acoustic signal for SB-1.

Form these results, it can easily be concluded that finite element simulation, if
properly used, can be a very powerful tool to predict the behavior of the systems allowing
for stress wave propagation and acoustic emission phenomenon. Additionally, these results
show that finite element modeling is a very good candidate for generating training data sets
for the artificial neural networks which later can be used for detecting the source locations

of the acoustic emission events.
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CHAPTER 3

3. REMEDIATION OF DAMAGED BRIDGE COMPONENTS
USING BONDED FRP

3.1. Introduction

After the nature and location of the damage is thoroughly investigated and its
presence is predicted by AE sensor based real-time health monitoring system, the follow
up remedial action to ensure continued safety of the bridge has to be decided upon. There
can be a range of possibilities like outright replacement, partial rehabilitation, or just local
repair work. Since the damages can be detected in the early stages of formation with the
help of autonomous real-time AE based health monitoring system presented in Chapter-2,
the detected damages can be repaired while they are still local, without the need of
replacement or retrofitting. Apart from conventional repair methods, a relatively new
method is bonded FRP patch repair with obvious advantages. In this part of the study, the
main objective is to develop analysis and design procedures for such repair, experimental
investigation of the performance of the repair in the case of representative bridge
components and developing nonlinear finite element analysis models for validating the
experimental and mechanistic model results. The four main components of the research
work that has been carried out in this context are as follows:

e Develop a simple but sufficiently accurate preliminary design procedure for FRP

patch repair.

95



e Perform a series of experimental studies with representative specimens of damaged
bridge girder.

e Develop a mechanics-based model to realistically capture the behavior of repaired
structural components if full blown finite element analysis is not possible.

e Creating accurate nonlinear finite element models and validating the response

quantities of interest with experimental data.

3.2. Details of Representative Test Beams and FRP Composites

As in structural health monitoring (SHM), here again the beam specimens used in
this phase of the study were of the same three popular bridge construction materials
namely, steel, reinforced concrete and prestressed concrete. The main difference between
the experimental procedures of the two was the nature of loading and the associated
objectives. For SHM, the test specimens were mostly subjected to dynamic excitation;
whereas, for the present purpose, the test beams are exclusively subjected to 4-point quasi-
static loading. The typical four-point loading scheme is shown in Figure 3.2.1. Fabrication
details of the test beams and the quasi-static loading system used in this study are given in

Appendices D and E, respectively and, also, in the associated TDOT research report [63].
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Figure 3.2.1. A typical 4-point loading scheme.

3.3. Development of Preliminary Design Procedure for FRP Patch

3.3.1. Description of the Design Procedure

Although there are some preliminary design procedures recommended by National
Cooperative Highway Research Program (NCHRP), American Association of State
Highway and Transportation Officials (AASHTO) and American Concrete Institute (ACI)
[38], [39], [40], no matured and widely accepted design code for repairing bridge hardware
with FRP composite patch materials existed at the time this study was undertaken.
Therefore based on the principles of sound and basic mechanics, design of local bonded
FRP patch repair is accomplished. The design procedure presented herein essentially
follows the limit state approach used in current structural design practices. The main
objective is to arrive at the type, size and configuration of the composite patch material so
that the AASHTO specified capacity of the beam/girder can be restored or exceeded. The
assumptions made during the design process are as follows:

e Due to uncertainties in the physical and mechanical properties of the composite

systems, a resistance factor of 0.9 is used during the design procedure.
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Nominal strength is assumed to be 10% over the required strength.

The required length of each patch can be calculated by allowing for required
development lengths beyond the theoretical cut-off point at each end.

Use of multiple layers and prestressing of the composite patches is not considered
in this study, for the sake of simplicity.

The details of the damaged structural member are known.

In the case of concrete members, the damages are restricted to flexural and shear
cracks caused by applied forces which cause the member’s capacity in bending
and/or shear to be exceeded.

In the case of steel members, the loss of section due to damage extends for the full
length of the member.

Existence of perfect bond between the composite patch and the substrate material.
Minimum patch width limit was taken as two inches, to prevent premature
debonding.

Additionally, safety issues stated below need to be kept in view during the design

process for a conservative and safe FRP patch repair practice:

Structural members repaired with FRP should have enough residual strength to
carry the service loads, so that in case FRP repair fails, the structure itself will not
fail in tandem.

Calculated development lengths should be extended to account for the effects of
long-term creep and slippage. This cannot be explicitly implemented in the present

study because long-term performance is outside the scope of this research work.
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3.3.2. Strengthening in Flexure

In this study, nominal strength after the repair work is assumed to be 10% over the

original strength of the repaired member. This requirement is embodied in Equation 3.3.1.

Mu = Mn,repaired =11 Mn,undamaged (3-3-1)

Where, Mu, M,| and M| are design flexural strength, nominal

repaired undamaged
flexural strength after repair and nominal flexural strength before damage, respectively.
Here, considered damage types are section loss at bottom or top flange and/or in the web
due to corrosion. The same approach can be applied to cases where the section loss is in
the bottom flange only, or both in the web and bottom flange due to crack formation. The
needed repair patch can easily be proportioned by equating the capacity loss due to damage
to the capacity gain due to repair. Since the thickness of the patch is known, the only
unknown quantity that needs to be determined during the design process is the width of the
composite patch material of given thickness. The flexural capacity contribution of the web
of the beam and web patches can be ignored, assuming that the primary purpose of web
patches is to resist shear. A more refined design procedure taking into account flexural
resistance of the web patches, when there is section loss both at the bottom flange and web
can be found in the corresponding TDOT research report [63].

The steel beam section shown in Figure 3.3.1 is considered, in which the section
loss is only at the bottom flange caused by corrosion. In this case, the capacity loss due to
damage and capacity gain from bonded composite patch repair can be represented by

Equations 3.3.2 and 3.3.3, respectively. By solving these two equations along with

Equation 3.3.1, the dimensions of the composite patch can be determined by using
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Equation 3.3.4, where Fy and f. are yield strength of steel and tearing strength of composite

patch material, respectively.

-‘._|

Figure 3.3.1. Steel beam section loss in the bottom flange and the repaired beam.

Fioss = bf.dC.Fy (3.3.2)
Fpatch = bp.tp .fpu (3.3.3)
1.1.b¢.d,. . E,
_ fr%e-ly
p = —t (ng ) (3.3.4)
p (0.9 fpu

If there is loss of strength due to corrosion in the top flange, which supports the
concrete deck slab, the patch repair can be completed by bonding patch strips to the bottom
exposed surface of the top flange on two sides of web, as shown in Figure 3.3.2. The

bonded composite patch can again be designed by using Equation 3.3.4.

100



| -

Figure 3.3.2. Steel beam section loss in the top flange and the repaired beam.

In the case where the section loss is in the bottom flange and also in the web due to
a crack of the type shown in Figure 3.3.3, dimensioning of the patch can be done by using

Equation 3.3.5 derived in a manner similar to the cases considered so far.

- ‘

Figure 3.3.3. Steel beam section loss in the bottom flange and web and the repaired beam.

_ 1.1b.t.F,

h, = —— = 7 3.3.5
P t,.(09.£ ) (3:3.2)

Since only flexural patch design of the steel beams is the focus of this study, details
of the flexural patch design of reinforced concrete and prestressed concrete beams are given

in another publication by the author [63].
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3.3.3. Strengthening for Shear

As in flexural patch design, it was ensured that the nominal shear strength of the
shear repaired beam exceeded the undamaged shear strength of the beam by at least 10%,

as shown in Equation 3.3.6.

Vu = Vn,repaired =1.1. Vn,undamaged (3-3-6)

In which V., Vn| and Vn| represent design shear strength, nominal

repaired undamaged
shear strength after repair and nominal shear strength before damage, respectively. Since
in this study, the focus will be only the shear strengthening of the prestressed concrete
beams, details of shear strengthening of steel and reinforced concrete beams are reported
in the corresponding TDOT research report [63].

The proposed shear strengthening design procedure is very similar to regular stirrup
design. The U-jacket configuration shown in Figure 3.3.4 is considered in this study. The
shear force that needs to be resisted by the patch (¥7,) can easily be calculated by subtracting

the contribution of the concrete (V¢) and stirrups (Vs) from the required shear strength

v, | ). This requirement is represented by Equation 3.3.7.

repaired

Top Rebars Stirrup

/
"4 A

i
. = =
r i
\ Shear Patch

Prestressing (U-Jacket)
Strands

A
\

/

Figure 3.3.4. Typical shear strengthening scheme.
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Vp = Vn,required Ve +%) (3.3.7)

Where:

V. = (0.64/f +7002£2) b, d (3.3.8)
d

Vi = Aufye < (3.3.9)

In which, 4, fc’, bw, d, dp, Av, fyr, s, Vu and My, are modification factor, compressive
strength of concrete, web width, distance between extreme compression fiber to neutral
axis, distance between extreme compression fiber to prestressing steel, area of shear
reinforcement, yield strength of shear reinforcement, spacing of stirrups, factored shear
force at section and factored moment at section, respectively. The width of the patch (wy)

can now be determined by using Equation 3.3.10.

s (3.3.10)
w, = ——F——~ 3.
ty.(0.9. fou)
Where, #, and fpu are thicknesses of patch and fracture strength of composite,
respectively. In addition to U-jacket configuration, the same design approach can be

applied with minor modifications to two other shear repair bonding schemes, namely,

wrapping and side plate configurations.

3.3.4. Determining the Length of the Composite Patch

As the damage is localized, the two ends of a patch need to be extended to a distance
controlled by the profile of actual moment or shear force to be resisted. The moment profile
to be resisted can be used to calculate the required length of a flexural patch to get the

theoretical cut-off point. But the patch should be extended beyond such point to ensure a
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smoother stress transition allowing an adequate development length avoiding the

possibility of delamination near the ends of the patch. This is depicted in Figure 3.3.5.

P
JJJ —
N <

M Reqd

pL XDR

Figure 3.3.5. Required patch length.

Here, the shortfall in moment resistance capacity (Mshortfal) caused by damage, as
shown in Figure 3.3.5, needs to be picked up by the composite patch. As show in Equation
3.3.11, theoretical patch cut-off point locations can be determined by using the residual
capacity of the damaged beam, MRgesi,

M(x) = Mg, (3.3.11)

Noting that M(x) is a function of x°, the two roots of this would be x,z and xpr
respectively, which are the theoretical patch cut-off point locations. In addition to the
distance between these two cut-off points, the length of the patch should be extended by
the development length on both sides. Normally, the distribution of shear stress along that

development length is a parabola which can be approximated by a triangle. The height and
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base length of this triangle can be the maximum permissible shear stress (fz) and
development length (L,a), respectively. The development length of the composite patch can
then be determined by using Equation 3.3.12, in which #, and f,. are thickness of patch and
its fracture strength.

2.ty fou

Lpg = 057 (3.3.12)

3.4. Load Testing and Repair of Beam Specimens

3.4.1. Details of the Experimental Procedure

The primary objective of the experimental investigation is two-fold:
e To investigate the real-life behavior of bonded composite patch repair.
e To generate the test data needed for validating the results of modeling and
simulation with different degrees of sophistication.
The first step of the experimental work is to simulate the damage in the test beams.
The second step is undertaking the bonded composite patch repair. Lastly, the effectiveness

of the repair are required to be assessed.

3.4.2. Baseline Performance by Preliminary Load Testing

The original concrete beams were first loaded individually using ASTM specified
loading rates, to deliberately induce structural damage in the form of bending and/or shear
cracks. In the case of steel beams, in which physical damages in the form of sectional area
loss due to corrosion were deliberately induced by other means, no additional damage was

induced during preliminary load testing.
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Figure 3.4.1 shows the control steel test beam (undamaged) ready for four-point
load application. The test results are shown in Figures 3.4.2 to 3.4.5. The load vs. central
deflection plots of all four test beams are shown in Figure 3.4.2. Plots of total applied load
vs. top surface compressive strain at center of the span are shown in Figure 3.4.3. In Figure
3.4.4, plots of tensile strain on the inside face of the bottom flange at center of the span are
shown. In addition, the corresponding plots for diagonal tensile strain on the web at mid-

depth near quarter-span are shown in Figure 3.4.5.

Figure 3.4.1. Preliminary load testing of control steel beam (SBC) [63].
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Figure 3.4.2. Load vs. central deflection plot for steel beams - preliminary loading.
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Figure 3.4.3. Plots of load vs. top flange strain plot for steel beams - preliminary loading.
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Figure 3.4.4. Plots of load vs. bottom flange strain for steel beams - preliminary loading.
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Figure 3.4.5. Plots of load vs. web tensile strain for steel beams - preliminary loading.

108



A typical concrete test beam positioned in the strong frame before the application
of load is shown in Figure 3.4.6. Figure 3.4.7 shows the load vs. central deflection plots of
ten “flexural” reinforced concrete test beams. Figure 3.4.8 shows the plot of measured top
fiber compressive strain at the center of the same beams. Figure 3.4.9 shows the load vs.
central deflection results for the “shear” beams. In Figure 3.4.10, the plots of applied load

vs. top fiber strain at midspan for the five “shear” beams are shown.

Figure 3.4.6. Preliminary load testing of a reinforced concrete beam [63].
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Figure 3.4.7. Plots of load vs. central deflection for “flexural” reinforced concrete beams
- preliminary loading.
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Figure 3.4.8. Plots of load vs. top fiber compressive strain for “flexural” reinforced
concrete beams - preliminary loading.
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Figure 3.4.9. Plots of load vs. central deflection for “shear” reinforced concrete beams -
preliminary loading.
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Figure 3.4.10. Plots of load vs. top fiber compressive strain for “shear” reinforced
concrete beams - preliminary loading.
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Although the prestressed concrete beams, PSCB1, PSCB2 and PSCB3, were
manufactured for exactly the same details, during load testing, the type of the damages
occurring in the beams were strikingly different. PSCB1 developed shear damage only on
one side of the beam close to the support, suggesting construction flaws like the presence
of local low strength due inadequate compaction of concrete during construction or,
misplaced stirrups. On the other hand, the beam PSCB2 developed flexural cracks at the
bottom of the beam near the center. During load testing of PSCB3, the beam developed
two almost symmetrical shear cracks on either side of the beam. It is clear that even under
controlled laboratory conditions, the variability of the load capacity of prestressed concrete
beams cannot be avoided.

In the case of presetressed beams PSCB1 and PSCB2, the reliability of test results
was in question due to faulty data acquisition process. In the case of PSCB1, the data was
retrieved with the help of backup sensors. Fortunately, in the case of PSCB3, all data were
recorded successfully. Figure 3.4.11 shows the load vs. central deflection plot of both
PSCB1 and PSCB3. Figure 3.4.12 and Figure 3.4.13 show applied load vs. top fiber strain

at midspan and web quarter-point strain for PSCB3.
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Figure 3.4.11. Load vs. central deflection plot for PSCB1 and PSCB3 - preliminary

loading.
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Figure 3.4.12. Load vs. top fiber compressive strain plot for PSCB3 - preliminary
loading.
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Figure 3.4.13. Load vs. web quarter-point tensile strain plot for PSCB3 - preliminary
loading.

3.4.3. Load Testing After Composite Patch Repair

In this concluding step of the experimental work, after patch repair, all the beams
were loaded up to failure. The performance of the repair processes were then evaluated by
comparing the recorded data of the current step with the baseline performance of the
original specimens. All details of the experimental effort related to the characterization of
FRP materials and the adhesives are given in Appendix-F. More details of the FRP patch
design and repair procedure of the test specimens are presented in Appendix-G.

All three patch-repaired steel beams SBI, SBII and SBIII were loaded up to the
same maximum load level as was done before repair. The load vs. central deflection plots
for the three patch-repaired steel beams are presented in Figure 3.4.14. Figures 3.4.15 to
3.4.17 show the same three repaired beams plots of total applied load vs. compressive strain
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on the outside face of top flange, tensile strain on the inside face of the bottom flange, and
diagonal tensile strain on the web, respectively. Loading was discontinued well before the
strength limit state was reached, because the beams tended to undergo lateral torsional
buckling (LTB). According to literature, composite patch strengthening cannot provide
resistance to such behavior [64]. This aspect was further confirmed by this observation.
FRP patch repair was found to be effective only when the critical limit state is yielding. As
a result, the demonstration of significant gain in limit strength could not be experimentally
demonstrated in the context of current effort. Such behavior is further confirmed by the
fact that the elastic stiffness of composite being about 65% of that of steel and strength
about 5 times that of steel, the capacity of the composite cannot be fully mobilized as a
bonded patch material, in the elastic range. In order to fully utilize its high strength, the

steel substrate has to undergo very large strains.
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Figure 3.4.14. Load vs. central deflection plots for patch-repaired steel beams.
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Figure 3.4.15. Load vs. top flange strain plots for patch-repaired steel beams.
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Figure 3.4.16. Load vs. bottom flange strain plots for patch-repaired steel beams.

116



450
S TN SR, soummasas S SRS S ............

200 o - LA

Total Applied Load, Ibs

[ 1.7 J0 [CSCUUSTSISSSSINTRE | eSS —— L ........... R —— ............. .

bR EAC : P2

- ! . begiz|
= PR NTC S cye R —— P ICY TP eI ). | —— Lao o prm—eees e i

——Exp. Beam 5Bl-p

0.0E+00 2.0E+02 4.0E+02 6.0E+02 8.0E+02 1.0E+03 1.2E+03 1.4E+03
Web g, pinfin

Figure 3.4.17. Load vs. web tensile strain plots for patch-repaired steel beams.

Unlike steel beams, composite patch repaired reinforced concrete beams could be
loaded until failure. Appearance and growth of cracks during load testing of these patch-
repaired beams were carefully traced and recorded, just as it was done during load testing
of the original beams, before composite patch repair was undertaken.

The main failure mode of all of the “flexural” reinforced concrete beams was in
shear. Experimental results of the patch-repaired “flexural” reinforced concrete beams are
shown in Figures 3.4.18 and 3.4.19 as plots of applied load vs. central deflection and top
flange strain. The applied load vs. patch strain values for composite materials are shown in
Figures 3.4.20 and 3.4.21. Data recorded from the “shear” reinforced concrete beams being
inconsistent are not presented here. The summary of the failure modes of all patch-repaired

“shear” reinforced concrete beams with their maximum loads are given in Table 3.4-1.
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Figure 3.4.18. Load vs. central deflection plots for patch-repaired “flexural” reinforced
concrete beams after repair.
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Figure 3.4.19. Load vs. compressive strain plot for “flexural” reinforced concrete beams
after repair.
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Figure 3.4.20. Load vs. patch strain plot for “flexural” reinforced concrete beams after
repair.
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Figure 3.4.21. Load vs. patch strain plot for “flexural” reinforced concrete beams after
repair (cont.).
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Table 3.4-1. Failure mode and maximum load data of the “shear” reinforced concrete

beams.
Beam Repair Maximum Failure Mode
1D Method  Load (Ibs)
4 U-Jacket 5775.0  Shear cracking with concrete
cover separation
5 Inclined 6400.5  Shear cracking
Side Plate
6 Inclined 3415.0  Composite patch debonding,
U-Jacket primary steel debonding, concrete
crushing, and shear cracking
7 U-Jacket 5230.0  Shear cracking with composite
debonding
9 Inclined 44425  Concrete crushing on top,
Side Plate concrete cover separation, and

composite debonding

Values of displacement reduction, increase in moment capacity and original design

value for “flexural” reinforced concrete beams are given in Table 3.4-2, for each type of

FRP used. For “shear” reinforced concrete beams, minimum moment capacity increase was

35% over the original shear design capacity. More detailed performance information can

be found in Tables 3.4-3 to 3.4-6 for both “flexural” and “shear” reinforced concrete beams.

Table 3.4-2. Performance improvement data for the “flexural” reinforced concrete beams
after repair.

Displacement
FRP Material Reduction

(%)

Moment capacity improvement (%)

Over required patch ~ Over original

repaired design value design value

Carbodur 25%
Sikawrap 25%
LTC4300 25%

31% 44%
20% 32%
26% 39%
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Table 3.4-3. Moment capacities of the “flexural” reinforced concrete beams repaired

with LTC4300.

Moment Capacity (kip-in)

Beam D Before patch-repair Required patch-repaired Actual patch-repaired
A 46.87 51.56 72.50
G 47.07 51.78 71.36
H 47.05 51.76 65.46
I 46.96 51.66 60.35
Table 3.4-4. Moment capacities of the “flexural” reinforced concrete beams repaired
with Sikawrap.
Beam ID Moment Capacity (kip-in)
Before patch-repair Required patch-repaired Actual patch-repaired
3 46.88 51.57 62.05
B 46.49 51.14 55.19
D 43.39 47.73 62.36
Table 3.4-5. Moment capacities of the “flexural” reinforced concrete beams repaired
with Carbodur.
Beam ID Moment Capacity (kip-in)
Before patch-repair Required patch-repaired Actual patch-repaired
1 47.03 51.73 63.14
C 43.46 47.81 60.12
E 46.02 50.62 64.92
F 45.91 50.50 64.64

Table 3.4-6. Moment capacities of the “shear” reinforced concrete beams.

Beam ID

Moment Capacity (kip-in)

Before patch-repair Required patch-repaired % Increase

NoREN Be SRV, NN

2832
3064
2794
3010
3028

5775 103.9
6400.5 108.9
3415 22.2
5230 73.7
4442.5 46.7
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The repaired prestressed concrete specimen PSCB1 with original shear damage
failed again in shear. The damage was initiated by elongation of existing cracks and
creation of new cracks. This was followed by patch debonding with progressive cracking
of the composite, see Figure 3.4.22. Although the failure load after repair hardly exceeded
the design load, the beam PSCBI1 continued to support the maximum failure load (16 kips)

with increasing displacement showing significant ductile behavior.

Figure 3.4.22. Cracking of the U-jacket composite patch of PSCB1 [65].

In the case of PSCB?2 originally failing in flexure, ultimately failed in shear after
repair, Figure 3.4.23. Here the failure was sudden and brittle unlike PSCB1. Signifying that
FRP patch repair in shear tends to increase the ductility of the beam. The failure moment
of PSCB2 (53.38 kip-ft) was much higher than its design moment (39.98 kip-ft) which
proves the overall effectiveness of a properly designed repair scheme. This total 34%

increase in moment capacity is significant.
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Figure 3.4.23. Ultimate shear failure of the beam PSCB2 [65].

The repaired beam PSCB3, which originally developed two shear cracks on both
sides of the beam, ultimately failed in shear accompanied by concrete crushing on top and
debonding of repair material, Figure 3.4.24. Behavior of PSCB3 after repair was very
similar with the ductile natured response of beam PSCBI1. The failure load of PSCB3 (17.3
kips) was very close to its design value but it kept bearing this maximum load with
increasing displacement. Plots of applied load vs. central deflection for beams PSCB2 and
PSCB3 are shown in Figures 3.4.25 and 3.4.26, respectively. Web strain for the specimen

PSCB3 at its quarter point is shown in Figure 3.4.27.
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Figure 3.4.24. PSCB3 ultimately failed in shear in combination with concrete crushing on
top and debonding.
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Figure 3.4.25. Load vs. central deflection plot for PSCB2 after repair.
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Figure 3.4.26. Load vs. central deflection plot for PSCB3 after repair.
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Figure 3.4.27. Load vs. web quarter point tensile strain plot for PSCB3 after repair.

3.5.  Mechanistic Model for Patch Repaired Beams under Flexure

3.5.1. Description of the Model

Designing a patch repair for restoring bending or shear strength at a section was
covered in Section 3.3. For proper detailing of the patch repair, it is necessary to have a
clear understanding of the overall behavior of the repaired component by developing a
simple mechanistic model which can be easily exercised in a design office environment
obviating the need for full blown finite element analysis. For instance, an important failure
mode in a patch repaired beam is debonding of patch layer causing separation from the
substrate due to shear and/or tension failure, especially, near the ends of the flange patch.

In order to more closely investigate this possibility, it is necessary to undertake more
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realistic analysis than those considered in Section 3.3. This section is, therefore, concerned
with developing a more realistic mechanistic model of the patch-repaired beam as a whole
so that the interfacial stresses between the beam substrate and composite patch repair can
be predicted with reasonable accuracy. In developing such a model, a number of
simplifying assumptions are invoked, like:

e Euler-Bernoulli beam theory is valid.

¢ Only bending effect is considered.

e Patch repair is provided for restoring the moment capacity only.

e For the sake of simplicity, the beam is assumed to be simply supported and hence

only bottom flange patch repair is considered.

It is desirable that the developed model is able to predict the behavior both under
service load and overload conditions allowing, if necessary, accounting for nonlinear
material behavior. The model developed in this chapter is applicable to steel, reinforced
concrete, or prestressed concrete beams repaired to enhance the flexural strength. Due to
simple mechanical properties of steel beams, application of this model to such beams is
relatively straight-forward. On the other hand, because of the complex mechanical
properties of concrete, the mechanistic model for reinforced concrete and prestressed

concrete beams is expected to be more involved.

3.5.2. Elastic Model

An arbitrarily loaded simply supported patch repaired beam is shown in Figure
3.5.1. One of the main components of the proposed elastic model is to appropriately

account for the role of adhesive in structural action. The main purpose of the adhesive is to

127



transfer the interaction forces between the composite layer and the substrate without
undergoing slippage and separation. The resistance offered by the adhesive against sliding
and separation forces can be represented by equivalent shear and axial spring elements as
shown in Figures F.1 and F.2. For the sake of simplicity, these continuous springs can be
assumed to follow Hooke’s law. Values of equivalent spring constants were determined
experimentally, as detailed in Appendix-F. As per Euler-Bernoulli principle, the plane
sections in the beam and the patch are individually assumed to remain plane. In this model,
the bond between composite patch and substrate is assumed to be uniform and continuous
without any separation or delamination.

The spring forces in equivalent shear and tensile springs can be represented by
Equations 3.5.1 and 3.5.2, where Jv and du. are vertical and horizontal extensions of the
springs and ksv and ks. are corresponding spring constants.

E, = kg,.06, (3.5.1)

E, = kg, .0y (3.5.2)

Based on change in length of vertical spring (v» — vp), force per unit length of
adhesive:

E, = key (Vp — V) (3.5.3)
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Figure 3.5.1. A simply supported patch repaired beam with shear and moment diagrams.

Likewise, the horizontal force carried per unit length adhesive can be expressed as:

F =ke (up —up) (3.5.4)
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Here vs, vp, ur and up are the vertical and horizontal displacements of the beam and

the patch, respectively. Horizontal and vertical displacements of an arbitrary point at the

beam patch interface are show in Figure 3.5.2.

beam

Figure 3.5.2. Displacements in vertical and horizontal directions for an arbitrary point at
the beam patch interface.

For the interfacial point shown in Figure 3.5.2, horizontal displacements for the

beam (u») and the patch (up) for small displacement condition can be represented by

Equations 3.5.5 and 3.5.6, respectively.

dvb ,
Up =Yp-—7m = Vb Vb (3.5.5)
V.
u, =—05.t, .d—;’ = —0.5.t,.7, (3.5.6)

If Equations 3.5.5 and 3.5.6 are substituted in Equation 3.5.3, the following

relationship is obtained.

Oy =yp.vp —0,5.t,. 1 (3.5.7)
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Based on the start and end points of the patch, the beam length is divided into three
typical segments, as shown in Figure 3.5.1. These are:
e Segment-1 from x=0 to x=x1.
e Segment-2 from x=x; to x=x.
e Segment-3 from x=x3 to x=L.
The energy contributions from these segments can be summed up, giving the total
potential energy of the system, as shown in Equation 3.5.8.
n=u,+U, +U; +W (3.5.8)
In this equation, U is the strain energy of the i-th segment and W is the potential

energy of the applied loads. The component W can be represented by Equation 3.5.9.
L
W= —f w(x).vy.dx — P.vp. X, (3.5.9)
0

Strain energy contributions of Segments 1 and 3 to the potential energy, for the

beam substrates, in terms of their flexural strain energies, are given by Equations 3.5.10

and 3.5.11.
x
1 : d2 Vp 2
U, =§f51 ) dx (3.5.10)
0
L
1 d2 Vp 2
Us = fEI ) dx (3.5.11)

In the case of Segment-2, the strain energy contribution will be from beam
substrate, composite patch and adhesive. For this segment, the contribution will be due to
bending as well as axial deformations which will be compressive in beam and tensile in

the patch. Moreover, the strain energy of the adhesive will accrue from deformations in
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equivalent vertical and horizontal springs. As can be seen in Figure 3.5.3, the net axial

forces in the beam and the patch will be equal and opposite.

M, S M, -AM,
Fo+F, _(!, - qg_ F,+AF,
v 0.5hI
~_TAXF,
Fot— - F+OF,
M, Lo.sr.p | M, +AM,,
T

Figure 3.5.3. Internal force balance in beam Secgment-2.

Based on the internal force balance of the beam, composite patch and the adhesive

shown in Figure 3.5.3, contribution of Segment-2 to the total potential energy of the system

can be represented by Equations 3.5.12, 3.5.13, 3.5.14 and 3.5.15.

e Contribution of the beam:

X3 2
1 dZ Vp
Uzlgeam = 2 j (EDp dx2 dx
X1

e Contribution of the patch:

17 d2v,\> 17 d?

_ Up Up

Uzlpatch = > j (ED), <W> dx +2— J. (EA),y; <W> dx
X1 X1

e Contribution of the adhesive:

X3
1
Uzlaa = 2_ j [ksv652v + ksusszu] dx

X1
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Therefore:

Uy = Uz |peam + Uz lpatcn + Uzlaa (3.5.15)

The two unknowns of the problem are the vertical deflection of the beam (v») and
vertical deflection of the patch (v,). Both of these can be approximated in terms of Fourier

series expansions with unknown coefficients, given by Equations 3.5.16 and 3.5.17,

respectively.
n -
o (iTmx
v, = Z C; sin (T) (3.5.16)
i—1,..
n .
o (imx _ _
v = ) Gosin(—) 4G (L, - %) (35.17)

Where, X = x — x;

The zero displacement boundary condition at x=0 and x=L is satisfied by both
Equation 3.5.16 and the first term of Equation 3.5.17. The second term of Equation 3.5.17,
represents the vertical displacement difference between the beam and the patch. Moreover,
Equation 3.5.17 assumes zero relative deflection at the patch ends. By summing up the

contributions of Equations 3.5.9, 3.5.10, 3.5.11 and 3.5.15, Equation 3.5.18 is obtained.
17 a2 ' a2 1 [ d?
_ Vp Vp vp
H_Z_f(EI)b<dx2)dx+2_f(E1)b<dx2)dx+2_f(EI)b<dx2>dx
0 X1 X3

X X
1 ’ d* v, 1 ’ 5 d? v,
+2—f(EI)p TxZ dx +2— f(EA)pyp T2 dx
X1 X1

L

X3

1

+2— f (kg, 6%, + kg 62,)dx — j w(x).vp (x).dx — P. vy, (x) (3.5.18)
X1 0
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After substituting Equations 3.5.16 and 3.5.17 into Equation 3.5.18, there will be
(n+1) unknown coefficients: Ci, i=0,1,...,n. By applying the stationary condition 6/7=0 to

Equation 3.5.18, those unknowns can be determined by using Equation 3.5.19.
n
5n—6n5c+z6ndc—o 3.5.19
S8c, 0 Lisc T (3-5.19)
1=1,...

For arbitrary variation 6C:,

6—H =0, i=012,..,n (3.5.20)
6C;

These (n+1) equations obtained from Equation 3.5.20 can now be solved for (n+1)
Ci values. The deflections, strains and stresses can then be calculated at any point in the
beam, patch or adhesive. Accuracy of the model depends on the number of terms (n) used

in Equations 3.5.16 and 3.5.17. In this study, it was observed that 3 to 5 terms are enough

to get accurate enough results from the model.

3.5.3. Specialization for Test Cases

The loading scheme used for testing throughout this study is shown in Figure 3.5.4.
Consequently, Equation 3.5.18 becomes Equation 3.5.21 when the loading shown in Figure

3.5.4 is considered.
X X
1 : dZ Vp z 1 * d2 Vp z
H == 2—f (El)b dxz dx + 2— f (El)b dxz dx
0 X1

L X4
1 d*v, 2 1 d? v, g
+2— f(EI)b _dx2 dx +2— f (El)p —dxz dx
X4 X1
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X4 X4
1 5 d* v, 2 1 5 5
+ > j (EA)py; 12 dx + > j (ks 65, + kgy 65,) dx
X1

X1

L
—f q.-vp.dx — P.[v, (x3) + vy (x3)] (3.5.21)

Fi FI’ q/unit length
vfllw rv“ Yy ¥

A A
\

>
N

/
Y

Y

A A
r

Y

Figure 3.5.4. Loading scheme used for experimental work.

3.5.4. Application of Developed Model to Steel Beams

As pointed out earlier, application of the proposed mechanistic model to steel
beams is less cumbersome compared to reinforced concrete and prestressed concrete beams
due to the possibility of representing the mechanical properties of steel in terms of fewer
parameters, namely, yield stress and elastic modulus when idealized as elastic-perfectly-

plastic, as shown in Figure 3.5.5, gy and ¢, being yield strength and yield strain.
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Figure 3.5.5. Elastic-perfectly plastic steel material behavior.

Based on the stated idealization, the internal forces of the beam can be calculated
at any strain level. The internal forces in the steel beam for an arbitrary strain level when
the section becomes partially plastic are shown in Figure 3.5.6. By enforcing the
equilibrium of the internal forces, the moment-curvature relationship and the
corresponding equivalent moment of inertia of the beam for any external load level can be

calculated.

—
-

Figure 3.5.6. Internal loads of a typical steel section.
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Additionally, unlike the reinforced concrete and prestressed concrete specimens, in
this study, the composite patches were applied over the whole length of the steel beams. In

that event, Equation 3.5.21 can be simplified into Equation 3.5.22 below:

1 v\ 1 dz v, \°

_ = b : i)

H—zf(EI)b<dx2> +2f(E1)p<dx2) dx
0 0

2

L L

1 , (A7 2 1 5 5

+2—f(EA)p Vp 12 dx + 2—f(ks,, 6s, + kg 65 dx
0 0

L

—f q.vp.dx — P.[vy (x3) + vy (x3)] (3.5.22)
0

It is instructive to note that the nonlinear behavior of the beam comes into play in
Equation 3.5.22 through the parameter (£7)», the effective value of which drops as damage
in the form of plastic accumulates in the substrate beam. This may be viewed as dropping
value of effective I» value, which may be termed as equivalent /5. This representation will
not be valid if the loading is not monotonic. As the only beam which was repaired against
flexure alone was SBI, its experimental data is compared with the mechanistic model
results, as shown in Figure 3.5.7. It is evident that the mechanistic model results show good
agreement with test data. The comparison could be made in the elastic regime only, because
the test had to be stopped prematurely, due to the tendency for lateral torsional buckling

failure of the beam.
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Figure 3.5.7. Comparison of mechanistic model results with test data for steel beam.

3.5.5. Application Mechanistic Model to Reinforced Concrete Beams

Because of cracking of concrete in tension, the value of equivalent moment of
inertia will vary with the increasing load affecting the moment curvature relationship and
hence the strain energy of the beam. The source of such nonlinear behavior is evident from
Figure 3.5.8. In the conventional design procedures, the tensile strength of concrete is
completely ignored after the appearance of the crack. In reality, the concrete around the
tension rebar is found to carry some tensile load after such cracking. This phenomenon is
called “tension stiffening” effect. Tension cracking of concrete and the tension stiffening

effects are directly taken into account in Equations 3.5.10, 3.5.11 and 3.5.12.
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Figure 3.5.8. Moment-curvature relationship of a reinforced concrete beam.

Here the beam moment is represented by the usual simple beam formula as
Equation 3.5.23. The concrete cracking strain is calculated by using ACI’s rupture strain
formula, which is shown in Equation 3.5.24 [66], in which f.’ and E. are compressive
strength and modulus of elasticity of concrete.

2
v
M = El¢ = EI dxzb (3.5.23)

757
Erup =E—f“ (3.5.24)
C

By calculating the equilibrium of the internal forces in a beam section at different
load levels, the moment-curvature relationship at that stage can be easily obtained. The
internal forces of a beam section at an arbitrary load level are shown in Figure 3.5.9. The

equivalent moment of inertia for that section can then be calculated based on this moment-

curvature relationship.
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Figure 3.5.9. Internal loads of a typical reinforced concrete section.

Tension stiffening effect in concrete can be represented by Vecchio’s model [67].
Figure 3.5.10 defines the relationship which is used for modeling the stiffening of concrete
after tensile cracking, where f; and ¢; are modulus of rupture and strain over the depth of
the beam. The compressive behavior of concrete is modeled by using the model proposed
by Hognestad [68]. Details of Hognestad’s concrete compressive behavior curve are
presented in Figure 3.5.11. Detailed descriptions of these models, used for calculating the

moment-curvature relationship of a beam section, is covered later in this chapter.

Tensile Stress

» Strain (&)

Figure 3.5.10. Tension stiffening model.

140



Compressive Stress

()
A

0.9f

0.765f.’ // \

r=09f | 2-te
4 0 80 80

1764 0003
T E

c

» Strain (&)

Figure 3.5.11. Compressive concrete behavior model.

For the calculation of the moment-curvature relationship of the section, the first
critical point is assumed as the situation when the bottom flange of the concrete beam
reaches the rupture strain (e:=enp). In this state, the location of neutral axis can be

calculated by using Equation 3.5.25.

h
c2
Es )
Ac +75(As +AY)
c

A, 5+ 5—S(Asd + ALd")
C

n= (3.5.25)

Equations 3.5.26 to 3.5.28 present the strain values at top of beam section, top steel

and bottom steel levels.

n
E = (m) . grup (3526)
d—n
& = (m) . grup (3527)
. n—d’
& = m . Erup (3528)
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Steel forces and stresses for this condition can be expressed by Equations 3.5.29 to

3.5.32.
fs = Es & (3.5.29)
fl =Eg¢! (3.5.30)
F, = A f, (3.5.31)
F =AsfS (3.5.32)

Based on the rupture stress, concrete tensile force can be calculated by using
Equation 3.5.33, and by using the principle of equilibrium, the concrete compressive force

can be calculated by using Equation 3.5.34.

1
Fe = 5by (h=n)f; (3.5.33)
F,=F, +F, —F (3.5.34)

The internal moment and curvature of the section can be calculated by using

Equations 3.5.35 and 3.5.36, respectively.

& , . (h—n)
M, =E (%)+F5(h—d)—Ft ——F(h—d) (3.5.35)
_ Erup 5
rup = (3.5.36)

After the concrete has cracked in tension, calculations become more complex. Total
compressive force of concrete for the case when e.<&o can be calculated by using Equation

3.5.37 which is basically based on the Hognestad representation, as shown in Figure 3.5.11.

E. = 0.9f/nb, (;i) (1 _Z f) (3.5.37)

o 3 EO
Now, the distance between the top fiber and the centroid of Fe can be calculated by

using Equation 3.5.38.
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ey = £o (3.5.38)
VER=Y= T e 5.
80

When g.=¢,, total concrete compressive force and the distance between the top fiber

and the centroid of F¢ can be calculated with the help of Equations 3.5.39 and 3.5.40,

respectively.
F. = 0.6f/nb,, (3.5.39)
, 3n
y' =— (3.5.40)

For the condition 0.003<egc<e,, total concrete compressive force is given by
Equation 3.5.41.

(Tl¢) - go)
$(0.003 —¢,)

n¢_¢o
¢

&
Fo= 06/ by +buff ( ) lo.9 —0.0675 (3.5.41)

The total concrete compressive force F. at the ultimate state of concrete can be

calculated using Equation 3.5.42.

. €0 . (0.003 —¢,)
F. =06 abw +0.8325f/b,, —

The case after the concrete is cracked in tension (&>&mp) 1s described with the help

(3.5.42)

of Equation 3.5.43. The only unknown in this equation is the neural axis depth » which can

easily be calculated.

F, +F, +F, =F. +F (3.5.43)
Here,
1 ¢
F, = 2—.%% fi (3.5.44)
fe
F.o=—" 3.5.45
¥ 14+200.¢ ( )
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F, =(d—n)Ag;Es ¢ (3.5.46)
F = (n—-d)AE; ¢ (3.5.47)
The total concrete compressive force Fr can now be determined by using Equations
3.5.37, 3.5.39, 3.5.41 or 3.5.42 based on the value of ¢.. After the neural axis depth # is

calculated, the internal moment of the section can be computed using Equation 3.5.48.

M, =Fc(h—y’)+F;(h—d')—Ft[h_§.<n+2";4)]

~Fy(h—d) = Fi(h = ") (3.5.48)

At this stage, it is also critical to check if the bottom and/or top reinforcing rod
strains are in plastic region. In event of yielding of reinforcing rods, expressions for Fs and
Fs’ will require to be modified, as needed.

After the mechanistic model results were obtained for reinforced concrete beams
repaired against flexure, the same were compared with the test results. In Figure 3.5.12,
applied load vs. deflection relationships for the flexural reinforced concrete beam before
and after composite patch repair are shown. Reasonably good agreement between the

mechanistic model and experimental results is noted.
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Figure 3.5.12. Comparison of mechanistic model results with test data for reinforced
concrete beams.

3.5.6. Application of the Mechanistic Model to Prestressed Concrete Beams

Although in this case the procedure is very similar to that for reinforced concrete
beam, but being of nonrectangular shape, the mechanistic model for prestressed concrete
beam is more involved than the reinforced concrete beam model, as the neutral axis moved
through different widths of the section when the applied load was increased towards the
limit state. Allowing for this, the mechanistic model response was computed and then the
results were compared with the experimental data obtained for the prestressed concrete
beam PSCB2. Excellent agreement was noted between mechanistic model results and

experimental data. In Figures 3.5.13 and 3.5.14, applied load vs. central deflection
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relationship for the prestressed concrete beam, with and without flexural patch repair,

obtained from the mechanistic model results and experimental data are presented.
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Figure 3.5.13. Comparison of mechanistic model results with test data for prestressed
concrete beams before repair.

146



35000

o o a
30000 4 - -
25000- e i - - - I .....................................
} - )

wn
&
<20000
o
o
-
o
2
&1500!]- -
o a
E
e _ .

10000 4 - S =l R e e s R ST s n o R A PSS ]

P2 11P[2
b
[Lo—mlpm—
: | ! bets
BODD == = g o e e o o, B
= 3 X o Exp. Beam PSCB2-p
——Mech. Model
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Central Deflection, in

Figure 3.5.14. Comparison of mechanistic model results with test data for prestressed
concrete beam after repair.

3.6. Finite Element Modeling of Concrete and Steel Beams

3.6.1. Description of the Modeling Scheme

The general purpose finite element analysis software Abaqus is used to model the
steel, reinforced concrete and prestressed concrete beams before and after patch repair was
undertaken and loaded for both conditions. Since all the beams are loaded quasi-statically,
the static analysis module of Abaqus/Standard is used for the analysis. One of the main
shortcomings of this module is its iteration algorithm. Abaqus/Standard uses the Newton
method to solve nonlinear static problems. As the peak response is approached, the slope
of the response curve tends to zero and the analysis is unable to proceed further and quits.

To overcome this problem near the softening region of the response curve, the option of
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switching to “modified Riks method” can be activated. This method uses the arc-length
algorithm, mainly developed for overcoming the limit points in unstable problems (i.e.
nonlinear post-buckling, collapse etc.) [69]. Being a variant of the Newton method, the
“modified Riks method” moves along the current response curve by identifying the tangent
direction at the current solution point. It then moves along this line and searches for
equilibrium in the plane that passes through the point which is orthogonal to the tangent
line [61].

Finite element models presented in this study accounts for actual mechanical
characteristics of steel, reinforced concrete and prestressed concrete beams including the
nonlinear material properties and interfacial bond between concrete, composite patch,
adhesive, steel and strand. The slippage and friction between surfaces, Poisson radial
expansion of the prestressing strands and the wedging effect, which will be explored in
detail later in this section, are also taken into account accurately.

One important aspect of this study is that, this is the first successful realistic
simulation of a pretensioned concrete beam. After a thorough literature survey, the author
was surprised to find that not a single prior publication had done so correctly. The
prestressed concrete beam models used in this study were created by faithfully following
the construction sequence of the real pretensioned concrete beams including allowing for
transfer of force from the released pretensioned strands by bond and mechanical action.
The developed model also successfully simulated the plasticity and damage behavior of
concrete, elastic-plastic material characteristics of steel (rebars and prestressing strands)

and slip-bond failure behavior of strands.
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3.6.2. Material Models and Bond Parameters

Plasticity-Damage (PD) model uses the concepts of isotropic damaged elasticity in
combination with isotropic tensile and compressive plasticity to represent the inelastic
behaviour of concrete. This material model is mainly a variation of the well-known
Drucker-Prager failure criterion. Since the dominant mode of damage in metals is governed
by the slip process, material models based on plasticity theories works well for such
polycrystalline materials. In the case of concrete and quasi-brittle materials, the use of
plasticity based failure surfaces accounting for the effects of pressure sensitivity; strain-
hardening; etc. did not prove to be successful. Continuum damage theory based models
with micro-cracking and strain-softening could not also adequately represent the
mechanical behavior of concrete.

The main characteristic of concrete, which differentiates it from other materials, is
the formation and propagation of micro-cracks with increasing stress. As these cracks
propagate, they tend to cause loss of strength and degradation of physical properties. Figure
3.6.1 shows the situation when a concrete specimen gets unloaded from any point on the
strain softening branch of the stress-strain curve. As the elastic stiffness of the material
undergoes degradation, the unloading response is observed to get weakened. The
degradation of the elastic stiffness is significantly different in tension and compression
tests; in either case, the effect is more pronounced as the plastic strain increases. As can be
clearly seen from Figure 3.6.1, both plastic behavior in the hardening region and damage
through stiffness degradation in the softening region are included in the Plastic Damage

(PD) material model.
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Figure 3.6.1. Compressive stress-strain relationship of PD model of concrete.
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The combined effect of plastic behavior in the hardening region and damage
through stiffness degradation in the softening region can conveniently be based on
assumptions of isotropic hardening and isotropic damage. The combination of these effects
is represented by Lee and Fenves with the effective-stress being defined in terms of the
average micro-scale stresses acting on the undamaged material [70].

For successful concrete material modeling, in addition to accurately representing
the response of concrete in both tension and in compression [71], taking into account of
two damage and hardening variables for stiffness degradation is extremely important. The
damage variable proposed by Kachanov [72] is introduced into the model to represent the
stiffness degradation. This isotropic damage variable is based on specific area on the
damage surface. The formation of two separate elastic-plastic yield surfaces for both

compression and tension behavior of concrete is decoupled from the stiffness degradation
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formulations. The proposed concrete material model is based on infinitesimal deformation,
low confining pressure and strain-rate independence assumptions.

The total strain tensor (&;) shown in Figure 3.6.1 has two components namely the
elastic strain tensor (g;°) and the plastic strain tensor (¢;”). By defining the scalar stiffness
degradation parameter as d, with 0 < d < 1, the constitutive 3D stress field relationship can
be represented mathematically by using Equation 3.6.1, as shown below:

0ij = Cli: (10 — €1y) (3.6.1)

Here, the degraded elastic stiffness tensor of rank four (Cj) is shown in Equation
3.6.2 below.

Ciejkl = (1-d). Ciéj'(;cl (3.6.2)

With oy is the Cauchy stress tensor. The effective stress tensor, ¢’; can now be
represented by Equation 3.6.3.

Yo1-d

(3.6.3)

Multi-softening as well as multi-hardening yield functions need to be used to take
into account separate damage effects both in tension and compression. Because of the
important differences in the ultimate strength in tension (f7) and compression (fc), the yield
function in terms of effective stress can be defined by using Equation 3.6.4.

Flo/ufl,f)<0 (3.6.4)

With effective tensile and compressive stress responses represented by using

Equations 3.6.5 and 3.6.6, respectively.

fl = (3.6.5)

fl = (3.6.6)

151



In these equations, the parameter d can now be defined as:

d=1-(1-d.).(1—-4d;) (3.6.7)

Where, d. is the damage parameter for compression and d; is for tension, while 0 <
de and 0 < d:. So that the combined effect of tensile and compressive damages can be

represented by using only one damage parameter, d. By using the hardening and softening
variables 6‘! and 6}” which are related to the dissipation of energy during the damage

process, the individual damage parameters dc and d: can be represented. Such
representation works fine in the case of monotonic loading. The yield surface can easily be

represented by using Equation 3.6.8 below.
F'(Iy,)2,)5,60,6) <0 (3.6.8)
In which, F" is a function of first invariant of Cauchy stress tensor. In addition, it
is also a function of the second and third invariants of deviatoric parts of the effective stress

tensor which are given by Equations 3.6.9 to 3.6.11.

I = 0.6 (3.6.9)
L2 = 1/2 .Sij - Sij (3.6.10)
J3 = 1/3 S5 -Sjk - Skt (3.6.11)
Where:

Sij =0i; —6;;.¢ (3.6.12)

The term J3 can be dropped for low confining pressures from the yield surface
equation, which is represented by Equation 3.6.8. By using the Haigh-Westergaard

coordinates in the principal effective stress space (¢, p',8") , the failure surface can also be

defined. This representation is given by Equations 3.6.13 to 3.6.15 [73].
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£ _ 1 3.6.13
4 33 ( )
p' =2} (3.6.14)
o' = 31(:05—1 (%3_ £—3/2> (3.6.15)

2

The plastic flow defined in terms of a plastic flow potential function, g(O;)ls based

on non-associative flow rule. This plastic flow is also a function of the effective stress

tensor which is shown in Equation 3.6.16.

dg(ai;)

!
aal-j

deP = dA (3.6.16)

In which dZ and dep denote non-negative parameters which may vary throughout

the loading history and the plastic strain increment, respectively. Here represents

g
oo ,ij
plastic flow which may not necessarily be normal to the failure surface. For the preceding

relationships, the conditions shown from Equations 3.6.17 to 3.6.19 hold.

F'' <0 (3.6.17)
dl >0 (3.6.18)
dAF' =0 (3.6.19)

The expression of flow potential g is shown in Equation 3.6.20, when it is expressed

in terms of Drucker-Prager hyperbolic function.

I
g= \/(mft.tamp)z + 3J5% — 3 .tany (3.6.20)

In which, f;, v and m are the uniaxial tensile strength of concrete, dilation angle,
and the parameter m representing the eccentricity of the plastic potential surface,

respectively. The method of Lee and Fenves is defined by Equation 3.6.21 [70].
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" d&';p 7"(5”) 0 dSl p )
de'? = 2e? —l 0 —(1—7‘(6’))] dez = h(6,€P).déP (3.6.21)

In which, the stress weight factor is represented by Equation 3.6.22.

S -l + 2D
—1 6; |

r(6') = (3.6.22)

Where 0 < r(6')< 1. The corresponding yield condition can be expressed by

Equation 3.6.23.

1 " N 7 ;\I
F' = _1 —a (\/ 3]é - Cl]{ + BeP Gmax — VO mm) —0cé€ p <0 (3.6.23)

Here « is represented by Equation 3.6.24 below.

_ (fbo _fc)

e (3.6.24)

bo

In which, fi. is the biaxial compressive strength with the ratio which is often

taken as 1.16, and £ in Equation 3.6.24 is expressed by Equation 3.6.25.
o (")
of (¢.")

Where, Gé and Gt’ are effective compressive and tensile cohesive stresses,

B = l1-a)+(1+a (3.6.25)

respectively. y in Equation 3.6.23 is represented by Equation 3.6.26.

_ 3(feo — fro)

 (2fvo — fro) (5:6.26)

In which, fi is the triaxial compressive strength which is based on isotropic states

of stress, like biaxial compressive strength. The values of o range over 0.08 to 0.12, and

for ythe typical value is around 3 [61]. Equations 3.6.16, 3.6.20, 3.6.21, 3.6.23 were used
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in modeling the behavior of concrete in this study. Schematics of a meridian of the yield

surface and sectional view of octahedral plane are shown in Figure 3.6.2.

37,

8 =60° Tension

Compression

/] '

~(0/3

(a) Shape of failure surface meridian (b) Deviatoric section of the
failure surface
Figure 3.6.2. Concrete failure surface.

The compressive behavior of concrete is represented by the stress-strain
relationship of Hognestad which is shown in Figure 3.5.11 [68]. The ultimate compressive
strength of concrete used during modeling was determined by using the concrete cylinder
compression test data. The crushing strain of concrete was assumed as 0.003. Modulus of

elasticity and tensile strength of concrete were calculated by using Equations 3.6.27 and

3.6.28, respectively based on the concrete compressive strength test data presented earlier

in this chapter [66].
E. = 4700,/f. (3.6.27)
for = 0.33,/f. (3.6.28)

Tension stiffening effect in concrete is represented by using the built-in fracture
energy cracking criterion module of Abaqus. Fracture energy of concrete is determined by

conducting a regression analysis with the experimental data and the recommended values
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in literature [61], [74], [75], [76]. Summary of the other plasticity parameters used for the
plasticity-damage model of concrete is shown in Table 3.6-1.

Table 3.6-1. Plasticity parameters used for concrete material model.

Parameter Value
Dilation Angle (¥ ) 31°
Eccentricity (» ) 0.1

Ratio of initial equibiaxial compressive yield stress to initial

uniaxial compressive yield stress ( /, bo / fc) L.16
Ratio of the second stress invariant on the tensile meridian to the
compressive meridian ( O, / p.=K) 0.667
Viscosity Parameter (default — no effect) 0.001

The behavior of the reinforcing steel, prestressing strand and also the steel beams
itself were defined as elastic-plastic using Mises yield surface to define isotropic yielding.
The steel material models of the strands and rebars of the prestressed concrete and
reinforced concrete models were based on PCI Design Handbook and experimental studies
respectively [77], [78]. Material model of the steel beams are taken directly from the
literature [79].

Since previous research showed no significant differences when using an isotropic
or an orthotropic material model for the composite materials [80], the elastic-plastic
isotropic material model is used for the composite patch like the rebar and the strand
models. The material parameters used are gathered from the data available from the
manufacturers and the data obtained from the experiments conducted for the purpose.

In both reinforced concrete and prestressed concrete beams, two phases are
involved which are concrete and steel. Although there is only regular un-prestressed steel
inside the reinforced concrete beams, there are two types of steel in prestressed concrete

beams namely prestressing strands and secondary steel reinforcing rods. Properties of steel
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can be assumed to be the same both in tension and in compression, unlike concrete. The
approximations of bilinear or elastic-plastic variations are not uncommon for the stress-
strain curve of the prestressing steel which does not have a well-defined yield point. The
mechanism of mutual transfer of forces through the concrete-steel interface needs to be
defined appropriately for defining the composite action between the two material surfaces
accurately, for both reinforced concrete and prestressed concrete beams.

The main force transfer mechanisms between concrete and steel are adhesion,
friction, and mechanical interlock action. Adhesion is generated by the chemical bonding
of concrete to steel which also includes the effect of the stresses created during the
hardening process. For steel with no indentations like ribs or surface roughness, adhesion
and friction effects become important. Otherwise, mechanical locking action also comes
into picture. In prestressed concrete beams, another force transfer mechanism also plays an
important role during force transfer called the wedging effect. Wedging effect also called
as “Hoyer effect” is caused by the tendency of the strand to return to its original size from

the reduced diameter resulting from the initial pretensioning force (Figure 3.6.3).

Sinking after

_ |l transfer
Stretched
Original Hoyer effect dia.
dia. ¢ $
A
>
Y

Figure 3.6.3. Wedging or “Hoyer” effect.
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In this study, the combined effect of adhesion and mechanical interlock is taken
into account by way of an idealized bond-slip behavior created by using interfacial spring
elements of zero dimensions to transfer normal and tangential forces at concrete-steel
interface. Linear behavior followed by stiffness degrading slippage, and complete
separation can be assigned to these interfacial springs on the basis of pull-out test data
undertaken for this purpose. Since the bond data in the literature is not suitable for direct
use, bond parameters of the concrete-steel interface for the models were correlated on the
basis of concrete strength and total interfacial contact area for both reinforced concrete and
prestressed concrete beams [81]. The effect of friction was accounted for by using the
corresponding friction-interaction module in Abaqus.

The linear part of the combined effect of adhesion and mechanical interlock bond
effect between concrete and steel is modeled by using a cohesive behavior model. By
taking cohesive behavior into account, effect of relative deformation between the concrete
and the reinforcing rods or strands can be properly represented over the whole length of
the beam. Stiffness degradation, slippage and complete separation between the two
surfaces are modeled with the help of a damage behavior model. Damage behavior
represents the degradation of the cohesive stiffness values of the interfacial springs after a
critical bond stress or slippage displacement value is reached. Increased bond force
between the reinforcing rods or strands and the concrete due to friction at the interface is
represented by using a friction-governed tangential behavior. The pressure exerted on the
strands or reinforcing rods by the concrete is variable over the length of the beam. The
pressure values at the concrete-steel interface are higher at the parts of the beam which are

close to end supports and at load points. Consequently, the friction values at the concrete-

158



steel interface are variable along the beam. This effect is taken into account accurately with
the help of the friction-governed tangential behavior. By using a hard contact-normal
behavior, penetration of concrete and steel surfaces into each other is prevented and also
the necessary pressure field data for friction calculations is generated. Also, the “Hoyer”
effect and Poisson radial expansion of the strand are automatically account for in the
chosen model.

In several publications, researchers have incorrectly assumed perfect bond at
concrete-steel interface. In this study, by using the combined effect of different types of
Abaqus interaction sub-modules which were mentioned earlier, the true interfacial bond
behavior between concrete and reinforcing rods or strands is fully accurately accounted
for. A summary of the bond parameters used for the bond models of the rebars and strands

in the prestressed concrete beam model is given in Tables 3.6-2 and 3.6-3, respectively.

Table 3.6-2. Bond parameters of rebar for prestressed concrete beam model.

Parameter Value
Stiffness of interfacial spring elements (K) 1088571b/in
Coefficient of friction (k) 0.4

Normal behavior Hard contact
Maximum separation for damage initiation 0.016537in
Total/Plastic displacement 1.00in
Damage evolution exponential parameter 4.3

Table 3.6-3. Bond parameters of strand for prestressed concrete beam model.

Parameter Value
Stiffness of interfacial spring elements (K) 2734271b/in
Coefficient of friction (k) 0.4

Normal behavior Hard contact
Maximum separation for damage initiation 0.016537in
Total/Plastic displacement 1.00in
Damage evolution exponential parameter 4.3
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Behavior of the epoxy resin used for bonding the composite patch to the beam is
modeled by following a similar but a simpler approach like the bond model between
concrete and steel. Bond model for the epoxy is created based on the tensile and shear
strength tests performed on the adhesives, presented in Appendix-F. The constitutive
behavior of the epoxy layer was defined in terms of traction versus separation. Typically
exponential traction-separation behaviour is shown in Figure 3.6.4, with #.%, d.” and 6,
representing traction, damage initiation separation and separation with complete bond

failure in the normal and shear directions.

traction (f)

AN ) _______________

» separation (5 )

5(5.°.5°) 56,5

Figure 3.6.4. Exponential traction separation response [61].

The epoxy bond model assumes initially linear elastic behaviour following by the
initiation and evolution of damage which was assumed to behave exponentially. Like the
concrete-steel interface bond model, linear part of the bond model for the epoxy is
represented by invoking the cohesive behavior. The degradation of the bond after damage

initiation is represented by using damage behavior. A summary of the bond parameter
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values for the epoxy SikaDur 30, which was used to bond Carbodur composite patches to

reinforced concrete and prestressed concrete beams, is shown in Table 3.6-4.

Table 3.6-4. Bond parameters of the epoxy SikaDur 30.

Parameter Value
Stiffness of interfacial spring elements (K) 3457931b/in
Maximum separation for damage initiation in normal direction ~ 0.005401in
Total/Plastic displacement 0.005762in
Damage evolution exponential parameter Linear

All beam models were created by using solid, linear 3D stress-displacement
elements. Parent beam and composite patch model meshes were created using tetrahedron
and hexahedron shaped elements. All beams were modeled as simply supported
undergoing 4-point bending, simulating the experiments. The supports of the beams were
modeled as strips of small areas but finite width instead of knife-edge contact line to avoid
unrealistic concentration of stresses at such locations. The applied load transfer points were
also treated likewise.

According to preliminary studies, effects of stirrups to the overall response of the
reinforced concrete and prestressed concrete beams were found to be negligible in the
elastic regime. However after the beams started undergoing plastic deformations, influence
of stirrups became apparent. In addition, as all the stirrups used in test reinforced concrete
and prestressed concrete beams did not form closed loops, little confining effect was
expected. Consequently, stirrups were not included in reinforced concrete and prestressed

concrete beam models.
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3.6.3. Finite Element Modeling of Steel Beams

Based on the material and geometrical properties presented earlier in this chapter
and by following the modeling procedures described, nonlinear finite element models of
the steel beams were created. Although modeling steel beams was relatively straight-
forward compared to reinforced concrete and prestressed concrete beams, all of the true
mechanics of each structural component was allowed for during modeling. Details of the
finite element mesh for all the steel beam models are given in Tables 3.6-5 to 3.6-8.

Table 3.6-5. Details of finite element mesh for the steel beam SBC.

Description of ~ Components of the Steel Beam and the Patch
Item Beam Patch

Element Shape  Tetrahedron -

Element Family 3D Stress -

Element Type C3D4: 4-node -

Geo. Order Linear -

No. of Elements 39,416 -

Table 3.6-6. Details of finite element mesh for the steel beam SBI-p.

Description of ~ Components of the Steel Beam and the Patch

Item Beam Patch

Element Shape  Tetrahedron Hexahedron
Element Family 3D Stress 3D Stress
Element Type C3D4: 4-node C3D8R: 8-node
Geo. Order Linear Linear

No. of Elements 26,328 9,980

Table 3.6-7. Details of finite element mesh for the steel beam SBII-p.

Description of ~ Components of the Steel Beam and the Patch

Item Beam Patch

Element Shape  Tetrahedron Hexahedron
Element Family 3D Stress 3D Stress
Element Type C3D4: 4-node C3D8R: 8-node
Geo. Order Linear Linear

No. of Elements 29,412 29,700
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Table 3.6-8. Details of finite element mesh for the steel beam SBIII-p.

Description of ~ Components of the Steel Beam and the Patch

Item Beam Patch

Element Shape  Tetrahedron Hexahedron
Element Family 3D Stress 3D Stress
Element Type C3D4: 4-node C3D8R: 8-node
Geo. Order Linear Linear

No. of Elements 9,453 78,833

The finite element model for the control steel beam (SBC) is shown in Figure 3.6.5.
In Figure 3.6.6 the stress fringes (or, contours) of von Mises effective stress (S-Mises) and
those for normal stress (S33) parallel to the axis of the beam are presented. Maximum

stresses are concentrated around the mid-region of the beam as expected.

Figure 3.6.5. Finite element model for the steel control beam (SBC).
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(a) Effective stress (b) Normal stress
Figure 3.6.6. Effective and normal stress fringes for the steel beam SBC at its ultimate
limit state (Longitudinal sectional view).

Figure 3.6.7 shows the two views of the finite element model for steel beam SBI
after patch repair (SBI-p) in which the bottom flange thickness was reduced to simulate
corrosion. Von Mises effective stress fringes (or, contours) of the beam and the normal
stress fringes parallel to the axis of the beam are shown in Figure 3.6.8. As can clearly be
seen from these figures, stress concentrations at the mid-region of the beam is effectively

reduced with the help of the proposed patch repair scheme.

7~ \

(a) General view (b) View showing bottom patch
Figure 3.6.7. Two views of finite element model for the steel beam SBI-p.
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(a) Effective stress (b) Normal stress
Figure 3.6.8. Effective and normal stress fringes for the steel beam SBI-p at its ultimate
limit state (Longitudinal sectional view).
Two views of the finite element model for steel beam SBII after patch repair (SBII-
p), in which the web thickness was reduced to simulate corrosion, is shown in Figure 3.6.9.
In Figure 3.6.10, von Mises effective stress fringes and normal stress fringes are presented.

Like the specimen SBI-p, effective stresses at the mid-region of the beam SBII-p is also

reduced thanks to the proposed FRP patch repair procedure.

7~ —

Figure 3.6.9. Two views of finite element model for steel beam SBII-p.
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Figure 3.6.10. Effective stress and normal stress fringes for the steel beam SBII-p at its
ultimate limit state (Longitudinal sectional view).
Two views of finite element model for steel beam SBIII after patch repair (SBIII-
p), with web and bottom flange thickness loss, are presented in Figure 3.6.11. Figure 3.6.12
presents the stress fringes (or, contours) of von Mises effective stress and normal stress
fringes parallel to the axis of the beam. With the help of the proposed patch repair scheme,
stress concentrations around the mid-region of the beam SBIII-p is effectively reduced

similar to the other repaired steel specimens SBI-p and SBII-p.

Figure 3.6.11. Finite element model for the steel beam SBIII-p.

166



Figure 3.6.12. Effective normal stress fringes of the steel beam SBIII-p at limit state.

Applied load vs. central deflection response of all steel beams are plotted along
with the mechanistic model results and corresponding experimental data in Figure 3.6.13.
The close agreement between finite element analysis data, mechanistic model results and

experimental observations is evident.
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Figure 3.6.13. Load vs. central deflection plot for steel beams after repair.
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Performance of Patch Repaired Steel Beam with Crack: In this case, the
performance of the repaired beam corresponding to two limit states need to be assessed —
(a) sectional moment and shear capacities, and (b) stress intensity factor which controls the
fatigue life against brittle fracture. The focus of this part of investigation is, however, the
determination of improvement of the stress intensity factor (say, K1) after repair. In Linear
Elastic Fracture Mechanics (LEFM) computations, the crack-tip plasticity is assumed to be
confined to a small zone and brittle fracture assumption is valid. This is often governed by
crack size as compared to other dimensions and material properties like yield strength,
fracture toughness etc.

In 1968, Leibowitz and Sih [82] showed that the stress field near the crack tip at a

body which is shown in Figure 3.6.14 can be expressed by Equation 3.6.29.

Y
t
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Figure 3.6.14. Crack in random body.
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0ij - £i;(0) (3.6.29)
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In which, gy is the stress field at a distance  from crack tip at an angle 6. K; and
fii(6) are the stress intensity factor for mode-I and the known functions of 8 respectively.
For 6 = 0, Equation 3.6.29 becomes Equation 3.6.30 below:

Ki
Ty = (3.6.30)

LEFM predicts infinite stress at the crack tip which is not possible in real materials.
There is a finite plastic zone at the crack tip that reaches the yield strength. As this plastic
zone becomes larger, the elastic analysis becomes more inaccurate. Some corrections need
to be made for moderate crack tip yielding for more accurate stress intensity factor
predictions. By replacing the gy, in Equation 3.6.30 with the yield strength (ovs), size of
that plastic zone around the crack tip can be estimated with Equation 3.6.31 for plane-stress

conditions.

_ 1 (K’)Z (3.6.31)
=5 ors .6.

Irwin proposed a crack size correction method to take into account the effects of
moderate crack tip yielding during stress intensity factor predictions [83]. The effective
crack length can be calculated by adding the size of the plastic zone to the size of the actual
crack (Equation 3.6.32).

Aefr = A+ (3.6.32)

The effective stress intensity factor can then be calculated by inserting the effective

crack length in Equation 3.6.33.

Keff = Y(aeff)a,/naeff (3633)
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Since the geometry correction factor Y is dependent on the effective crack length
aep, the following iterative procedure can be used to calculate effective stress intensity
factor Keyr .

1- Stress intensity factor is determined in the absence of a plasticity correction.

2- The first order estimate of aeff is calculated with the help of Equation 3.6.32.

3- Effective stress intensity factor is calculated by inserting aeff into Equation 3.6.33.
4- New effective crack length is estimated with the Keff calculated in Step-3.

5- Iterations are repeated until effective stress intensity factor estimates converge.

For investigating the effect of patch repair on the stress intensity factor of a beam
with a sharp crack, the cracked beam SB-1 considered during SHM is selected. Based on
the methods presented in Section 3.3, the required size of bottom flange patch of two types
is arrived at leading to the following three cases requiring modeling and simulation.

e SB-1 without patch repair.
e SB-I repaired with Carbodur FRP patch.
e SB-I repaired with Fibreglast FRP patch.

Two views of the finite element mesh around the cracked region, with and without
web patch, for the steel beam SB-1 repaired with Fibreglast are presented in Figures 3.6.15
and 3.6.16, respectively. These finite element models are analyzed to determine the
ultimate moment capacities, stress intensity factors (K) and J-integral values. Details of the
finite element mesh for the steel beam model repaired with Carbodur, Fibreglast and
unrepaired half-cracked steel beam are given in Tables 3.6-9, 3.6-10 and 3.6-11,

respectively.
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Figure 3.6.15. Finite element mesh for steel beam SB-1 around the crack with web patch
(half-model, x-symmetry).

Figure 3.6.16. Finite element mesh for steel beam SB-1 around the crack without web
patch.
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Table 3.6-9. Details of finite element mesh for the steel beam SB-1 repaired with
Carbodur.

Description of ~ Components of the Steel Beam and the Patch

Item Beam Patch

Element Shape = Hexahedron Hexahedron
Element Family 3D Stress 3D Stress
Element Type C3D8R: 8-node C3D8R: 8-node
Geo. Order Linear Linear

No. of Elements 264,864 7,360

Table 3.6-10. Details of finite element mesh for the steel beam SB-1 repaired with

Fibreglast.
Description of ~ Components of the Steel Beam and the Patch
Item Beam Patch
Element Shape = Hexahedron Hexahedron
Element Family 3D Stress 3D Stress
Element Type C3D8R: 8-node C3D8R: 8-node
Geo. Order Linear Linear
No. of Elements 264,864 10,240

Table 3.6-11. Details of finite element mesh for the unrepaired half-cracked steel beam
SB-1.

Description of ~ Components of the Steel Beam and the Patch
Item Beam Patch

Element Shape = Hexahedron -

Element Family 3D Stress -

Element Type C3D8R: 8-node -

Geo. Order Linear -

No. of Elements 264,864 -

In this study, sizes of the plastic zones were directly measured from the finite
element results. Calculated J-integral and stress intensity factor values for all the studied
cases are summarized in Table 3.6-12. The plot of applied load vs. central deflection for
cracked and repaired steel beam SB-1 is presented in Figure 3.6.17. Comparison of

calculated stress intensity factor values with the fracture toughness curve of ASTM-A36
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steel is shown in Figure 3.6.18 [84]. For all three cases, the effective (von Mises) stress

fringes near the crack tip at their limit loads are shown in Figures 3.6.19 to 3.6.21.

Table 3.6-12. Calculated J-integral and stress intensity factor values for SB-1.

Condition J-integral  Stress Intensity
(psi.Ninch) Factor (psi.inch)

Cracked (before repair)  53.6 41330

Repaired with Carbodur 3.6 10711

Repaired with Fibreglast  12.3 19798
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Figure 3.6.17. Applied load vs. central deflection plot of steel beam SB-1 before and after

patch repair.
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Figure 3.6.18. Comparison of fracture toughness curve of ASTM-A36 steel with
calculated K values of steel beam SB-1 before and after patch repair.
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Figure 3.6.19. Effective (von Mises) stress fringes near the crack for the cracked steel
beam at the limit load.
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Figure 3.6.20. Effective (von Mises) stress fringes near the crack for the steel beam
repaired with Carbodur at the limit load (patches are removed).

ZC—I

Figure 3.6.21. Effective (von Mises) stress fringes near the crack for the steel beam
repaired with Fibreglast at the limit load (patches are removed).

As can be seen in Figure 3.6.17 the cracked steel beam has significantly lower limit
strength but shows significant ductility. In the case of Carbodur patch repair, there is an
increase in strength with respect to cracked case (360%) but there is significant loss of
ductility. In the case of Fibreglast patch repair, there is significant gain in strength as
compared to cracked beam (417%) and also the ductile behavior improves significantly

compared to the beam repaired with Carbodur. Both of the repaired beams ultimately failed
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due to the debonding of the composite patch. As can be seen in Figure 3.6.18, the proposed
patch repair scheme also dropped the stress intensity factor values of the steel beam
significantly, well below the fracture toughness value of the A36 steel. The unrepaired

cracked steel beam on the other hand is highly susceptible to brittle fracture.

3.6.4. Finite Element Modeling of Reinforced Concrete Beams

As was seen in Section 3.6.2, finite element modeling of reinforced concrete beams
is more involved than steel beams, due to the heterogeneous and anisotropic material
characteristics and the need to account for complex concrete-steel interfacial properties.

Details of the finite element mesh used is given in Table 3.6-13.

Table 3.6-13. Details of finite element mesh for the reinforced concrete beam I-p.

Description of Components of the Reinforced Concrete Beam and the Patch

Item Beam Bottom Rebar Top Rebar Patch
Element Shape  Tetrahedron  Tetrahedron Tetrahedron  Hexahedron
Element Family 3D Stress 3D Stress 3D Stress 3D Stress
Element Type C3D4 C3D4 C3D4 C3D8R
Geo. Order Linear Linear Linear Linear

No. of Elements 238,073 14,508 7,583 2,000

Two general views of the “flexural” reinforced concrete beam model after patch
repair are shown in Figure 3.6.22. In Figure 3.6.23, plots of von Mises effective stress and
longitudinal normal stress fringes are shown. A close-up view of limit state normal stress
fringes near the patch repair region is shown in Figure 3.6.24. Widening of the crack due

to patch deformation is noticeable.
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(a) General view (b) View showing patch
Figure 3.6.22. FE mesh for “flexural” reinforced concrete beam with patch-repair.

Figure 3.6.23. Limit state von Mises effective and longitudinal stress fringes of “flexural”
reinforced concrete beam (Longitudinal sectional view).
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Figure 3.6.24. Close-up view of longitudinal normal stress fringes of the “flexural”
reinforced concrete beam with widening crack in the patched region (Longitudinal
sectional view)

In the case of “flexural” beam before patch repair, the predicted peak load capacity
was 8,000lbs. The maximum central deflection, at the limit state, was 0.32”. The
corresponding top fiber concrete strain was 0.0079 and bottom steel strain was 0.0092,
both at center of span. After patch repair to bottom flange at the crack location, the
predicted peak load capacity was 5,750lbs. The maximum central deflection at the limit
state was again 0.32”. The corresponding top fiber concrete strain was 0.0095 and bottom
steel strain was 0.024. It is evident that as per finite element predictions, the patch repair
could not restore the full original predicted capacity and at the same time the beam
appeared to be more ductile.

In Figure 3.6.25, the plot of applied load vs. central deflection curves based on finite
element predictions for the “flexural” beam before and after repair is verified with

experimental data. The experimental curves tend to follow the predictions pretty well
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except at higher loads for which experimental data could not be shown because the test was
discontinued after the formation of the first cracks in the case of original beam. In the case
of patch repaired beam, the test was not continued up to complete collapse to avoid damage
to LVDT and other sensors. The finite element simulations were, of course, continued up
to the point of imminent collapse. The flatter slope of curves for crack-repaired beam shows

loss of flexural stiffness caused by cracking of concrete but hardly any loss of ductility.
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Figure 3.6.25. Validation of predictions with test data for “flexural” beam.

3.6.5. Finite Element Modeling of Prestressed Concrete Beams

The most complex modeling effort among the three types of test beams was with
the prestressed concrete beam. The simulation involved multi-step analysis simulating the
actual construction sequence of a real pretensioned concrete beam so that the real-life

behavior of such beams could be faithfully reproduced. Details of the finite element mesh
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for the prestressed concrete beam models before and after patch repair is given in Tables

3.6-14 and 3.6-15, respectively.

Table 3.6-14. Details of finite element mesh for the prestressed concrete beam PSCB3.

Description of Components of the Prestressed Concrete Beam and the

Item Patch

Beam Bottom Strands  Top Rebars  Patch
Element Shape = Tetrahedron = Tetrahedron Tetrahedron -
Element Family 3D Stress 3D Stress 3D Stress -
Element Type C3D4 C3D4 C3D4 -
Geo. Order Linear Linear Linear -
No. of Elements 57,042 2,786 2,808 -

Table 3.6-15. Details of finite element mesh for the prestressed concrete beam PSCB2-p.

Description of ~ Components of the Prestressed Concrete Beam and the Patch

Item Beam Bottom Strands  Top Rebars  Patch
Element Shape  Tetrahedron  Tetrahedron Tetrahedron =~ Hexahedron
Element Family 3D Stress 3D Stress 3D Stress 3D Stress
Element Type C3D4 C3D4 C3D4 C3D8R
Geo. Order Linear Linear Linear Linear

No. of Elements 57,042 2,786 2,808 420

To save computational effort, advantage was taken of symmetry, so that only one-
half of a prestressed concrete beam needed modeling. The strands and reinforcing rods
inside the beam were modeled as equivalent rectangular cross sections without affecting
the mechanics of the system, so that the mesh shapes at the concrete-steel interface could
be optimized, obviating the associated meshing problems. To faithfully follow the
construction sequence, the analysis of the test prestressed concrete beam was undertaken
in three steps.

Step 1: This step corresponds to the stage of initial prestressing of strands before

pouring and hardening of concrete. The prestressing force is applied to the strands by
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inducing an extension of 0.34” as boundary condition, without allowing for bonding of
steel to concrete. The extension of 0.34” corresponds to a stress of 193.3 ksi. Also, a hard
contact normal behavior only was defined at the concrete-steel interface, to prevent inter-
penetration of concrete and steel meshes. No prestress have yet been induced to the

concrete as shown in Figure 3.6.26 (a).

(a) No interfacial bond (b) Bond mobilized (c) External 4-point load

Figure 3.6.26. Stress fringes in simulation steps 1, 2 and 3.

Step 2: This step simulates the transfer of prestressing force after the concrete has
gained strength. In this step the full bonded condition comprising of a hard contact normal
behavior, a friction-governed tangential behavior, a cohesive behavior, and a damage
behavior, is mobilized at the strand-concrete interface. This is followed by the removal of
externally applied strand force used to cause extension. The prestress induced in the beam
is evident from the stress fringes shown in Figure 3.6.26 (b).

Step 3: This step corresponds to the final working condition. In this step, external
or operational loads are applied to the beam and the global response of the specimen is
determined. Figure 3.6.26 (c) shows the stress fringes caused by 4-point bending load.
Figure 3.6.27 (a) and (b) show the stress fringes of von Mises effective stress (S-Mises) at

the end of the 2" and 3" steps before repair, respectively.
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(a) End of 2" Step (b) At limit state in 3™ step
Figure 3.6.27. Longitudinal sectional views with von Mises equivalent stress fringes.

The nature and magnitude of stress fringes for the original pretensioned beam
shown in Figure 3.6.27 are consistent with analytical and experimental results. During the
design process of a regular prestressed concrete beam, distribution of the effective bond
stress is assumed to be linear. However, the actual variation of the effective bond stress
between the concrete and the strand is hyperbolic [85]. Due to the slippage of the strand,
the effective stress at the end-zone of the beam is very small which is evident from Figure
3.6.27(a). With increasing distance from the end of the beam, the effective stress around
the strand keeps increasing until the full development length is realized. Variation of
effective stress around strand between the end of the beam and the point where the strand
stress gets fully developed appears to resemble a hyperbolic curve as reported in the
published literature. After the beam is loaded externally in Step 3, the highest stresses are
localized around the supports and load points as expected, which is evident from Figure
3.6.27(b). However, the stress-field around the strands caused by the prestressing force
transferred to the concrete by the strands tended to remain unchanged.

During experimental studies, the most reliable data before patch repair was
obtained from the prestressed concrete beam PSCB3. So, finite element modeling results

for the prestressed concrete beam model before repair is compared with experimental data
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from PSCB3. After composite patch repair, data from the beam PSCB1 could not be
properly recorded due to data acquisition system problems. Also the specimen PSCB3 was
accidentally loaded into the plastic range making it unsuitable for validating the finite
element modeling results. Consequently, only finite element model of beam PSCB2 was
generated and compared with experimental results after patch repair. Figure 3.6.28 shows
the plots of applied load vs. central deflection for finite element modeling data, mechanistic
model results and experimental observations for prestressed concrete beam PSCB3 before
patch-repair. Likewise, similar plots for the same beam after patch repair are shown in
Figure 3.6.29. In both cases, the numerically and mechanistically predicted response curves
show excellent agreement with the experimental ones. Moreover, patch repair tended to

increase the load capacity.
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Figure 3.6.28. Load vs. central deflection plots for prestressed concrete beam PSCB3
before repair.
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Figure 3.6.29. Load vs. central deflection plots for prestressed concrete beams PSCB2-p
after repair.

In the proposed modeling scheme, all of the mechanisms that transfer the
prestressing force from the strand to the concrete were faithfully reproduced. The first three
of these mechanisms, which are adhesion, friction and mechanical interlock was taken into
account by taking advantage of the bond behavior sub-modules of Abaqus. However, the
last mechanism which is the wedging (or Hoyer) effect was automatically accounted for in
the model without the need for any special treatment.

The variation of the diameter of the strand along the length of the beam at the end
of the 2" step is shown in Figure 3.6.30. From this figure, it is clear that the wedging effect
is accounted for accurately in the proposed modeling scheme. This conclusion was further
verified by examining the enlarged view of the predicted deformed shape of the strand near

the end zone.
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Figure 3.6.31. Variation of strand stress along beam length in Step 2.



One of the most important parameters, that characterizes the unique behavior of
prestressed concrete beams, is the transfer length. This length can be defined as the distance
from the end of the beam at which the effective stress of the strand is fully developed. The
variation of effective strand stress along the length of the beam is shown in Figure 3.6.31.
It is clear from this plot that the nature of stress transfer between strand and concrete is
indeed hyperbolic. The corresponding variation of bond stress along beam length shown in

Figure 3.6.32 also confirms this fact.
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Figure 3.6.32. Bond shear stress variation along beam length at the end of Step 2.

The formation of cracks in a concrete beam can be monitored by observing the
growth of plastic tensile strain [61]. Figure 3.6.35 shows the principal plastic tensile strains
and their directions before and after patch repair of prestressed concrete beam PSCB2. In

Figures 3.6.33 (a) and (b), cracks forming before and after patch repair during the load
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testing of the beam are shown. In Figure 3.6.34, yellow lines depict the cracks that were
formed before composite patch repair and the red lines indicate the ones forming after patch

repair.

(a) Original beam — before patch repair

(b) Patch repaired beam

Figure 3.6.33. Principal plastic tensile strain directions at limit state.
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(a) Cracks formed before repair  (b) Cracks formed after repair

Figure 3.6.34. Crack formation in PSCB2 before and after composite patch repair.

Beam PSCB2 cracked in flexure at the middle before repair and developed
additional flexural cracks near the same location when loaded again after composite patch
repair but at the limit state failed in shear near one of the supports. This can easily be
explained by comparing the principal tensile strain trajectory plots shown in parts (a) and
(b) of Figure 3.6.33. In Part (a), three flexural cracks at the middle of the beam can be
identified and in Part (b), a small flexural crack at the middle repaired region of the beam
and a major shear crack at the support can be identified. This can be verified by the
experimental findings shown in Figure 3.6.34. The agreement between the experimental
results and data obtained from finite element models are striking. This establishes the
capability of the proposed modeling scheme to capture the actual behavior of a real
prestressed concrete beam up to the limit state. Crack identification can also be simply
based on just the magnitude of principal plastic tensile strains [71]. In Figure 3.6.35
principal plastic tensile strain contours for the beam PSCB2 is shown which agrees with

the experimental results shown in Figure 3.6.34 confirming again what was stated earlier.
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(a) Principal plastic strain plot before repair  (b) Principal plastic strain plot after repair

Figure 3.6.35. Principal plastic strain plots before and after patch repair at limit state.

3.6.6. Evaluation of Recently Published Modeling Attempts for PSC Beams

The problems presented in references Ayoub et al. [86], Arab et al. [87], and
Okumus, et al. [88] were simulated by the author again using the proposed finite element
modeling scheme. By a comparison of the performance of the present model and the
models presented in the cited references, it is not difficult to conclude that the finite element
models used in references 86, 87 and 88 were relatively crude and yielded inaccurate
results. The proposed method shows excellent agreement with the relevant experimental
data for these three problems proving that the presented modeling technique can faithfully
capture the real behavior of a wide variety of prestressed concrete structures. Problems
considered in these studies are modeled and simulated by using the proposed finite element
modeling scheme. The results obtained with the current model were compared with the
numerical results presented in the referred studies and experimental data used therein, to

show the superiority of the proposed modeling scheme over the existing attempts.
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Problem of Reference 86: This reference presents attempts of Ayoub and Filippou
to model a prestressed concrete beam by using a mixed formulation based model with the
help of the general purpose Finite Element Analysis Program (FEAP) [89]. The model
presented in this study is mainly composed of three main components:

e Fiber beam-column element which represents the behavior of concrete and
embedded reinforcement.

e 1D truss element for representing the prestressing tendon.

¢ Bond elements placed at the nodal locations for transferring the interfacial forces
between concrete and prestressing strand.

The presented model has questionable validity due to some of the assumptions
made in the study. First, 1D representation of the prestressing strands is far from
representing the real behavior of a pretensioning tendon. With this assumption, one of the
most important force transfer mechanisms of the prestressed concrete beams at the steel-
concrete interface is ignored which is the wedging effect (Figure 3.6.3). Wedging effect or
Hoyer effect is 3D in nature and with a 1D strand representation, it is impossible to capture
that phenomenon. Additionally, the model presented in this study ignores the effects of
cracking and tension stiffening.

After defining all the material and bond properties appropriately, a finite element
model of the problem presented in reference 86 was created by using the proposed
modeling technique. The results of the present model are then compared with the
experimental work of Mitchell [90]. All the material and geometric properties of the
prestressed concrete beam problem were taken from the associated publications [86], [90].

The general mesh configuration and effective stress fringes of the present finite element
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model of the problem are shown in Figures 3.6.36 and 3.6.37, respectively. As can be seen
in Figure 3.6.36, all components of the present problem are characterized in the 3D domain.
The model of reference 86 however, represented the tendons for the same problem in 1D,
which can at best be a gross approximation of real life behavior. Additionally, the effects
of cracking and tension stiffening in concrete were not properly represented.

The present finite element model of the problem of reference 86 reached its limit
state at the maximum moment of 34.3 ft-kip. As can be seen in Figure 3.6.38, the present
finite element model shows excellent agreement with the experimental data. On the other
hand, the accuracy of the numerical results presented in reference 86 is less at locations
closer to the middle of the beam. Especially near the middle of the beam, the finite element
modeling results of reference 86 is almost 50% of the experimental data. Additionally,
important data like crack locations of the beam cannot be extracted by the model of
reference 86. Locations of the cracks are estimated by comparing the calculated strain
values in the concrete with the assumed cracking strain of model of reference 86. On the
other hand, the present finite element model also gives accurate prediction of crack
locations in the beam. Hyperbolic variation of strand stress near the beam end after the
release of strands is characterized by the pattern of stress fringes shown in Figure 3.6.37,

proving that the true mechanics of the stress transfer is accounted for in the present model.
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Figure 3.6.36. FE mesh for (1/4th) of the beam of problem presented in reference 86.

Figure 3.6.37. Equivalent stress fringes at transfer (Left) and limit state (Right), problem
presented in reference 86.
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Figure 3.6.38. Plot of effective strand strain variation along the beam length for the
problem of reference 86.

Problem of Reference 87: Here, Arab et al. used the commercial finite element
software package Abaqus to model a prestressed concrete beam. The concrete material was
represented by using the Concrete Damaged Plasticity (CDP) model available in Abaqus.
The interaction at the steel-concrete interface was represented by trying two idealization
methods based on — (a) extrusion approach and (b) embedment approach. After
appropriately defining the material and bond properties, the proposed modeling technique
was applied to the test problem and the results are compared with the experimental data of
Akhnoukh [91]. In reference 87 and Akhnoukh’s [91] studies, results are presented for
different stirrup configurations. As negligible difference in the preliminary results of the

present simulation was noted for cases with and without stirrup, the stirrups were taken out

193



of the subsequent simulations. The finite element model used (on right) and the equivalent

stress fringes (on left) are shown in Figure 3.6.39.

Figure 3.6.39. Equivalent stress fringes (Left) and general mesh configuration (Right), of
the finite element model (1/4™) of the problem of reference 87.

As stated before, reference 87 results are qualitative and hence could not be
compared with. On the other hand, the experimental data used in reference 87 was found
to be almost two orders of magnitude larger than what was obtained by the present model
and also verified by simple hand calculations. Plots of variation of side strain of the beam
with respect to the beam length along with the hand calculated value are presented in Figure

3.6.40. Consequently, the results from these references could not be relied upon.
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Figure 3.6.40. Variation of side strain vs distance from end of the beam for the finite
element model of the problem of reference 87.

Problem of Reference 88: The assumptions made in this reference is mostly
unreasonable and overly simplistic which cause the finite element model of reference 88
to fail to capture the real behavior of the corresponding prestressed concrete beam problem.
After a similar treatment of the problem of this reference as in the other two cases, the
prestressed concrete finite element model of this problem based on the proposed scheme
was created and simulated. Thereafter, the results were compared with the experimental
work of O’Callaghan [92]. As mentioned before, since modeling of stirrups did not make
any difference in the results, the stirrups have been disregarded during the present modeling
process. All the associated material and geometric information for the prestressed concrete

beam problem were taken from [88] and [92]. The general view of the finite element model
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can be seen in Figure 3.6.41. As there was no bond property information or test data
available corresponding to the strand-concrete bond in the study of O’Callaghan [88], the
model of this problem was created with bond properties calculated indirectly on the basis
of concrete strength. The comparison of strain values of one of the strands obtained by the
present finite element model and the experimental work of O’Callaghan is shown in Figure

3.6.42.

A,

1

Figure 3.6.41. FE mesh of 1/4™ beam of the problem of reference 88.

Since prestressing strands are not physically present in the model of reference 88,
the data shown in Figure 3.6.42 could not be obtained by Okumus’s model. As a result, the
strand stress values obtained from the present finite element model have only been
compared with O’Callaghan’s experimental data. Curiously, in reference 88, the only data
that has been compared with O’Callaghan’s experimental work is the stresses in the

stirrups.
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Figure 3.6.42. Plot of longitudinal stress (S33) of the strand “R8C7” vs distance for the
problem of reference 88.

Figure 3.6.43 shows von Mises equivalent stress fringes of the problem of reference
88 based on the present model after the release of the strands. Plot shown in Figure 3.6.43
confirms the appropriate representation of the nature of force transfer between the strands
and the concrete, which varies hyperbolically along the strand length. Figure 3.6.44
compares the experimentally observed cracks with the plots of maximum principal plastic
strain fringes and the principal plastic tensile strain directions based on the proposed model
after the release of the strands. It is obvious from this figure that good agreement exists
between the actual behavior of the beam and predictions of the present finite element
model. In contrast, only the principal strain directions of the total strain are plotted in

reference 88. As far as crack formation in concrete is concerned, the consideration of total
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strain does not mean much. The principal plastic tensile strain directions, as presented in

Figure 3.6.44, make much more sense.

Figure 3.6.43. Equivalent stress fringes of problem of reference 88 after transfer.

Figure 3.6.44. Experimental cracks at stress transfer; principle plastic strain; principal
plastic tensile strain directions (for problem of reference 88).
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CHAPTER 4

4. CONCLUSIONS AND RECOMMENDATIONS

4.1. Summary

In order to achieve the first objective, real-time structural health monitoring, the

following tasks were undertaken:

1- Thoroughly reviewed the state-of-the art of SHM based on AE technique and the

following shortcomings and research needs were noted:

Most of the researchers did not pay enough attention for sensor attachment and
calibration.

The collected data is used for explaining the material damage qualitatively.

In some research work, proper distinction was not been made between the noise
and AE signals of interest.

Some research studies did not separate damage related AE signals from other
irrelevant AE sources.

Modifications of modal and frequency characteristics of AE signals due to
sensor limitations, diffusion, reflection, refraction and acoustical transfer
characteristics of the coupling agent were not properly taken into account.
Very few studies have been conducted that are concerned with application of
the AE technique on concrete bridges. Issues related with field application of

this method have not been properly addressed.
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Based on the existing facilities, decision was made about acquiring cyclic loading

facility and controls, AE sensors and associated data acquisition system:

e Cyclic loading system and controls (Appendix-B).

e AE sensors and data acquisition system (Appendix-B).

e Accelerometers and strain gages (Appendix-B).

A number of jigs and fixtures were designed and fabricated for cyclic as well quasi-

static load application as detailed below:

e Load application jig details for cyclic load (Appendix-B).

e Support details for cyclic loading system (Appendix-B).

¢ (Quasi-static loading system of stage-1 (Appendix-B).

Proportioned and fabricated the test beams of steel, reinforced concrete, and

prestressed concrete based on the capacity of the loading system. Due to practical

limitations on minimum allowable size of prestressed concrete beam, cyclic loading
could only be applied to steel and reinforced concrete beams. Design and
fabrication details of the test specimens are given in Appendix-A.

The deficiencies of existing schemes for processing the AE sensor signals were

thoroughly evaluated and the following deficiencies were noted:

e Using the band-pass filter method for noise elimination, which is the most
popular noise cleaning method among researchers, may cause inhibition of
detection of the real AE events, if needed time consuming and costly
preliminary studies were not conducted.

e In some research studies, empirical source location methods (i.e. time

difference of arrival, frequency dependent source location, etc.) have been used
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even for structures with complex geometry. Although these methods work well
for simple specimens, their accuracy drop significantly as the geometry
becomes more complex or non-homogeneities abound in the material.

e Some researchers used ANN approach for source location and signal
characterization of AE events. The training data sets for those ANN’s are
generated by conducting basic tests (i.e. uniaxial tension) on simple specimens.
Although those specimens and the structure of interest have the same material
properties, their geometrical characteristics are completely different. Therefore,
the material failure related signal sets recorded from such simple specimens,
cannot be expected to share the same signal characteristics with the damage
related signals recorded from the structure of interest. As a result, those ANN’s
were not capable of detecting real damage related signals.

The test beams were instrumented with AE sensors, strain gages and, as needed,

accelerometers and subjected to cyclic or quasi-static loading till damage is noticed.

In the case of concrete beams damage initiation was allowed to occur during the

test but in the case of steel beams, to expedite the test, initial damage was

deliberately introduced before the test and thus AE sensors could pick up the effect
of damage growth only.

A new scheme was developed to process and interpret the test data based on noise

elimination by using wavelet transformation, and event source location by using

neural networks and source characterization by using fast Fourier and continuous

wavelet transformations. The scheme included training of the neural network
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through a series of experiments undertaken before the cyclic test and also by results
obtained by finite element simulation.

8- A new finite element modeling scheme based on the use of the commercial software
Abaqus was developed to simulate the cyclic load tests and also to generate the
training data for ANN.

9- Test results and analytical predictions were mutually verified and validated.

In order to achieve the second objective, involving localized FRP patch repair to
extend bridge life, the following tasks were undertaken. It should, however, be noted that,
although desirable, this phase could not be worked upon as a continuation of Objective 1
because the research funding for Objective 2 preceded that for Objective 1 and that too
from a different sponsoring agency.

1- In this stage, the first step was to review the state-of-the-art of repair of bridge
superstructures and the state of FRP use for the same purpose. It was found that

FRP use was limited to strengthening the whole length of a deficient bridge, and

strengthening the round pier columns against earthquake by wrapping with the

same material. These were done mostly by the wet method in which the fabric is
impregnated into the matrix during application, as opposed to the dry method so
common in other industries. In the dry method, for proper adherence of the
composite to the structure, both heat and pressure needs to be applied on the surface
of the prepreg, which is a ready-made resin impregnated system. A survey of
commercially available FRP materials of both types as well as other variations was

undertaken and four material types were chosen for the present study.
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The size of test beams as representative structural elements were again decided
upon based on the available test equipment in the laboratory and ensuring that
different failure modes could be mobilized. Here too, the same three material types
as for Objective 1 were chosen and the test specimens were fabricated accordingly,
following standard procedures. Detailed design procedures for all stage-2 test
specimens can be found in a TDOT research report [63]. Fabrication details of all
stage-2 test beams are provided in Appendix-D.

The jigs and fixtures for 4-point load testing of the concrete beams were designed
and fabricated in-house. Design and fabrication details of the stage-2 jigs and
fixtures can be found in another publication by the author [63]. Each reinforced and
prestressed concrete test beam was loaded till first local damage (in flexure or
shear) could be induced. In the case of steel beams, however, the damage was
assumed to be caused by section loss due to corrosion, as required by the sponsoring
agency. Such damage was simulated by shaving off material from the flange and/or
web of steel test beams.

Before undertaking local bonded patch repair of the test beams, it was necessary to
decide upon the type of patch repair and proportioning of the same. Simple
formulas were developed first to determine the repair needs of the weakened
section. Thereafter, extension of the patch along the length of the beam beyond the
theoretical cut-off was considered to prevent any overstressing. The required patch
sizes for each damaged test beam were decided upon.

As the patch proportioning method used in the last step was based on simple

mechanics, it was necessary to develop more rigorous methods to study the global
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behavior of patch repair without resorting to full-fledged finite element analysis,
which is normally outside the scope of routine structural design procedures
followed in the civil engineering discipline. In this context, it may also be stated
that dynamic analysis for predicting, say, fatigue life of a cracked bridge may also
fall in the same category. Normal procedure is to treat a cracked beam at failure by
the ultimate strength approach [66] which assumes linear strain across the depth. In
the improved analysis procedure, to be called as the mechanistic model, the whole
length of the beam was considered, instead of just a section. The strengthening was
in flexure with the FRP patch applied to a certain length of the beam. The most
important feature of the treatment was that the shear and tension properties of the
adhesive used to bond the patch to the substrate was allowed for explicitly based
on actual shear and tensile tests undertaken for the purpose. These properties were
used as tensile and shear spring constants allowing for separation as well as slippage
of the patch material with respect to the substrate. The whole treatment is based on
the assumption that the beam substrate and the bonded patch individually satisty
the simple beam bending theory. Allowing for inelastic behavior in the case of steel
beam was not an issue. In the case of concrete beams, however, the procedure got
very complicated due to the use of actual stress vs. strain curve for concrete and
allowing for the tension stiffening effect.

All three types of test beams were subjected to nonlinear finite element analysis in
two stages (a) before any patch repair beginning with as fabricated, undamaged,
beams, and (b) after patch repair of the damaged beams. The commercial finite

element analysis software Abaqus [61] was used for this purpose after thoroughly
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reviewing the Concrete Damage Plasticity model for concrete beams and
suggesting some modifications for the problems in hand.

The repaired steel and concrete beams were again loaded on the original test bed
and loaded to failure. The history of strain and deflection based on strain gages and
LVDT readings were recorded.

The strain and deflection results from tests, mechanistic method, and finite element
simulations were compared for verification and validation.

Based on the above steps, suitable conclusions are drawn in the following section

regarding the efficacy of the proposed localized FRP bonded patch repair scheme and the

analysis tools of different sophistication developed for the purpose.

4.2.

Conclusions

The main conclusions of this study are stated below.

AE Based Structural Health Monitoring:

The success of AE sensors in acquiring real-time data of damage events in
monitoring the health of common bridge superstructures was a resounding success.
The method could be successfully applied to bridges of all three typical material
types, namely, steel, reinforced concrete and prestressed concrete.

The most challenging part of real-time SHM effort was the interpretation of
recorded signals. Due to a number of pollution sources, the recorded signals were
very noisy. Unlike common experience in current practice, the author’s efforts to

denoise the signals using wavelet transformations was highly successful. The
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cleaned up signals showed good agreement with the theoretical ones, proving the
veracity of the developed approach.

The sources of recorded signals, an extremely complex nonlinear problem, were
successfully identified by devising a method based on the artificial neural network
approach. Before using the artificial neural networks, they are required to be trained
by incorporating data sets generated by pencil lead break testing which generates
acoustic emission signals very similar to the ones generated by structural cracks.
Damage locations predicted by the artificial neural networks showed remarkable
agreement with actual visual observations.

As last step in signal processing, the characterization of the actual source of the
recorded signals was successfully undertaken with the aid of power spectrums
generated by fast Fourier transformation and continuous wavelet transformation
plots. Unlike past reservations about the applicability of Fourier transformation to
a range of problems, it was found from this study that both of the methods could be
equally applied successfully, at least, for the type of problem in hand.

Highly realistic finite element models of the steel test specimens along with those
of attached acoustic emission sensors could be successfully created reflecting real-
life geometric and material details. The multiphysics character of the problem,
involving stress wave propagation and piezoelectricity, could be successfully
simulated using two different Abaqus solvers (Abaqus/Explicit and
Abaqus/Standard) in a coupled manner by using the co-simulation engine (CSE) of
Abaqus. The resulting finite element simulation predictions showed excellent

agreement with experimental data and theory.
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In real-life application of the proposed SHM technique to bridge structures, it is
difficult to generate training data for artificial neural networks by following the
pencil-lead-break test method used in the laboratory. The successful finite element
modeling of the problem paves the way to generate such data by this simulation

scheme for training ANN in real-life SHM of bridge structures.

Strength Remediation Using Bonded Composite Patch:

Experimental studies were conducted with fabricated representative beam
specimens of steel, reinforced concrete and prestressed concrete to create crack-
like damages and to check the performance after bonded composite patch repair
intended to restore and thus extend bridge life. The results of the study indicated
that in most cases the proposed localized patch repair method reasonably improved
the performance of the damaged beams.

The developed mechanistic model of the damaged bridge girders patch repaired for
flexure could accurately predict the structural performance in the post-repair stage.
The model accurately accounts for the nonlinear nature of construction materials
including the elastic-plastic behavior of steel, complex stress behavior of concrete
under compression and tension stiffening effect between tension rebar and
concrete. The adhesive attaching the composite patch to the parent beam is
represented by a combination of zero-dimensional shear and tension interfacial
springs. Results of the mechanistic model for all types of beams showed very good

agreement with experimental data. The proposed model can be used by engineers
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4.3.

as a useful design aid without the need for using any large-scale commercial
simulation software.

The developed scheme for accurate nonlinear finite element modeling of
representative structural members of steel, reinforced concrete and prestressed
concrete is based on accurate material and bond models including an elastic-plastic
material model for the rebar and the strand, the Plasticity-Damage material model
for concrete, bond-slip interfacial behavior model for the interface between
concrete and rebar or strand and a cohesive-failure bond model for representing the
adhesive at the beam-composite interface. Predictions by finite element simulation
exhibited excellent agreement with experimental data.

Bonded patch repair is highly successful in reducing the stress intensity factor in
steel beams with through cracks in the bottom flange. The extent of such reduction
depends upon the type of composite patch used.

In this first ever fully successful nonlinear finite element model of a pretensioned
prestressed concrete beam represented the true mechanics of the problem under all
stages, from construction to service. Shortcomings of the most recent finite element
models reported in the literature were clearly evident from the critical evaluations

undertaken by the author.

Research Outcomes Advancing the State of the Art

The use of AE sensors in real-time health monitoring of bridge structures is

established.

208



2-

The applicability of this method in the case of metallic systems was done by others
in the past. However, the applicability of this method of SHM in the case of
concrete bridge super-structures is firmly established through the present effort.
This work makes significant contribution in making sense out of the recorded AE
signals. The developed acoustic emission based SHM system can effectively clean
the background noise, detect the source locations of the signals accurately,
characterize the acoustic emission events based on their sources and most
importantly can easily be automated. In the process, this study will help remove the
long-standing stigma against the use of this tool in real-time SHM. With the
developed system, damage related signals can be communicated to engineer’s desk
autonomously along with the supplemental data for decision making, without the
need for human interference.

This work has also removed the long-standing perception that for accurate SHM in
a 3D system like a bridge girder, installing utmost four AE sensors is adequate. It
was found that for effective SHM, sensors should be provided at all the exposed
faces in adequate numbers, say, at every 6 to 7 feet.

In contrary to the common knowledge, it has been found that all damage types (i.e.
shear cracks, flexural cracks, etc.) have a very similar AE signal signature.
Therefore it is not possible to assess the type of damage by just looking at the AE
waveforms. However since the locations of the cracks can be determined accurately
by using the proposed source location methodology, this information can be used
to make a preliminary damage assessment (i.e. shear cracks usually appear close to

the supports, flexural cracks are usually observed at the middle).
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Numerous attempts have been made over the last 50 years to accurately predict the
state of stress in a pretensioned prestressed concrete beam, but not a single case of
success could be located, even in publications published as late as 2012. It is for
the first time, this research effort has shown how it can be done successfully by
nonlinear analysis in which all the nonlinearities in material behavior are accounted
for faithfully. In addition, all the loading stages of the beam from construction to
operational condition are considered accurately.

It is again for the first time that finite element models of a realistic piezoelectric
acoustic emission sensor attached to the substrate was created accurately by using
the general purpose finite element software Abaqus. Signal output obtained from
the finite element model of the acoustic emission sensor showed good agreement
with the output data recorded during experiments from the real acoustic emission
sensors. For the first time, a finite element model is created, which can successfully
generate a crack originated stress wave through the model of a steel beam and can
convert that wave into an electrical signal through an acoustic emission sensor
model. This finding will allow effective training of the ANN during processing of
AE signals in SHM.

A new mechanistic model is developed for predicting the behavior of a full locally
patch repaired beam. The model accurately takes into account the mechanical
behavior of adhesive in tension and shear, elastic-plastic behavior of steel,
compressive behavior and the tension stiffening effect of concrete. Results obtained

from the mechanistic model showed excellent agreement with experimental data.
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9- Created an easy to install, repeatable and cost-effective local bonded FRP patch

4.4,

repair method which significantly improved the performance of bridge beams
repaired against shear and flexural cracking and section loss due to corrosion.
Followed by this successful study, the method is also being implemented by TDOT

for field applications.

Recommendations

Given that some of the important elements have been addressed in this study for an

effective and efficient bridge management system, several recommendations are in order:

In this study, only four acoustic emission sensors could be used to monitor the beam
specimens during testing due to budget limitations. Although the developed system
effectively de-noised the output signals, accurately detected the source locations of
the acoustic emission events and successfully separated the crack related signals
from the signals generated by other types of sources for steel and reinforced
concrete beams, the same success could not be achieved with the prestressed
concrete beam specimen which is relatively larger than the other beams. During
field applications, although a small network of sensors (four or less) is enough for
small scale bridge members like angles, eyebars, cables, etc., a larger number of
sensors is needed for larger scale bridge members like a prestressed concrete girder.
During testing, it has been observed that acoustic signals were getting severely
modified during their travel inside the concrete material unlike steel. This problem

can be attributed to the non-homogenous nature of concrete. Therefore, a network
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of larger number of sensors is needed for concrete structures compared to the steel
ones for increasing data reliability and processing.

During field applications, extra safe-guards may be needed to eliminate the
additional sources of acoustic signals (traffic, rain. etc.) originating from the deck.
ANN approach implemented in this study is a good candidate to accomplish that.
During the repair of steel beams, instead of using regular FRP materials, composites
with relatively higher modulus of elasticity should be used to effectively mobilize
the effectiveness of patch material in the elastic range. High modulus carbon fiber
reinforced polymer (HM-CFRP), ultra-high modulus carbon fiber reinforced
polymer (UHM-CFRP) or ultra-high modulus carbon/glass fiber reinforced
polymer (UHM-CFRP/GFRP) are good candidates for the repair of steel beams.
In this study, for convenience, the bonded FRP composites were applied in single
layer. In the case of laminated carbon fibers, the effect of applying patch in multiple
layers needs further investigation.

Only short term performance of bonded FRP patch repair is investigated in this
study. Performance of this repair system under fatigue loading and also long-term
effects of environmental conditions like moisture, temperature, etc. needs to be
investigated further.

Further studies related to controlling the fatigue life of a bridge member with crack

will be useful.
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APPENDICES

APPENDIX A. DESIGN AND FABRICATION DETAILS OF TEST
SPECIMENS FOR SHM

Sizing of the test specimens were based on the following considerations: rated
capacity of the test facilities and available loading equipment, convenience in handling,
feasibility of in-house fabrication and type of tests planned to be undertaken. The type and
number of test specimens considered were:

e Six rectangular reinforced concrete beams
e One precast prestressed concrete [-section beam; and

e Three steel beams of S-shape.

Reinforced Concrete Beam: The cross-sectional dimensions of the 7°-6” long beams were
2.5” wide x 4” deep. The main reinforcement in each beam was a #2 steel rod (As = 0.049

inch?, f;=60ksi), as shown in Figure A.1.

o
|‘r—~;’
—

Figure A.1. Cross-section of the reinforced concrete beam.
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The weight of reinforced concrete test beam was around 78 Ibs. Another limiting
factor in the selection process of the test specimen was the rated capacity of the
electrodynamic shaker and the area of the strong floor available for mounting the
supporting system for the test beams. Mix design of concrete was based on approved
methodology described in the literature [93]. The 28-day compressive strength of concrete
was targeted to be 3 ksi (f:’). The aggregates comprised of fine sand and course aggregate
of maximum size equal to ¥s”.

The cyclic loading system essentially comprised of two end supports and shaker
excitation was transferred through two closely spaced knife edges, placed both above and
below the beam creating essentially a three-point loading condition. During preliminary
calculations, for the three-point loading situation, as shown in Figure A.2, the limiting load
value was chosen as 225 Ibs which corresponded roughly to a displacement of 0.06” at the
load point.

The reinforced concrete beams were designed as per ACI-318 [66]. For the loading
case shown in Figure A.2, the capacity of the beam against shear failure, Pshesar, was found
to be 264 lbs, and that for flexure, Pfiexure, it was 2201bs, ensuring flexural failure under
cyclic loading.

P, test loading

w, self-weight :
¢'.¢¢¢J.'JV'J.'.J.""IJ.'JrJ.J.'LJ.#v#v
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- > >
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Figure A.2. Reinforced concrete specimen design loads.
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The reinforced concrete test beams and accompanying 4” dia. x 8” long test
cylinders were cast and cured following standard procedures. Figures A.3 (a) and (b) show
the formwork after they have been assembled with reinforcing rods in place. Also, eleven

cylinders were made, four of which had #2 embedded rods for pullout test.

(a) Beam formwork with rebar (b) Test cylinder with burlap cover

Figure A.3. Beam formwork and test cylinders.

The cylinders were tested for 28-day compressive as per ASTM C39 standards [94],
with the results of the test given in Table A-1.

Table A-1. Concrete Cylinder Strength Values (fc”).

Cylinder#  Batch#  Failure load (Ibs)  Comp. Str. (psi)

1 1 47070 3746
2 1 60580 4821
3 2 69910 5563
4 2 79190 6302
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Three of the concrete cylinder specimens were tested for tensile strength by split-
cylider test as per ASTM C496 standard [95]. The corresponding split cylinder strength
values are shown in Table A-2.

Table A-2. Concrete Split Cylinder Strength Values (fr).

Cylinder#  Batch#  Failure load (Ibs)  Split Ten. Str. (psi)

1 2 27190 541
2 2 23310 464
3 1 18950 377

Four concrete cylinders with embedded rebars were subjected to pull-out test to
determine the bond strength. Results of this test are shown in Table A-3. These results were
later used for determining the bond characteristics between concrete and steel.

Table A-3. Concrete Bond Strength Values.

Cylinder# Batch#  Failure load (Ibs)  Bond Str. (psi)

1 1 4170 664
2 2 4770 759
3 2 4550 724
4 1 4180 665

Prestressed Concrete Beam: Details of the prestressed concrete beam is shown in Figure

A.4. The design of I-shaped cross-section of the beam was based on AASHTO
Specifications [96]. The relevant details of the design beam are shown in Table A-4. The
beam has two 2" diameter prestressing strands at the bottom and two top #3 hanger bars,
one on each side. The size of the stirrups is #2. Yield strength of the top hanger bars and
stirrups are 60 ksi and the yield strength of the prestressing strands is 270 ksi. The overall

length of the beam is 8’-6”.
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Table A-4. Relevant design parameters of prestressed concrete test beam.

Parameter Value
fe (psi) 5000
Sei (psi) 4000
fu (ksi) 270

Sectional area (in?) 52
Self-weight (Ib/ft)  54.17
I (n%) 557.83
M (kip-f) 38.98

The prestressed concrete beam was constructed using the standard casting bed at a
local precast concrete plant (Construction Products, Inc. near Memphis, TN). The concrete
mix design was done to achieve the target minimum compressive strength of 5000 psi.

Results of concrete test cylinder compressive strength tests are given in Table A-5.
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(a) Details of cross-section (b) Stirrups

Figure A.4. Prestressed concrete test beam.
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Table A-5. Concrete compressive strength testing results for prestressed concrete beam.

Cylinder #  Failure load (Ibs)  fo’ (psi)

1 88500 7043
2 81500 6486
3 83000 6605
4 80000 6366

Steel Beams: For the steel beam specimens, an ASTM S3x5.7 section (ASTM A36) was
selected because of similarities of overall size compared with the reinforced concrete beam,
so that the same fabricated support and loading systems can be used for both types of
beams. AISC section properties of the section are shown in Table A-6 [97]. Total length of
the first and third steel beams, SB-1 and SB-3, are 11’ and the length of the second beam

SB-2is 7°-2”.

Table A-6. S3x5.7 properties from 2010 AISC Steel Manual.

A= 166 in? k= 0.53 in
d= 3.00 in T= 1.75 in
tw= 0.17 in k= 250 in*
br= 233 in Iy= 0447 in*
tr= 0.26 in

In the case of specimens SB-1 and SB-2, to expedite the cracking process during
the cyclic load tests, artificially introduced initial cracks were created at the center of the
beams through the bottom flange and extending up to half of the web with the help of a
hex and jeweller’s saws, see Figure A.5. In the case of steel test beam SB-3, the induced

initial damage in the bottom flange at the center of the beam was as a pair of symmetrically
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placed holes with edge crack. The hole diameter is 0.5”, the center to center distance

between the holes is 0.75”, and edge crack length are 0.25”, as shown in Figure A.6.

1.5}, s

025~ | . A
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) ~10.375 5 337

__I_0.375”

Figure A.6. Initial edge cracked holes in bottom flange of steel test beam SB-3.
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APPENDIX B. DETAILS OF SUPPORTS, LOADING SYSTEMS AND
CONTROLS FOR SHM

The main components of the cyclic loading system and controls are; the shaker, its
control equipment and the support system which were assembled and calibrated together.

The schematics of the system is shown in Figure B.1.

Sensotec
SC3004

Dynamic Signal Analyzer (spid

AE Nod
QZI AE Node

/ AE Sensor
\ 4 - « V
Strain|Gauge = ¢ Structure
Signal - o
C Link
Conditioner Acc Ierometer\ L
— ! = . E‘, er] Support
% . : i; X Sagconge, [#] I S8 anchored to
e el il strong floor

Stlrong Floor

Power Amplifier
(PA1000L)

Figure B.1. Test Setup for Cyclic Loading.

The maker and model of the shaker is LDS V651 marketed by Bruel&Kjaer. The
shaker was driven by a PA 1000L amplifier and a LDS FPS 10L field power supply. The
support system and the link between the shaker and specimen were designed and fabricated
to simulate essentially the three-point loading condition. Performance parameters of the

mechanical shaker system are given in Table B-1.
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Table B-1. Performance parameters of the shaker.

Parameter Corresponding value
Sine Force (Peak) 364 lbs

Armature Resonance (fn) 3.8 kHz

Usable Frequency Range 5 Hz—4 kHz
Velocity (sine peak) 55 inch/sec
Acceleration (sine peak) 73.7 ¢

Displacement (peak-peak) 1 inch

All components of the loading system was custom designed and erected and can

easily be adjusted for any width, height and type of specimen. To provide support and

transfer the applied force from the shaker to the specimen under test, the following custom

designed and fabricated jigs and fixtures were used:

The shaker link was fabricated out of plates, threads, bolts, nuts, washers and knife
edged load application pieces (Figure B.2).

The supports which were also fabricated out of plates, threads, bolts, nuts, washers
and knife edges as in the shaker link (Figure B.3).

The column supports were fabricated from rectangular pipes, plates, bolts, nuts and

washers (Figure B.4).
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Figure B.2. Shaker link for the cyclic loading system.

Figure B.3. Cyclic loading system support.
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Figure B.4. Support columns for the cyclic loading system.

Unlike the steel and reinforced concrete beams, prestressed concrete beam was
loaded quasi-statically. Loading configuration of prestressed concrete beam and test setup
are shown in Figure B.5. Prestressed concrete beam PSCB3 used during SHM experiments
is identical with the prestressed concrete beams PSCB1 and PSCB2 used in the repair stage.

For gathering the acoustic emission data, MISTRAS R15-a type sensor was used.
Specifications of the sensor are given in Table B-2. The data acquisition system used during
the experimental work is MISTRAS 1283 USB AE node, which is a compact and handy
acoustic emission measurement system. The initial data processing of signals was
undertaken using the AEWin software. Pictorial views of a R15-a type sensor and a 1283

USB AE node are shown in Figure B.6.
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Figure B.5. Test setup for stage-1 prestressed concrete beam.

Figure B.6. R15-a type sensor (left) and 1283 USB AE Node (right).

Table B-2. Specifications of R15-a sensor.

Parameter Corresponding value
Operating Frequency Range 50 -400 kHz

Resonant Frequency 75 kHz

Peak Sensitivity 80 dB

Dimensions 19.05mm (dia.) x22.35mm (h)
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During a test run, the system was triggered to record an acoustic emission hit
waveform, whenever the threshold of 40 dB was exceeded. Temporal length of the
recorded waveform was 1792 ps; 100 ps of which expires before the trigger kicks in.
Sampling rate of the recorded acoustic emission signals were selected as 5 mbps. For peak
definition time (PDT), hit definition time (HDT) and hit lockout time (HLT) values

recommended by the manufacturers of the sensors were used, as shown in Table B-3.

Table B-3. PDT, HDT and HLT settings used during testing.

Material PDT HDT HLT
Steel 1000 2000 20000
Concrete 50 200 300

Appropriate definition of PDT helps the system to properly identify the signal peak
rise-time and peak amplitude. Correct HDT settings ensured that the system reports each
signal as one and only one hit. Proper choice of settings for HLT avoids measurement
errors during signal decay and increases data acquisition speed. All of the timing
parameters used by the acoustic emission system are explained in detail below. Definitions
of these parameters are specific to the current system and are consistent with user’s manual

of the manufacturer [98].

Peak Definition Time (PDT): Peak Definition Time (also known as Rise Time Out), is used

for determining the true peak of an acoustic emission waveform. Using a PDT value shorter
than it should be may cause false measurements. Graphical representation of this is shown

in Figures B.7 and B.8.
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Figure B.7. False measurement of signal peak with a short PDT value.
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Figure B.8. Correct signal peak measurement with a reasonable PDT value.
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Hit Definition Time (HDT): Hit Definition Time (also known as Single Channel Event

Time Out), is used for determining the end of an acoustic emission hit, stop the
measurement process, calculate the measurement parameters associated with that hit and
store the data. Using a HDT value shorter than expected may cause the system to treat the
single signal as separate multiple hits (Figure B.9). On the other hand, using a longer HDT
may cause separate signals to be treated as a single hit. Figure B.10 shows correct signal

hit end detection with a reasonable HDT value.

TOO SHORT HDT
— END OF HIT DEFINED PREMATURELY
—
ﬂ[’ 'ﬂ I
PRECURSOR ———*
MAINWAVE/
(TREATED AS A REFLECTIONS AND ALTERNATE
SEPARATE HIT) WAVEPATHS

Figure B.9. False measurement of signal hit end with a short HDT value.
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Figure B.10. Correct signal hit end measurement with a reasonable HDT value.

Hit Lockout Time (HLT): Hit Lockout Time (also known as Re-arm Time Out), is used for

inhibiting the reflections and late arriving parts of the acoustic emission signals. Graphical

representation of the correct use of the HLT is shown in Figure B.11.
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Figure B.11. Proper inhibition of the reflecting waves with a reasonable HLT value.

During the testing process, supplemental information was gathered from the critical
locations of the test specimens. This was done by using accelerometers and strain gages
during cyclic loading and by using LVDT’s, load cells and strain gages during quasi-static
load testing. Details of the strain gages, LVDT’s and load cells are provided elsewhere

[63]. Specifications of the accelerometers used are given in Table B-4.

Table B-4. Specifications of accelerometers.

Parameter Corresponding value
Sensitivity (+ or — 10%) 10 mV/g
Measurement Range + or — 500g peak
Frequency Range (+ or —10%) 1 to 10000 Hz
Resonant Frequency > or =70 kHz
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APPENDIX C. AE SENSOR DISASSEMBLY PROCESS

The disassembly process comprised of, first, removal of the plate in the bottom of
the sensor, see Figure C.1(a). In the intact sensor, the ceramic plate was glued to the sensor
case and it was also attached to the bottom of the PZT sensor element. There are two
electrodes attached to the sensor element one of which is attached to the bottom and the
other one is attached to the top. There is a cable connected to the top electrode, the purpose
of which is to feed the generated electric signals to the data acquisition system, see Figure
C.1(b). The other end of the cable was soldered to the top part of the metallic sensor case,
which itself filled with some type of epoxy as can also be seen in Figure C.1(b).

In order to find out if the red cable visible in Figure C.1(b) is attached to some type
of circuit inside the epoxy, the sensor case was put into a bottle filled with methylene
chloride. After a week, the epoxy was completely dissolved and the view was as shown in
Figure C.1(c). After examining the sensor case and the residue in the bottle, it was found
that there was nothing hidden inside the epoxy and the red cable was directly connected to
the cable connector terminal mounted on the side of the sensor case. In order to make sure
that no circuitry was hidden inside the sensor element, the element was cut into half and it
was found that there was nothing but the piezoelectric crystal, as can be seen in Figure

C.1(d).
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(a) Bottom plate removed (b) Removal of main element

R |

(c) After epoxy removal in base (d) Split view of sensor element

Figure C.1. Disassembly of Piezoelectric AE.

After this painstaking exploratory exercise, the true mechanical details of the
acoustic emission sensor used were revealed leading to Figure C.2 showing the schematics
of a R15-a type sensor. The whole sensor mechanism sits on a plate of Aluminium Oxide
(AL203). The stainless steel sensor case and the sensor element are attached to the bottom
plate. The sensor element is PZT-5H piezoelectric crystal with two electrodes, one attached
to bottom and the other to top of crystal. To transfer the generated electrical signals, a cable
is used one end of which is soldered to the top electrode of the sensor element and the other

end is attached to the cable connector.
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Figure C.2. Schematic of the R15-0 acoustic emission sensor.
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APPENDIX D. FABRICATION DETAILS OF THE TEST
SPECIMENS FOR REMEDIAL MEASURES

Detailed design procedures for all the test beams can be found in the TDOT

research report [63]. The details of test beams used were as follows:
e 18 rectangular reinforced concrete beam;
e 3 precast prestressed concrete I-section beams; and
e 4 steel beams of W-shape.

The dimension of two sets of reinforced concrete beams of length 3’-6” are shown
in Figure D.1. The total weight of the reinforced concrete specimens were about 88 Ibs.
Twelve beams were deliberately over-designed in shear to enhance the possibility of
flexural damage during testing and were designated as “flexural beams”. The remaining
six beams were designed without stirrups to ensure that these six beams undergo shear
damage during testing and were termed as “shear beams”. The reinforced concrete beams
were proportioned using ACI-318 [66]. The stirrup spacing of flexural beams are shown in

Figure D.2.

: : :
iy

6" @ ------5 ----- 6"

(a) Flexural beam (b) Shear beam

Figure D.1. Cross-sectional details of the reinforced concrete beams.
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Figure D.2. Spacing of stirrups in flexural beams.

A standard concrete mix akin to what is often used by TDOT for bridge
superstructure construction was the basis for the mix design of the reinforced concrete test
specimens. The target compressive strength was chosen as 4 ksi. Fine sand was used as the

fine aggregate and stone chips as coarse aggregate was ’2” maximum. A view of the

formwork with main steel in place is shown in Figure D.3.

Figure D.3. Forms for flexural and shear beams [63].
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During pouring of the beams, 4” dia. x 8” long cylinders were also cast following
standard procedures. On 28" day after pouring, the beams and cylinders were taken out of
water and left for air drying. Thereafter, the cylinders were tested with a calibrated 500 kip
Forney compression testing machine. The cylinders were tested as per the requirements of
ASTM C39/C39M standard [94]. The results of compressive strength tests are given in
Table D-1.

Table D-1. Concrete compressive testing results of reinforced concrete beams tested
during second stage.

Cylinder ID Failure load (Ibs) Compressive Strength (psi)

1 88860 7071.25
2 90940 7236.78
3 85940 6838.89
4 79170 6300.15
5 95190 7574.98
6 91910 7313.97
7 93020 7402.30
8 83400 6636.76
9 81370 6475.22
A 85740 6822.97
B 79290 6309.70
C 62510 4974.39
D 61800 4917.89
E 72570 5774.94
F 71150 5661.94
G 89520 7123.78
H 89140 7093.54
I 87490 6962.23

The details of all three prestressed concrete beams (PSCB1, PSCB2 and PSCB3)
are given in Appendix-B. All steel beams used here were standard ASTM W6x12 section,
the section properties of which are given in Table D-2. These beams were designated as

SBC, SBI, SBII and SBIII. The lengths of those steel beams were 5°-6”. Limit capacities
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of SBC, SBI, SBII and SBIII were calculated by following AISC provisions allowing for

several flexural and shear limit states [97].

Table D-2. W6x12 properties from 2010 AISC Steel Manual [97].

A= 355 in> k= 053 in
d= 6.03 in T= 450 in
tw= 023 in Ix= 2210 in*
bt=  4.00 in Iy=2.99 in*
te= 0.28 in

In this study, the steel beams were considered to be damaged due to extensive
corrosion. To simulate the resulting section loss, material was shaved off the beam surfaces
(flanges and/or webs) of the beams SBI, SBII and SBIII by milling. The specimen SBC
was left undamaged for control purposes. In the case of SBI, SBII and SBIII the target
section losses caused by simulated corrosion were as follows:

e 15% of bottom flange of the steel beam SBI was shaved off.

e 15% of the web of the steel beam SBII was shaved off symmetrically from both
sides.

e 15% of both the bottom flange and the web of the steel beam SBIII were shaved
off.

A close-up view of the web of the steel beam SBII after milling is shown in Figure
D.4. Due to manufacturing imperfections and flaws, shaving off exactly 15% material from
the flanges and/or webs of the steel beams was found to be difficult. Therefore after the
conclusion of the milling process, the weights and lengths of the beams were measured and

the section losses were calculated by assuming the density of steel as 0.2836 Ib/in’. The
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material loss of each beam was then estimated by comparing it with theoretical AISC

values. Estimated flange and/or web losses of the steel beams SBI, SBII and SBIII are

given in Table D-3.

Figure D.4. A view of web of beam SBII after milling [63].

Table D-3. Actual amounts of shaved off material from the beams SBI, SBII and SBIII.

Beam ID Calculated Cross- % Weight Reduced
sectional Area (in?) Difference Thickness (in)
SBC 3.55 - No change
SBI 3.38 -4.73 0.238 (F)
SBII 3.38 -4.83 0.196 (W)
SBIII 3.24 -9.56 0.238/0.196 (F/W)
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APPENDIX E. DETAILS OF THE QUASI-STATIC LOADING

SYSTEM FOR REMEDIAL MEASURES

Laboratory setup used for all the test beams, except for the prestressed concrete
beam PSCB3, can be seen in Figure E.1. Laboratory test setup for the specimen PSCB3

was described earlier in Appendix-A. Values of load configuration parameters L and a, as

defined in Figure 3.2.1 are summarized for all test beams in Table E-1.

Acquisition System

Load cell

Latera] Support

Vishay P3 Strain
Indicator

Lateral Support

Figure E.1. Schematics of laboratory test setup for the stage-2 test beams.

Table E-1. Values of L and a for each specimen type.

Specimen Type L a
Reinforced Concrete Beams (shear) 3’-0” 12”
Reinforced Concrete Beams (flexural) 3°-0” 6”
Prestressed Concrete Beams 8’-0” 127
Steel Beams 5°-0” 6”
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As depicted in Figure E.1, supplemental test information like load, strain and
displacement were recorded during the experiment at critical locations of the test beams by
using:

e A 50 kip load cell.
e Linear variable differential transformers (LVDT).
e Strain gages (0.125”,0.25” and 0.5”).
More details of those sensors devices can be found in the associated TDOT research

report [63].
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APPENDIX F. CHARACTERIZATION OF THE FRP PATCH
MATERIALS

Currently the design and construction standards of traditional construction
materials like steel, reinforced concrete and prestressed concrete are well established and
matured. On the other hand, FRP composites are quite new in this arena and there has been
no official design and construction standards available for this type of material, when these
studies were undertaken. FRP composites comprise of a combination of two materials: high
strength fibers and resins. Because of lack of manufacturing standards and wide variability
of options for resin type and fiber material, fiber orientation, and curing conditions,
mechanical properties of FRP composites is highly variable. Additionally, each FRP
material is glued to the substrates with the help of an adhesive. There are various
possibilities for the selection of the adhesive too. So, one has to heavily rely upon the
minimum mechanical properties of the FRP material supplied by the manufacturers. The
types and corresponding properties of FRP used in this study are summarized in Table F-1
as compared to typical structural steel. Of these only Sika CarboDur is reportedly

specifically suited for concrete structures.

Table F-1. Basic mechanical properties of the FRP materials used.

Material Density Tensile Tensile Elongation  Factory
(Ib/in3) Strength ~ Modulus % Thickness
(ksi) (ksi) (in)

Grade 60 Steel 0.284 60 29000 10.00 Varies
Fibreglast Prepreg 3K - 635 34900 1.95 0.012
SikaWrap Hex 230 0.064 624 34000 1.80 0.010
Sika CarboDur 0.058 449 23900 1.69 0.047
Newport LTC 4300 - 290 18700 1.44 0.010
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As can be seen in Table F-1 above, only a limited number of physical and
mechanical properties of the FRP materials are provided by the manufacturers.
Additionally, no official standards for experimental procedures for determining mechanical
properties of the FRP composites and adhesives could be identified. In this research work,
experimental procedures specifically developed by the author as part of this study was used
for determining needed supplemental mechanical properties of the adhesives [63].

The proposed experimental procedures were simple and easy to set-up and perform.
To measure the shear stiffness and shear modulus of bond material, two simple steel plates
were butt jointed with two FRP patches on two sides as cover plates, as shown in Figure
F.1(a). The plates were pulled apart to obtain the load vs. displacement data which could
be used to determine the shear stiffness of the adhesive treating the adhesive layer as shear

springs, as illustrated in Figure F.1(b).

Bonded FRP
Composite
Patch

Bonded FRP
Composite

Substrate M Substrate
Steel Steel
Plate Plate
| = | Patch

|T\u'\"l"f'| L\‘.Nl'\q L\!’\'“"F L\"l‘f‘l"r'_

Equivalent
Shear
a Springs

l

(a) Test specimen for shear (b) Spring theory for shear

Figure F.1. Test procedure to measure shear properties of adhesive.
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Another simple test procedure was devised to determine the tensile properties of
the adhesive. First, a short piece of an aluminium beam was cut into two creating two ‘T’
shaped aluminium sections. Then those two sections were glued together by their flange
faces, first by bonding one face of FRP layer on flange faces of one tee and then by bonding
the flange face of second tee piece on to the opposite face of the same FRP layer, as shown
in Figure F.2(a). After curing, the specimens were pulled apart in the testing machine by
applying tension force to the protruding webs, as shown in Figure F.2(b). The recorded

load-displacement data was processed to determine the tensile properties of the adhesive.

L)

Bonded FRP
Composite
Substrate Patch
Aluminum Equivalent % % %% § Bonded FRP
Plate T{?nsilc / 4—C0n o
omposite
Springs \g § % % % Patch
Substrate
Aluminum
Plate
(a) Specimen for tension test (b) Spring theory for tension

Figure F.2. Testing scheme to measure tensile properties of adhesive.

In this document, only the details of the experimental work with Fibreglast Prepreg
3K FRP composite and the adhesive Fibreglast 1101 will be provided. Details of the other

composites and adhesives can be found in another publication [63]. The shear and tensile
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test specimens used for determining the mechanical properties of the Fibreglast 1101

adhesive is shown in Figure F.3 after testing.

(a) Shear test specimen (b) Tension test specimen

Figure F.3. Views of tests for tensile and shear properties of Fibreglast 1101 adhesive.

Fibreglast Prepreg 3K is a pre-impregnated FRP composite often qualified as
prepreg. Such composites have two main components which are the fiber matrix and an
incorporated resin system. Normally, prepregs do not require any additional adhesive. The
composite is pressed against the substrate with uniform pressure and heat is applied causing
the pre-impregnated resin inside the composite to melt and act as glue bonding the FRP to
the substrate.

The expiry date of the Fibreglast Prepreg 3K was past and newer replacement could
not be acquired. This was substituted with adhesive called Fibreglast 1101 to bond the

substrate with the carbon fiber matrix. Fibreglast 1101 is a high strength structural adhesive
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which is generally used to bond composites, metals and even common construction
materials. Table F-2 shows the properties of this adhesive along with the other adhesives
used in this study.

Table F-2. Properties of the adhesives.

Adhesive G (ksi) E(ksi) tu(ksi) ou(ksi) kv (i) ko (KP/i)

Fibreglast 1101 0.068 12.390  0.180 0.518 2.823 1.665
SikaDur 330 0.441 0.770 0.362 1.010 72.73 8.77
SikaDur 30 16.002 23.886  1.594 0.867 75.76 34.25
LTC 4300 0.079 0.769 0.089 0.846 58.56 4.28
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APPENDIX G. FRP PATCH DESIGN AND REPAIR PROCEDURE

In this section, only FRP patch design and repair procedure of the beam PSCB3 is
covered in any detail. Details of design and repair procedure of other specimens can be
found in another publication by the author [63]. Typical examples of repaired steel, “shear”
reinforced concrete and “flexural” reinforced concrete beams are shown in Figures G.1 to

G.3.

Figure G.1. Steel beam repaired with prepreg FRP composite.

Figure G.2. Shear reinforced concrete beam repaired with FRP composite reinforcement.
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Figure G.3. Flexural reinforced beam repaired with CarboDur patches.

By using the formulas developed in Chapter 3.3, patch repair of the beams damaged
during the first loading stage was designed. For shear repair of the beam PSCB3, Fibreglast
Prepreg 3K FRP composite was used. Bonding of the FRP to the specimen was
accomplished using Fibreglast 1101 as adhesive. Data for the patches used to repair the
two shear cracks appearing on each side of the same beam is summarized in Table G-1.

Table G-1. Details of shear patch design of the beam PSCB3.

Location  Configuration  Slope Design Required  Provided
(op) Force (V) Width (wp)  Width
Web U-Jacket 90° 13.30 kips 1.94” 15”
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Fibreglast Prepreg 3K FRP is a ready-made resin impregnated system. But in the
context of this research study, the adhesive Fibreglast 1101 was used to glue the composite
to the damaged PSCB3 beam. Before starting with the repair process, the PSCB3 was
flipped over to simulate the jacking up condition of the bridge superstructure in prototype
applications. The surface of the specimen at the patch location was cleaned with a hard
plastic brush to remove any loose particles and dust. Thereafter, latex gloves were worn to
prevent contamination of the application surface. Using a sharp scissors, the accurately
drawn patch areas on the composite fabric were cut out, as shown in Figure G.4. This was
followed by mixing of the components of the adhesive Fibreglast 1101 by following
manufacturer’s recommendations. Since the adhesive starts to harden immediately after it
is exposed to air, it can be mixed only after the specimen surface and the composite are
ready to receive the patch. Using a spatula, the epoxy was applied in a uniform layer to the
surface of the beam in the patch location. After removing the protective plastic membranes,
the composite was properly positioned at the repair location and pressed into the adhesive
layer with the help of a roller so that Fibreglast 1101 glue gets seeped into the composite

matrix. Figure G.5 shows the bonded composite patch.
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Figure G.4. Tools used to cut Fibreglast Prepreg 3K FRP Composite.

Figure G.5. View of bonded composite U-jacket repair of PSCB3 beam.
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