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Abstract

Many older steel bridges have been affected by the deteriorating effects of corrosion. As bridges
age and the material loss caused by both pitting and uniform corrosion becomes more severe, the
structural capacity of the various members becomes questionable. An experimental investigation
was undertaken to non-destructively quantify the effects that the uniform and pitting corrosion
have upon the steel’s load carrying and hysteretic energy dissipating capabilities. Various non-
destructive evaluation technologies were reviewed in an attempt to determine which methods
would be best suited for the purpose of creating accurate thickness and roughness maps of the
corroded steel. Existing corroded bridge steel was non-destructively evaluated using the various
technologies and tensile and cyclic tests were then performed to determine the accuracy of the
various methods’ thickness and roughness mapping methods.
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CHAPTER1
INTRODUCTION

1.1 Statement of the Problem

Bridge rehabilitation is one of the more challenging and expanding fields in structural engineering
today. With ever tightening government budgets, less money is being made available to care for
the ageing infrastructure. As a result, owners are often not able to provide funding for complete
demolition and replacement of all but the most deteriorated structures. Designers are therefore
being asked to provide safe. economically sound design solutions for rehabilitation. rather than
replacement of structures. Arriving at this solution requires the structural evaluation of the
existing structure which can become quite complicated when the bridge is significantly corroded

and situated in a seismically active area.

In new construction, the size, strength and capacity of all of the building materials used in the
project are specified by the designer. This information can then be used to perform an accurate
engineering evaluation to fully understand how the structure will react to the anticipated
earthquake loading. In structural rehabilitation, a large portion of the structure to be analyzed has
been in existence for some time and its member’s capacities have been deteriorated by corrosion.
The designer must therefore first make an attempt to quantify what capacity remains in the
existing structure before he/she can proceed with producing a retrofit design that will accomplish
the desired goals of the project.

Uniform and pitting corrosion are two of the more common types of corrosion. Uniform
corrosion accounts for a large percentage of the total material loss from a bridge. It acts over

large areas of steel and causes a decrease in cross sectional area of structural members. From a
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designer’s point of view, any loss of cross sectional areas corresponds to a decrease in the
capacity of the member. Pitting corrosion is much more localized than uniform corrosion. It
occurs in small areas on the steel surface such as where there is a break in the member’s
protective paint coating. Material loss from pitting corrosion is not as much of a concern to
engineers as the potential for the pits to act as stress raisers during cycling. In those steel
members that are expected to yield and dissipate energy during an earthquake, this may result in
unstable cyclic behavior occurring before the full energy of the earthquake has been dissipated.
Conceptually, if a single defect or notch is present on the surface of the material. the notch will
act as a stress raiser causing a plastic zone and crack nucleation to initiate at the defect’s tip. The
crack will then propagate through the cross section until the load cannot be carried any longer. In
terms of the fatigue of corroded materials, the surface is covered with potential stress raising pits
and defects caused by the chemical attack of corrosion. If crack nucleation occurs at many of
these defects the many different plastic zones will only have to propagate through the material
until they reach the adjacent area of cracking, rather than through the entire cross section. to

cause failure.

In terms of assessment of corrosion damage, the methods currently available to the designer are
mostly qualitative and overly conservative. Periodic inspections of a bridge are an excellent
method of monitoring the overall, relative degradation of a structure and determining what
members have deteriorated to a point that they require complete replacement. However, it is not
possible to perform an accurate engineering analysis of the structure, such as may be required for
an earthquake retrofit project, from an inspectors qualitative field notes and photographs. Current
practice is to analyze the structure using conservative factors of safety to account for the
corrosion damage that has occurred. In terms of the relative cost of a project, this procedure may
be acceptable for small scale projects aimed more towards structural maintenance where only a
few members of the structure will need to be replaced. However, for larger scale retrofit projects,

where the costs are high, any step towards a more conservative analysis results in large increases

in the total project cost.



Currently, when an engineer must evaluate an existing corroded steel bridge to bring it up to
current earthquake resistant design codes he/she can not simply analyze the structure using the
original sections that were used in construction; instead he/she must make conservative
judgements as to what capacity remains in the members from an inspectors qualitative field notes
and photographs. For example, he/she may make an assumption that a certain member has been
corroded to 40% of it’s original cross sectional area. Two problems with this approach are
apparent. First, the corrosion attack was probably not uniform over the entire cross section, for
the full length of the member. The electrochemical reaction that causes corrosion is likely to be
more aggressive in areas where water can pool. This could be at a connection or perhaps at the
flange to web intersection. The possibility therefore exists that certain portions of the member are
60% corroded and others are only 20% deteriorated which may matter in certain instances.
Secondly, the designer has assumed that corroded material will exhibit stable hysteretic behavior.
A limited number of corrosion fatigue tests (Bruneau and Zahrai, 1998) have shown that good
hysteretic energy dissipation is possible, but only up to a certain point and in a way that could not
be related to an analytical model. The result of such an assumption is that the project cost may be
increased beyond what is actually required.

For these reasons, this research will focus on reviewing and comparing non-destructive techniques
to produce continuous quantitative mapping of thickness and roughness of a corroded steel and
investigating how these methods can be applied for estimating the low-cycle fatigue life of
yielding corroded steel members, using some simple tests for this purpose. It is hoped that a
better knowledge of the performance of cyclically loaded corroded steel will result from the
analysis of the collected data. The thickness mapping will be used to produce finite element
models of corroded bridge steel members and compare the analytical force displacement curves to
actual monotonic experimental testing results. The roughness mapping will attempt to
mathematically quantify the roughness of a corroded surface and determine if the numerical
results have any relation to the energy dissipating capabilities of the material. More precisely, if
an increase in surface roughness results in a decrease in the material’s energy dissipation

capabilities.



1.2

Objectives

The objectives of this thesis are as follows:

(1)

(i)

(iii)

(iv)
v

1.3

To review various non-destructive testing technologies that are currently available and
determine which methods would be best suited to producing continuous mapping of the
thickness and roughness of corroded steel.

Using the available techniques, perform a non-destructive evaluation of thickness of
corroded specimens and create finite element models from the thickness data. The finite
element models are being produced in an attempt to accurately quantify the variation in
stresses across the specimen caused by the changing thicknesses and model what effect it
has on the material’s force-displacement curves. The resulting analytical force-
displacement curves from the finite element modeling will be compared to those from the
actual tensile testing to determine which method of testing produces the most accurate
results and what effect the grid spacing of the discrete thickness measurements has upon
the finite element model’s performance.

Using the results from the monotonic testing, evaluate which method of thickness
mapping shows the most potential and apply this method, along with those determined to
be the most promising for roughness mapping to specimens to be tested cyclically.
Perform cyclic testing on corroded bridge girders.

Analyze the results from the cyclic testing to determine if there is a correlation between
the materials surface roughness or thickness and it’s energy dissipation capabilities.

Outline of Thesis

This thesis has been written in eight major sections as are outlined below:

()

In Chapter 2, the existing non-destructive testing technologies that are available to
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(if)

(iii)

(iv)
w

(vi)
(vii)

perform the required tasks are reviewed.

In Chapter 3, the results of the non-destructive evaluation of the corroded tensile test
specimens is reviewed.

In Chapter 4, an assessment of the results of the monotonic testing is performed using
finite element modeling. This will determine the scope and method of testing to be
performed on the cyclic test specimens.

In Chapter 5, the experimental approach is outlined.

In Chapter 6, the experimental results are presented

In Chapter 7, the experimental results are compared and discussed.

In Chapter 8, conclusions and requirements for future research are discussed.



CHAPTER 2
REVIEW OF NON-DESTRUCTIVE TESTING TECHNIQUES

2.1 Introduction

Non-destructive testing is a term used to describe a broad range of physical methods used to
evaluate the integrity of a material without impairing it’s future use. The material’s chemical and
physical properties should not be altered in any way during the testing. In comparison, visual
inspections result in more qualitative results based upon the inspector’s experience. There is an
extensive list of available techniques and a few are useful in creating accurate maps of surface
roughness and thickness of corroded specimens. These methods are reviewed in this thesis to
assess their limitations and applicability to the problems being studied. This review particularly
addresses accuracy, portability for in-field testing, range of applications. level of operator training

required. and cost.

It should be noted that although one review criteria is applicability to in-field testing, failure to
meet this criteria is not a cause to reject the method. The situation may arise that methods are
found that produce excellent thickness or roughness maps of the tensile specimens but have little
or no value in terms of actual in-field evaluation of bridges. The possibility exists however, that
useful insight may be gained into the performance of a corroded material using a technique that
currently can only be used in a controlled environment. Also, the potential exists that future
research may make the method more suited to in-field testing of corroded bridges.



2.2 Thickness Measurement

2.2.1 General

Thickness measurements are performed in industry to provide an estimate of what capacity
remains in a material. These measurements must often be performed under in-service condition
and their accuracy can affect the reliability of the subsequent engineering analysis. The objective
here is to determine what methods are best suited to produce thickness maps of corroded steel
tensile specimens. The methods to be reviewed in this section include: Dial calipers, screw

micrometers. ultrasonic testing technologies and industrial radiography.

2.2.2 Precision Dial Calipers

Dial calipers are one of the most common tools used for determining the thickness of a material.
They operate by simply pushing closed the calipers at the area of interest on the specimen and
reading the resulting thickness from the dial. Dial calipers can be purchased for a broad range of
thickness values at a relatively low cost. A common size of dial caliper that was considered for
use in this thesis is shown in Figure 2.1 (Ultra test). It has a measurement range of 0 to 150 mm
with increments of 0.0254 mm. The resulting accuracy of the measurements will be haif of the

increment, or 0.0127 mm.

Advantages of using the dial caliper are it’s portability, simple operation and low cost. The main
disadvantage of this method is that the dial caliper does not measure irregular surfaces well. For

example, a thin area surrounded by thicker areas would not be properly measured by dial calipers.
The head of the caliper would still be resting on the adjacent thick portion of the surface resulting



in the thinner measurement not being taken into account in the analysis. For this reason. precision

dial calipers are not used for the experiments in this thesis.

2.2.3 Screw Micrometers

Another common method used to measure thickness is the screw micrometer, as can be seen in
Figure 2.2. It is obvious from the construction of this instrument that it is better suited to creating
an X-Y grid of thickness measurements across a corroded surface than the dial calipers because
the C-shaped frame allows the user to position the anvil directly over the area of interest on the
specimen. This allows for thinner sections to be properly measured without having adjacent areas
interfere with the measurement. The interference limitation of this method now becomes the
diameter of the anvil and spindle head. When a thickness reading is taken at a specific location on
the surface. the measurement is not necessarily that of the thinnest section under the anvil. The
thicker material surrounding the thinner area at the contact point is measured. Although this
problem was the main reason for not using dial calipers, the magnitude of the error here has been
significantly reduced. To further reduce the errors involved in properly measuring thinner areas
on the surface. a variety of anvil attachments are available to further decrease the area of the

measuring surface.

Advantages of this method are similar to those of the dial calipers. The method is simple to use,
portable and inexpensive. The screw micrometers have an additional advantage of possessing a
C-shaped frame that allows a more accurate mapping of a material’s thickness. For this reason,
screw micrometers, with a variety of anvil attachments are one of the methods retained for
thickness mapping in the experiments. The screw micrometer purchased has a measurement range
of 0 to 25.4 mm with 0.00254 mm increments and an anvil diameter of 6.35 mm. The resulting
accuracy is again half of the increment, or 0.00127 mm. Additional anvil attachments to be used
in this experiment were a 5.08 mm diameter ball, a 0.9906 mm diameter comparator tip and a
1.981 mm diameter spline type attachment, as are shown in Figure 2.3, 2.4 and 2.5 respectively
(Mitutoyo).



2.2.4 Ultrasonic Technologies

Ultrasonic testing uses high frequency sound waves (20KHz to 25MHz) to detect internal
discontinuities and measure the thickness of a material. The technology is based upon the concept
of acoustic impedance differences between most materials and air. When an ultrasonic wave
traveling in a material encounters an interface with air it will be reflected almost completely back
to its point of origin. Therefore, if the velocity of the sound wave passing through the material
and the time for the wave to travel the distance from the point of origin to the reflective face and
back to the point of origin are known, then the depth to the reflective interface, or the thickness of

the material. can be determined.

As is the case with audible sound waves. three conditions must be present for an ultrasonic wave
to exist. There must be a vibrating sound source, a medium for the wave to travel through and
some method of receiving the sound. In hearing, the sound source may a car horn with the sound
waves traveling through air and hitting the human eardrum as a receiver. In ultrasonic testing the
source is a piezoelectric crystal introducing sound waves into a medium, such as steel. and the

receiver is again the same piezoelectric crystal.

The term piezoelectric is used to describe a material that has the ability to transform electrical
energy into mechanical energy and mechanical energy back to electrical energy. To accomplish
this task the crystal is subjected to an altemating current. As an electric current is applied,
removed and reversed, the crystal will shrink, return to it’s original thickness and expand. Asa
result, if a 1000 cycle per second electrical current is applied to the crystal, a 1000 cycles per
second mechanical wave will be introduced into the test piece. The piezoelectric crystal must be
protected from the environment and for this reason it is contained within the ultrasonic transducer
as shown in Figure 2.6 (NDE Institute of Canada, 1995). The transducer consists of the
following parts: The coaxial connector to supply the alternating current, the front and back
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electrical connectors to apply the current to the crystal, the crystal, the case to hold the unit’s
parts together and for protection from the environment. the wear face to protect the crystal from
damage and the backing material which serves the purpose of damping out unwanted sound
waves. Only the waves generated from the bottom of the crystal are required in testing so all

other waves must be eliminated.

Once the sound wave has returned to the crystal and has been transformed back to an electrical
current. it must be converted into a display that is readable by the engineer or technician using the
equipment. The most common method of displaying the results is through an oscilloscope. In
ultrasonic testing, this method of display is called an A-scan display. It is the standard method
used to interpret information attained from ultrasonic flaw detectors. Figure 2.7 (Panamatrics) is
a photograph of a Panametrics Epoch III flaw detector and it’s A-scan display. To review the
theory of how a flaw detector’s display is interpreted, Figure 2.8 shows a test specimen of
thickness *“t”” with a flaw at one end of the sample at a depth of “t/2”. As can be seen from this
figure. the transducer is located at two separate locations on the surface of the material during the
inspection. The A-scan results from Position 1 are shown in Figure 2.9 and the results from
Position 2 are shown in Figure 2.10. For both screens. the X-axis has a unit of distance and the
Y-axis has a unit of amplitude. Both the X and Y-axis scale units can be set by the operator. The
first thing noticeable in Figure 2.9 is the peak that indicates the transmission pulse that the crystal
created, or the initial pulse. This point marks the time when the ultrasonic wave left the crystal.
Following this, a second peak of equal magnitude is shown at a distance of “t” from the beginning
of the transmission pulse indicating the thickness of the test piece. This second pulse occurs on
the A-scan display only when the sound wave returns to the piezoelectric crystal. Alternatively, in
Figure 2.10, when the transducer is in Position 2 three pulses are visible on the A-scan display.
The first pulse is again from the initial transmission pulse, the second is the echo from the flaw
located at “t/2” and the third is the echo from the back wall, indicating a thickness of “t”.

The above review of idealized uitrasonic theory does not account for energy losses that may occur

as the sound wave travels through the test material. Ultrasonic transducers must be properly
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coupled to the test piece to ensure that a large enough portion of the wave can be transmitted into
the material to achieve the goals of the testing. Also, once the wave has been sent into the
material they can be scattered. absorbed and diffracted which all decrease the energy of the
returning wave.

One of the main problems with ultrasonic testing is achieving a good coupling of the transducer to
the specimen to ensure that no air is present at the interface. This problem is addressed by
spreading a couplant on the surface of the material to be tested. Couplants range in viscosity

from light oil to extremely thick industrial greases, depending of the level of roughness of the
surface to be tested. In industry, when corrosion surveys are done, it is standard practice to use a
grinder to clean all of the corrosion product from a small area of the surface in order to obtain a
smooth area to spread the couplant and apply the transducer. Here, since grinding the entire
surface of the specimen smooth would defeat the purpose of the experiment, an extremely thick
industrial grease is used in an attempt to achieve a good coupling between the specimen and the
transducer.

Once the sound wave has entered the material. several factors may cause energy losses from the
wave before it returns to the transducer. In the case of testing corroded materials the main source
of loss of wave energy is scattering. Scattering occurs to some extent in all materials. In the case
of a corroded material. much of the scattering occurs at the irregularly shaped back wall of the
specimen. As the wave reaches the back wall it encounters a reflection surface that is not
perpendicular to the waves. These non-perpendicular surfaces cause the wave to be reflected in
all different directions, decreasing the amount of energy that returns to the transducer. In this
situation it may not be possible to attain a proper reading since no distinct peak appears on the A-
scan screen, if the waves have sufficiently scattered. When scattering results in ultrasonic waves
traveling in all different directions after they hit the back wall, and therefore returning to the
transducer at all different times, if at all, results in only low amplitude “noise” showing up on the
oscilloscope. In such a situation, it is difficult, if not impossible, to make an accurate statement
about the thickness of the material.
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Diffraction and absorption are two more causes for a decrease in the energy of the returning
ultrasonic wave. Diffraction is a concern in thick materials where the time of flight is relatively
long. As the wave travels through the material it will spread, and the cross sectional area that it is
traveling through will therefore increase. As this occurs the energy per unit area of the wave will
decrease and result in less energy being returned to the transducer. Absorption is also a concern
in thick materials. It is caused by the friction of the particles in the material. As the sound wave
excites them, they vibrate back and forth causing energy loss in the form of heat. In this research.

diffraction and absorption are not a major concern due to the small thicknesses of the test pieces.

There are several advantages in performing testing using an ultrasonic flaw detectors. First, the
units are very portable, with overall dimensions of approximately 300 mm wide by 450 mm long
by 150 mm high. Secondly, tests are accurate with a skilled technician being able to obtain
accuracies within 1% of the thickness of the material being tested. Other advantages include the
fact that testing requires access to only one side on the material and that extremely thick
specimens can be tested. The main disadvantage of using flaw detectors for thickness mapping is
the amount of training required to properly obtain and interpret the results. Natural Resources
Canada is the government agency that controls the certification of technicians working in industry.
As with the engineer-in-training program, the certification of technicians is an apprenticeship.
Attainment of level I and II certifications in ultrasonic testing respectively requires 480 and 1440
hours of on-the-job training directly related to ultrasonic testing, supervised by a level II or I
technician. Both level I and II certifications also require 80 hours of in class training and the
successful completion of practical and written exams. Another disadvantage of using flaw
detectors is that the cost is somewhat prohibitive. The price of ultrasonic flaw detectors range
from $15000 to $30000 depending on the quality of the unit. Finally, as described earlier,
ultrasonic inspection technologies work best in the presence of smooth test surfaces and back

walls, which is not the case with this research.
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Another method of performing ultrasonic testing exists that is much simpler to interpret and
therefore removes many of the potential problems that may be caused by an unskilled operator.
The depth meter. or D-meter, shown in Figure 2.11 (Panametrics), works on the same principle as
the flaw detector but it can only be used for thickness measurements with no abilities to interpret
internal flaws. Advantages are that once the signal has returned to the piezoelectric crystal the
result is displayed on a screen in a numeric format. They are approximately half the size of full
scale flaw detectors, basic units can be purchased for as little as $2000, and very little training is
required for accurate and efficient use. The main disadvantage is that faulty thickness reading
may be attained if an internal flaw, such as a lamination, exists in the test piece. If a large portion
of the sound waves are echoed from a flaw at half the thickness, the numeric reading shows the
distance to the flaw, rather than the full thickness of the material. In comparison, if this situation
is encountered using a flaw detector, a pulse representing the small portion of the wave that
traveled the full distance to the back wall is also visible on the A-scan output screen. It is

therefore not possible for the operator to investigate suspect readings while using a D-meter.

A final ultrasonic technique investigated in the course of this work is the air-coupled transducer.
This technique may seem contrary to the previous discussion of coupling and acoustic impedance,
in which air was considered to be detrimental to the ultrasonic process, but special transducers
have recently been designed to allow coupling to air. The main advantages of air-coupled
transducers is that they can provide much more rapid scanning capabilities than standard
transducers. This may be an extremely positive aspect of this technique considering the size of the
areas that must be inspected on steel bridges.

Several methods have been devised to allow coupling of ultrasonic transducers to the surrounding
air. The main problem with coupling to air is the large difference in the acoustic impedance
between ceramic piezoelectric crystal and the surrounding air. The first technique uses a modified
version of the standard piezoelectric crystal to couple the transducer to the surrounding air. The
modification involves changing the mechanical and electrical properties of the transducer material
using a ceramic polymer composite. This process increases the transmission capabilities of the
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transducer in air but the resulting transducer has an extremely narrow bandwidth of applications.
The result of changing the chemical make-up of the transducer therefore produces crystals that
are acceptable for use in only one or two specific applications. Therefore, this type of air-coupled

transducer cannot be used in this research.

The second method, that is still the subject of research and further development involves changing
all of the materials used in the constructicn of the device and using a slightly different approach to
developing the required ultrasonic waves. The micro-machined capacitance transducer is shown
schematically in Figures 2.12 and 2.13 (Schindel et al., 1995). In this design, a solid silicon
backing plate is machined to a set topography. A dielectric film is then stretched over the backing
plate leaving pockets of air in the machined indentations in the backing plate. The ultrasonic
waves are created by applying an alternating current between the backing plate and the metallized
layer of the dielectric film. This process induces vibration in the layer of insulation that is placed
between the two electrodes causing an alternating compression and expansion of the underlying
air pockets. In this set-up, the pockets of air aimost act as springs, driving the ultrasonic waves
away from the transducer through the air. The reverse occurs when the transducer is acting as a
receiver. This type of air coupling has been found to produce a transducer that can be used over a
wider bandwidth, for a much broader range of applications than the ceramic polymer mix
transducer. It should be noted at this point that the air-coupled transducer is not yet commonly
used in industry and access to a unit is difficult to obtain. This technique currently still under
development might be used in the future to produce accurate thickness and roughness maps of
corroded steel structures.

2.2.5 Industrial Radiography

Industrial radiography uses radiation waves to penetrate an object and create a permanent record
on an underlying film. For use in thickness mapping, the film will show thicker sections of the test
specimens lighter than the thinner areas. This is due to the waves being absorbed more
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completely when passing through the thicker sections and less radiation reaching, and developing,
the film which the test piece is placed upon. The ability of a wave to penetrate any given material
is a function of the radiation sources wavelength and the thickness and density of the test piece.

There are two sources of radiation used in industrial radiography: Gamma-rays and X-rays.

The first source uses actual radioactive materials to produce Gamma-rays. A material is
considered to be radioactive if it is unstable with it’s current arrangement of neutrons, protons and
electrons. In an attempt to reach a more stable configuration the material will either rearrange it’s
atomic configuration or emit particles. As the atom stabilizes the total energy in the atom is
reduced resulting in Gamma-rays being emitted from the radioactive source. This process occurs
naturally due to the decay of the radiation source, which is usually Cobalt 60 or Iridium 192.
Gamma-rays have frequencies between approximately 10'’to 10%* Hz which correspond to
wavelengths of between 10 ''and 10 '° m and posses energies in the megaelectronvolt (MeV)
range. Gamma-ray sources typically include a 2.5 mm to 10 mm diameter by 1 mm thick
radioactive wafers surrounded by shielding materials to protect the operator from radiation and

focus the Gamma-rays.

The second form of radiation used in industrial radiography uses high-speed electron
bombardment to create instability in a suitable target. The result of the instability is electrons
being knocked out of their quantum orbits, the energy in the atom changing and X-rays being
emitted. X-rays have frequencies of between 10 '* to 10 '* Hz which correspond to wavelengths
of 10 # and 10-'' m and possess energies in the kiloelectonvoit (KeV) range. A typical X-ray
source is shown in Figure 2.14 (CGSB, 1981). The source consists of a highly evacuated vacuum
glass tube, two electrodes, a filament, a focusing cup and a target. The glass tube is evacuated to
ensure that the only source of electrons is from the electrodes. The electrons are released from
the cathode by heating the filament using low level current. The number of electrons released
from the filament is directly controlled by the temperature, and therefore the current, passing
through the filament. The electron stream is then focused at the target by the focusing cup and
propelled by a high voltage potential between the electrodes. The target is made of material with
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an extremely high melting point, usually tungsten. When the electrons hit the target the required
X-rays are emitted and focused through a window at the base of the tube. The force at which the
electrons are propelled at the target is directly proportional to the voltage that runs through the
electrodes. An increased current in the electrodes increases the force at which they hit the target.
thereby decreasing their wavelengths and increasing their ability to penetrate materials. Voltages
in industrial X-ray tubes range from 100KV to 2000KV.

To record the results of work done using radiography techniques the test piece is placed between
the source of X-rays or Gamma-rays and a radiographic film. The film consists of an outer
protective layer on each side of the film and an inner layer of chemicals that have been designed to
have their physical structure change when exposed to radiation. Many different types of film are
manufactured and are suited to different types of inspection depending upon the type of radiation.
wavelength of the radiation, level of accuracy required and the type of material to be inspected.
Once the image has been captured on the radiographic film it must be exposed to a developing
chemical to create the final readable image.

The advantages of radiographic testing are as follows. The method is accurate to within 2% of
the thickness of the material being tested while producing a permanent, film record of the test.
Also, most sizes of structural steel can be examined since the method has the ability to penetrate
up to 300mm of steel. Finally, the beam direction is not affected by irregular shaped surfaces as is
the case with our corroded specimens. Disadvantages with this method are, as with ultrasonic
testing, the cost and level of operator training required for the proper execution of the work.

New radiation sources, including a lab, dark room and license can cost over $50,000 with every
hour of a trained technician’s time costing around $100. Training required to obtain level I and II
certification respectively are again 480 hours and 1440 hours of radiography specific on-the-job
training and a two week practical course and successful completion of exams. Another
disadvantage is that access is required to both sides of the material. This may not be possible for
the upper flanges of girders that support the deck slab in a bridge. Finally, a major problem with
radiography is that is usually used as a qualitative tool to search for internal volumetric flaws.
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When the method is used for this purpose an internal flaw or void will be registered as a lighter
portion on the film since the waves have passed through less material. The technician performing
the inspection will only be able to state that there is a flaw present at a certain location. without
quantitative statements about it’s size or location along the axis parallel to the radiation.

To make an attempt to numerically quantify the thickness of a corroded specimen. a smooth.
calibration, sloped wedge can be machined from the tested material and placed beside the
corroded specimen during testing. This provides a known thickness of a similar material tested
for comparison to the actual corroded specimen. To ensure that all thicknesses are accounted for.
the thick end of the slope wedge must have a greater thickness than the maximum found on the
corroded test pieces and the thin end must be thinner than the minimum thickness found on the
test pieces. In using this procedure, it is possible to digitize the radiography image. open the
scanned image in a photo editor and compare the grey scale image of the slope wedge to that of
the test specimen. Assigning the known thickness from the slope wedge to values along the grey

scale allows the thickness of the material at various locations on the test piece to be determined.

23 Roughness Measurement

2.3.1 General

Fatigue of a material is a result of the cumulative damage that occurs when a member is subjected
to varying cyclic stresses. During the cycling of a member in bending the maximum stress levels
occur at the extreme tension and compression fibers, or at the member’s outer surfaces. It is for
this reason that fatigue is considered to be a surface sensitive process. One factor that may have
an effect upon a materials ability to withstand cyclic loading is the roughness of the member’s
surface. The pitting that occurs during corrosion may act as stress raising notches and increase
the surface stress levels beyond what would be expected at a given level of loading for a smooth
material. Figure 2.15 (Bill, 1982) shows the relationship between the depth of corrosion pits and
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the threshold surface stress range of 12% Cr and 2.0% NiCrMoV steels. It can be seen from this
graph that as the pit depth increases the allowable stress range decreases. Figure 2.16 (McAdam,
1980) illustrates that the number of cycles to fatigue failure decreases as a function of corrosion
time for steels subjected to various corrosive environments. Both of these graphs level out
asymptotically as corrosion exposure time or pit depth increase. This indicaies a significant loss
of fatigue life rapidly occurs as pitting corrosion develops. However. both figures address high-
cycle fatigue. for applied stress ranges below the yield stress.

In earthquake engineering applications, stable cyclic hysteretic behavior is required from structural
members to dissipate the seismic energy, and low cycle fatigue is therefore more relevant.
Bruneau and Zahrai (1998) have subjected several corroded members to inelastic cyclic loading.
Typical results, shown in Figures 2.17 and 2.18, demonstrate that a limit is reached at which point
the hysteretic energy dissipating abilities of the specimen are sharply affected. Before this point
the corroded lacing bars and girders exhibit stable hysteretic behavior; beyond the limit, the
member’s ability to dissipate energy decreases rapidly. These two distinct stages are related to
crack nucleation and crack propagation to failure. Once the flaw has appeared on the surface of
the material and begun to propagate, it is possible to quantitatively relate the crack’s size to some
measure of damage or remaining life using fracture mechanics. During the stage prior to the
appearance of the crack however, it might be possible to relate the potential for cracking or
remaining fatigue life to a mathematical quantification of the topography of a corroded surface.
Here. the possibility of such a quantification is sought in terms of standard measures of roughness.
Existing roughness measurement methods are reviewed to identify which method can be applied
to highly stressed areas of specimens that will be cycled to failure help establish if there is any
relationship between the measured roughness and the specimen’s ability to dissipate energy
expressed in terms of cumulative hysteretic energy dissipated prior to fracture.

This section is thus divided into two separate sub-sections. The first sub-section reviews
definitions of parameters used to quantify the degree of pitting on the surface of corroded
specimens. These include the mean line, the average roughness, the maximum peak-to-valley
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height. the root-mean-square roughness, the average peak-to-valley roughness and the ten-point-
height of irregularities. It should be noted that the roughness parameters will be described in
terms of roughness along a line (i.e. in two dimensions) for simplicity. The formulas can be
modified to express roughness over a surface (i.e. in three dimensions) by inserting the elevation
reading Z at point (X,Y) in place of the elevation reading Y at point X. The second sub-section
provides some theoretical background on the instruments and technologies used to measure the

aforementioned parameters.

2.3.2 Roughness Parameters
23.2.1 Mean Line

The mean line. or center line, is a reference line running parallel to the X-axis that is used in the
calculation of the roughness parameters. It’s position is calculated such that the areas above and
below it are equal. As such, it may be considered to be the zero elevation reference line of the
roughness profile. The location of the mean line can be calculated using the least square method
of curve fitting. Figures 2.19 to 2.23 (Zygo Catalogue, 1999) show the location of the mean line

along with roughness parameters discussed below.

23.2.2 Arithmetic Mean Roughness (R,)

The arithmetic mean roughness, R, is defined as the average deviation of the absolute value of the
distances between the mean line and all data points in the profile. The equation for the arithmetic
mean roughness is given in Equation 2.1 and shown schematically in Figure 2.19 (Zygo
Catalogue, 1999).

1
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where N is the number of data points in the profile, and Y; is the distance between data point “i”

and the mean line.

23.23 The Maximum Peak to Valley Height (R, or PV)

The maximum peak to valley height of a sample, R, or PV, is the vertical distance between the top
of the highest peak to the bottom of the lowest valley within an entire sample’s profile. It is
defined algebraically in Equation 2.2 and shown schematically in Figure 2.20 (Zygo Catalogue.
1999).

R=Yr+Yr 2.2)
where Yy is the distance between the highest peak in the profile and the mean line. and Y\, is the
distance between the lowest valley in the profile and the mean line.

2.3.24 The Mean Peak-to-Valley Roughness (R,,,)

The mean peak-to-valley roughness of a specimen, R, is described algebraically in Equation 2.3
and schematically in Figure 2.21 (Zygo Catalogue, 1999).

_ PVi+ PVa+ PVi+ PVs+ PVs

Rom 5

23)

where PV, PV, PV, PV,and PV, are the five largest peak-to-valley deviations within a profile.

In two dimensions, it can be described as the average peak-to-valley roughness value of five
separate values obtained by dividing the full profile length into five equally spaced sample lengths
and finding the maximum peak-to-valley value within each of these separate sampling lengths. In
the three dimensional space, it may be described in the same way but the three dimensional surface

is divided into nine sample areas.
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2.3.2.5 The Root-Mean-Square Roughness (R, or RMS)

The root-mean-square roughness, R, or RMS, is the root-mean-square deviation of all data points
within an entire sample’s profile. It is defined algebraically in Equation 2.4 and shown
schematically in Figure 2.22 (Zygo Catalogue, 1999).

v [(HEm]

23.2.6 The Ten-Point Height of Irregularities (R,)

The ten-point height of irregularities, R,, is defined as the distance between the mean of the five

highest peaks and the five lowest valleys within a profile length. The ten-point height of

irregularities is defined algebraically in equation 2.5 and shown schematically in Figure 2.23 (Zygo

Catalogue, 1999).

(Yrr+ Y2+ YP3+ Yras Yps)~ (Yvi+ Y2+ Y3+ Yras Yis)
5

R: = 2.5

where Y, are the five highest peaks in the profile and Y; are the five lowest valleys in the profile.

2.3.2.7 Fractional Dimensions

The fractional dimension is a relatively recent development in the problem of describing rough or
irregular lines, areas and volumes. Some of the original work on the subject was done by
Mandlebrot in his book Fractals: Form, Chance and Dimensions (Mandlebrot, 1977). As
compared to the roughness parameters described in sections 2.3.2.2 to 2.3.2.5, the fractional
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dimension does not use classic Euclidian geometry to describe irregular boundaries. Instead. the
line, area or surface is quantified in terms of its space filling ability with a greater space filling
ability being described with a larger fractional dimensions. The entire concept of fractional
dimensions are based upon the idea that classic Euclidian definitions of one, two and three
dimensional objects are purely a matter of convenience and do not fully describe certain lines.
areas and volumes. In the case of this research, a cross section of sample will be studied to
determine if the outline of the corroded cross sectional surface has a fractional dimension between

the first and second dimension.

As a first step in understanding the concept of fractional dimension, the topological and fractional
dimensions of a set of lines, shown in Figure 2.24 (Kaye, 1989), will be compared. As can be seen
from the left hand column, the topologist would consider all of the lines to have a topological
dimension of one. This is because in the study topology, if a set of lines can be stretched and
squeezed so that they can be laid directly over one another, the topological dimension is
considered to be unity. This concept can be extended to the second dimension by considering a set
of poorly drawn circles and to the third dimension by considering a group of sponges with
different void ratios. In comparison, the fractional dimensions of the set of lines increases in
magnitude as their ruggedness or space filling ability increases as can be seen in the right hand
column of Figure 2.24.

In order to describe how a fractional dimension is calculated, one of the basic fractal questions
will be reviewed. The question asked by Mandlebrot (Mandlebrot, 1977) was “How long is the
coastline of Britain?” This question has no definitive answer without referencing what resolution
or step size was used to measure the perimeter of the island. For example, if the coastline is
measured with 1 m step as compared to 1 mm step sizes, two different perimeter values will be
obtained. The perimeter value for the 1 mm step size will be larger because much more detail of
the coastline will be measured. The coastline of Britain is shown in Figure 2.25 (Kaye, 1989)
with various step sizes or resolutions, with A, being the longest and A, being the shortest. Also
shown in this figure is the measurement of the largest dimension of the coast which will be used to
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normalize the perimeter values. In order to calculate the fractional dimension of the coastline. a
log-log plot of the normalized perimeter values versus the step size if constructed. The fractional

dimension is then calculated as being:

J=1+|m (2.6)

where & is the fractional dimension and |m| is the absolute value of the slope of the constructed

curve. As can be seen from Figure 2.26 (Kaye,1989), the fractional dimension of the coastline of
Britain is 1.24. For this research, the image of the irregular surface will be captured using an
optical microscope, traced onto an electronic graphics pad and the length of the line will be
calculated at various step sizes. This will result in a log-log plot that will show the approximate
fractional dimension of the surface being studied.

23.3 Technologies Used in the Quantification of Roughness
2.33.1 Replication Tape

The first problem encountered in quantifying the roughness of corroded bridge steel is finding a
reliable, in-situ roughness measurement technology that has the ability to measure surface
roughness and obtain repeatable and accurate measurements from a bridge site. A replication
tape, manufactured by Testex of Newark, Delaware, was found to effectively address this
problem. This replication tape is currently being used in the inspection of steel structures when a
surface is being prepared for the application of a coating system for which there is an optimum
range of roughness that allows for the strongest bond between the steel and paint. Along with
relative humidity and temperature, surface roughness is a key parameter of interest to engineers
involved in the coating of structural steels that will be exposed to corrosive environments.

The replication tape consists of a layer of crushable micro-foam coated onto 50 pm of an
uncrushable plastic backing film. The tape can be purchased with foam thicknesses ranging from
0 to 163 pm with the range of thicknesses of the various grades and cost per sample of tape
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shown in Table 2.1. All of the grades of tape can also be purchased with a metallized surface to
facilitate measurement using optical profiling devices or scanning electron microscopes. A
photograph of an unused piece of the replication tape and it’s burnishing tool has been included as
Figure 2.27 (Testex. 1999).

To use the tape the white adhesive release paper that holds the pressure sensitive tape in place
during sampling must first be removed from the black cardboard tape holder. Next, the
replication tape is placed, metalized surface down, over the area to be sampled, and rubbed with a
finger to ensure good contact over the entire area of the replication tape and adhesive paper. This
process serves to set the adhesive and ensure that no motion of the replication surface occurs
during testing. Following this, firm pressure is applied uniformly over the back of the replication
area by the burnishing tool until the back of the tape becomes a uniform grey. The backing has
been designed such that as the foam is being crushed the plastic backing above it changes colors
from white to grey. The tape can then be removed from the surface and the resulting reverse
replica can be measured using a variety of methods. Several measurement methods are described

in the following sections.

2.3.3.2 Dial Calipers

The quickest and simplest method for measuring the roughness of the replication tape is by using
the dial thickness gauge produced by Mitutoyo. Currently used to measure replica tape roughness
during surface preparation for protective coating application, the gauge allows for on-site
measurement of the ten-point height of irregularities roughness of the replication tape in order to
determine if the roughness of the sand blasted steel is within the required tolerances of the coating
product. The gauge has an accuracy of + 5 um and a range of measurement of 25 to 1250 um.

The measurement is attained by closing a 6.35 mm diameter anvil onto the surface of the Testex
tape with a set closing force of 1.5 N. For uniformly roughened surfaces, the closing force of the
anvil elastically crushes the peaks on the tape until the anvils come into contact with the maximum
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amount of micro-foam that can be crushed with a force of 1.5 N. Once the anvil has come to rest
it is assumed that it will lie on a horizontal plane at the approximate mean line of the sample. The
measurement attained is the distance between this assumed mean line and bottom of the
incompressible plastic backing. Advantages of using the Mitutoyo gage include it’s portability.
speed of operation, low level of operator training required and it’s relatively low cost of around
$300. Also. the dial calipers have been experimentally proven to be accurate within + 5 um for
the measurement of the ten-point-height of irregularities of sand blasted surfaces.

2333 Stylus Instruments

Stylus instruments provide a continuous roughness profile by pulling a detector head over a
surface to record the vertical variation along a straight line. Stylus instruments are available from
full size laboratory units that include a testing table and personal computer with analysis software,
or as simple hand held units with LCD numeric printout screens. A photographs of a typical hand
held unit is shown in Figures 2.28 (Mitutoyo). Due to the nature of this research only the
portable. hand held units are investigated.

The portable unit investigated is the Surftest SJ 201, that can be purchased from Mitutoyo for
approximately $2500. It has a maximum peak-to-valley profile range of 1 to 300um and can
measure R,, R, R, and R, over profile lengths up to 2.5 mm with an accuracy of 0.5 um. The
instrument works by pulling a 90° diamond cone with a 5 um radius tip over the rough surface at
a speed of 0.5mm/s. As the tip is pulled over the surface, the unit records all of the two
dimensional information required to obtain the required roughness parameters. Advantages of
this type of unit are that it is very portable, there is virtually no operator training required and
many measurements can be made in a very little time. The disadvantages are the limited profile
length that can be sampled and maintaining contact between the stylus and corroded surface at
extremely corroded locations where large peak-to-valley values exist.
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2334 Optical Microscopes

Optical microscopes are one of the oldest and most useful tools used to study fine details on the
surface of a material. Although optical microscopes are available over a huge range of prices and
capabilities for an even larger field of applications their basic components are all very similar. A
standard optical microscope includes an illumination source, a condenser, light filters. the

objective lens. the eyepiece and the stage and stand.

The illumination source provides light for inspection of the test piece. A wide variety of methods
are available for illumination with the most common being the low-voltage tungsten filament
lamp. The intensity of the light is controlled by altering the level of current running through the
filament. The condenser lense focuses the light at the desired point along the optical path. Two
diaphragms are placed in front of the condenser to control internal glare and reflections within the
microscope and to control image sharpness, contrast and depth of field of the image. Light filters
are used to modify the light source before it arrives at the test piece. These filters serve a wide
variety of purposes from decreasing the amount of light that is allowed to pass through them to
changing the color of the light to allow for a closer match to the test piece and an overall easier
viewing of the test surface. The most important part of the optical microscope is the objective
lens. It collects as much light as possible from the specimen and combines and magnifies it to
produce an image. Most optical microscopes have several different objective lenses mounted on a
turret just above the specimen to allow the operator to view the specimen at a variety of
magnifications. The eyepiece controls the distance of the eye to the actual lense of the eye piece
and further magnifies the image from the objective lense. Many eye pieces are equipped with a
grid used to locate, measure and compare various features on the surface of the specimen.

Finally, the stage is the horizontal surface located just below the objective lense that the specimen
is mounted on and the stand is the solid frame used to house all of the components of the optical

microscope.
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Two examination modes. within the field of optical microscopy, are investigated during this
research. The first method uses a standard optical microscope with magnifications of 5,10, 20
and 40X. This microscope uses a bright-field illumination mode to examine the specimen. In this
examination mode, light passes through the objective and strikes the specimen’s surface
perpendicularly. Features on the surface that are normal to the incoming light are reflected back
to the eye piece brightly and features that are not normal to the incoming light appear dark since
less light is reflected directly back to the eyepiece. The larger the angle that the features have
with the plane normal to the light the darker they will appear.

The second type of optical microscope investigated uses interference techniques to construct
extremely accurate images of the three dimensional surface topology of a specimen. Optical
interference microscopes work by splitting a single light source into two separate beams in the
objective. One beam travels to the surface of the specimen and the other to a perfectly flat
reference surface. When the two light beam are recombined, they undergo constructive and
destructive interference due to the fact that the two beams have not traveled the same path, to the
same surface. The result of the interference is a pattern of light and dark fringes appearing above
the objective. This image is recorded by a camera and transformed into the required three
dimensional image. The degree of interference that occurs is directly related to the degree of
surface roughness on the specimen. For example, if the specimen were perfectly flat, interference
would not occur and the resulting image that appeared above the objective would consist of
equally spaced, parallel lines of equal thicknesses.

The main disadvantage of using optical microscopes is that it is very difficult, if not impossible, to
obtain quantitative values for roughness without having access to customized computers and
software built specifically for the field of metrology. Because of this, any use of these types of
microscopes must be coordinated with a testing facility whose main field of interest is the imaging
and inspection of the surface of materials.
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2.3.3.6 Scanning Electron Microscopes

The scanning electron microscope is a powerful tool used to study the micro-features on the
surface of a specimen. The technology was reviewed to extend the level of magnification that
could be studied beyond what is possible from an optical microscope. Due to the complex nature
of the equipment and the extremely high level training required to develop testing programs. its
theory and potential will only be briefly discussed.

The scanning electron microscope works by focusing a beam of electrons, rather than light
photons, onto the specimen. Using this technique allows for an increased resolution and higher
depth of field than are possible with optical microscopes. Also, Scanning Electron Microscopes
have magnification capabilities up to 30,000X. The scanning electron microscope can be
subdivided into three main systems. The illumination system works in much the same way as an
X-ray tube. A filament is heated using a low level current to release the electrons which are
accelerated towards the specimen by increasing the potential between the filament and the anode.
In this case the electron beam is further focused. using a series of lenses, before it hits the
specimen. The next part of the microscope is the information system. The basis of the
technology is that as the electrons hit the specimen various signals are released that contain
information regarding the composition and structure of the specimen. Of interest here is the back
scattered electrons that result from elastic collisions between electrons from the beam and those
from the specimen. These particles contain important information about the specimens surface
topology. To capture these particles a back scattered electron detector is located just above the
specimen and the results are transmitted to a cathode ray tube for viewing. Lastly, the vacuum
system removes any all unwanted particles from the testing chamber to ensure that they do not
interfere with the testing. The same problem that was encountered with the optical microscopes
also becomes a concern with the scanning electron microscopes. Although the technique provides
extremely clear three dimensional images, no methods were found that can numerically quantify
the level of surface roughness. For this reason, the scanning electron microscope is only used in
this research project to obtain qualitative results from the image.
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CHAPTER 3
PERFORMANCE OF NON-DESTRUCTIVE TESTING TECHNIQUES

3.1 Introduction

This chapter will evaluate the performance of the various non-destructive testing methods that
were used to quantify the thickness and roughness of corroded steel. The methods will be
assessed in terms of the time and cost involved in the testing, the limitations of the method,
problems that arose during testing, advantages and disadvantages of the method, the overall
quality of the results and the potential for further investigation of the technique’s capabilities.

3.2 Thickness Mapping

3.2.1 Genenral

All of the non-destructive testing discussed in this section was performed on corroded lacing bars
froma corroded steel bridge that was constructed in the 1950's. The lacing bars were machined
from their original dimensions down to standard ASTM long tension test specimens size, as is
shown in Figure 3.1. The surface of the 203.2 mm by 38.1 mm test area was then divided into a
6.35 mm square grid for testing, resulting in a fine grid of 6 spaces wide by 32 spaces long. This
grid size was chosen to match the anvil size of the screw micrometer and the smallest ultrasonic
transducer that will be used. The specimens showed varying degrees of corrosion over their
lengths with some portions of the lacing bars being only approximately half the thickness of
sections on the same lacing bars that were located only a few inches away.
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In this section all of the methods that were reviewed in Section 2.2 will first be qualitatively
evaluated in terms of their performance during the thickness mapping of the test coupons. The
methods that successfully completed the task of producing full thickness maps of the corroded
test coupons will be further compared in Section 3.3.3 to gain a better understanding of the
numerical quality of the results. The comparison of the numerical quality of the results will be in
terms of descriptive statistical and graphical summaries of the data that was obtained during the
thickness mapping.

3.2.2 Screw Micrometers

The first method used to evaluate thicknesses was the screw micrometer. Five ASTM long
tension test specimens were machined from the available lacing bars, leaving the two corroded
38.1 mm wide sides of the specimens in their original corroded condition. These specimens were
then vigorously cleaned with a wire brush to remove any loose scale and marked with the required
6x32 grid using a soft lead pencil. Each specimen was measured using the standard micrometer
with no anvil attachments, the 5.08 mm diameter ball tip, the 0.991 mm diameter comparator tip
and the 1.981 mm diameter spline attachment for a total of four grids of 192 readings per grid or
768 thickness measurements per specimen.

Ongce the use of the screw micrometers had begun it became apparent that it would be one of the
methods used to perform thickness mapping. They provided a simple and accurate method for
attaining thickness measurements in each 6.35 mm? grid partitions. The results were reviewed
every 64 readings (two full rows of readings) and suspect results were easily double checked.
The cost of using the screw micrometer for testing a specific width of specimen was the one time
cost of purchase of the required screw micrometer. Wider specimens could be tested by

purchasing micrometers with longer frames that are capable of taking measurements further in
from the edge.
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The main disadvantage of the micrometer is the time involved in testing. Using an estimate of 30
seconds for the operator to move, tighten and read the three scales on the calipers and then enter
the results into a computer or note pad would result in just over 205 hours of work being required
to cover 1 m” of steel with the same grid spacing as was used in this experiment. Also, the time
involved in testing may result in operator fatigue. Fatigue, or a loss of concentration, would not
be due to any form of physical exertion but instead the potential for errors would be created due
to the extremely tedious and repetitive nature of the task.

One error that may result from an operator becoming fatigued and losing concentration is a
tilting error. This error occurs when the anvil head is not parallel to the surface that is being
measured. Although few portions of the test coupons are completely parallel to the surface that
they were placed upon, every effort should be made to ensure the anvil and spindle were at the
center of the same grid box in the thickness map on the top and bottom surfaces of the coupon.
Figure 3.2 shows a magnified view of the face of an anvil not parallel to the surface of the coupon
and the derivation of the resulting tilt error. Figure 3.3 graphically shows the results of tilt errors
between 0 and 10°, which was considered to be the maximum possible tilt error.

3.2.3 Ultrasonic Testing

The first ultrasonic technique that was investigated was the flaw detector. Access to a Parametric
Epoch III flaw detector and a 6.35 mm (0.25 in) diameter transducer were attained. The flaw
detector was first calibrated to ensure that the instrument was using the correct value for the
speed of sound in the material so that the correct thickness values would be obtained. Calibration
is performed by coupling the transducer to calibration blocks that were machined from the same
material as the corroded steel. Three blocks were used in this experiment. They were machined
smooth from steel from the Grigg bridge and their thicknesses were 3.81 mm (0.15 in), 6.35 mm
(0.25 in) and 8.89 mm (0.35 in). The calibration procedure involves coupling the transducer to
the thickest test block and adjusting the instrument’s velocity until the oscilloscope is reading 8.89
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mm. If the thickness reading is too low then the instrument’s velocity is too high and if the
thickness readout is too high then the velocity is too low. Once the flaw detector is reading the
proper value for the thickest test block the transducer is coupled to the thinnest test block to
adjust the velocity at the other end of the thickness range. This procedure is continued, using all
three test blocks, until all thickness readings are correct. Once the calibration is performed the
flaw detector is ready to perform thickness testing on the test coupons.

Once the transducer was placed on the test coupon, it became immediately apparent that the
ultrasonic wave was not performing in the same manner as it had while the flaw detector was
being calibrated. During calibration the oscilloscope screen showed the initial pulse from the
transducer followed by a small amount of low level noise and finally, an excellent indication of the
echo of the wave returning from the back wall of the specimen, located at the proper thickness on
the A-Scan display. In comparison, when the transducer was coupled to a corroded coupon the
A-scan display included the initial puise echo followed by an erratic array of multiple responses
and moving peaks with no obvious back wall echo. Attempts were made to adjust the reject level
of the instrument to remove some of the low level noise from the oscilloscope. Some success was
attained from this procedure but the resulting response peak was still of only a slightly higher
amplitude than the other indications on the screen and it was continually disappearing and

reappearing at different locations on the screen with various amplitude levels, indicating a variety
of thicknesses.

The cause of the limited resuits from the ultrasonic flaw detector can most likely be attributed to
scattering caused by the fact that many portions of both surfaces of the test coupons were not
perpendicular to the incident sound waves. As was discussed previously, rough and irregular
surfaces, that result from corrosion, can render a specimen practically impossible to inspect by
ultrasonic techniques. Scattering of the incident ultrasonic sound wave can occur at the front and
back faces of the specimen. If the transducer was not completely coupled to the front interface,
much of the ultrasonic energy would be immediately returned to the transducer and begin showing
up on the A-scan display just after the end of the initial pulse signal. This would result in very
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little ultrasonic energy traveling through the entire thickness of the coupon and questionable
results. Scattering from the back wall results in the sound waves being reflected in all directions.
As a result only a small portion of the energy would travel the path required to result in the proper
thickness measurement being obtained. After reflection off the back wall the waves may
randomly travel through the specimen until they come into contact with the transducer again by
chance. Another source of error was that the wear face of the transducer was often not
horizontally stable on the surface of the material. This error can be visualized in the same manner
as the tilt error sensitivity error as is shown in Figure 3.2. If a transducer was resting at a peak on
the test surface, any tipping of the transducer would result in the ultrasonic waves being
introduced into the material at an angle causing them to travel a longer path before they return to
the crystal. This error may be the cause of the response peak disappearing from the A-scan screen
and reappearing, showing a different thickness than was originally obtained as the transducer tilts
around it’s central axis. As the face of the transducer is tilted slightly the resulting thickness that
is recorded would increase as the angle of tilt increases. The potential also exists that if the angle
of tilt is sufficient the ultrasonic wave will not return to the transducer before the next pulse

occurs, resulting in extremely questionable thickness measurements.

After discussing the potential use of the ultrasonic flaw detector with several qualified technicians
it was decided that the depth meter, or D-meter, would be better suited to this problem for an
operator with a limited amount of training. The main advantage of the depth meter is that built in
controls interpret the returning signal for the operator and display it numerically instead of the A-
scan display having to be interpreted. The result is that a numeric value for thickness will aimost
always be obtained. Access to an older model of the Wylam Hill Portable D-meter was attained
for this portion of the testing through Mr. M. Partridge CGSB Level I1, and Steel Inspection
Services of St. Catherines, Ontario.

To begin the D-meter testing the instrument was calibrated for the material from the lacing bars.
After calibration had been completed, the first test specimen was coated with couplant and the
testing program commenced. With respect to obtaining numeric results for the thickness mapping
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of the specimens the D-meter performed quite well. The instrument was calibrated every 64
readings (every two rows) to ensure the accuracy of the results. Most of the readings were
obtained in around 10 seconds, giving the operator a chance to stabilize the transducer over the
grid location and record the reading. This resulted in just under 70 hours of work to test 1 m? of
surface area with a 6.35 mm” grid size. It should be noted that many newer D-meters have data
storage capabilities that can decrease the time required for testing.

Many of the problems that occurred during the use of the flaw detector most likely occurred to
some degree when the D-meter was being used. Some of the readings that were obtained during
testng were quite a bit lower than what was expected. When these suspect readings were
compared to those recorded by the screw micrometer it was found they were incorrect. This may
have been a result of the D-meter recording the low level noise that was seen with the A-scan
display as the full returning energy of the echo from the back wall and interpreting it as a
thickness. There may also have been an internal flaw such as a lamination at those locations that
was reflecting the waves back to the transducer and causing the faulty readings. The readings that
were considered to be questionable were double checked with the D-meter and if the
measurements did not differ from the original they were recorded as displayed on the D-meter.
Although the D-meter did record many readings that were considered questionable, thickness
maps of the test coupons were obtained and the results will be analyzed along with those from the

screw micrometer in section 3.3.3.

The fmal type of ultrasonic testing that was used during this investigation was the air-coupled
micro-machined capacitance transducer . Access to this method was attained during a tour of the
Non-Destructive Testing Group of the Aerospace Research Institute at the National Research
Council. It should be noted at this point that only one tensile coupon was tested by this method.
Dr. D. Schindel, the co-inventor of the transducer, took the time to run a test grid over the
coupon to obtain a printout of the materials thickness to demonstrate the method’s potential.
Copies of these printout are included as Figures 3.4 and 3.5 for the two sides of the test specimen.



The main advantage of this type of testing was the speed at which testing was performed. It took
only a few minutes to perform the testing of the specimen. Also, the wave can be focused onto a
point on the surface as small as 200 pm and the accuracy of the through transmission thickness
readings have recently been proven to be accurate within + S um of total thickness. These
tolerances would allow for an extremely accurate thickness mapping of a bridge to be obtained.
Also, with these tolerances, the potential for the method to be used to map the roughness of
bridge steel exists. After discussing the potential usefulness of the technology with Dr. Schindel it
was determined that applying the principles of the air-coupled capacitance transducer would be a
very simple process that could lead to a large amount of data being generated in short time
periods. Unfortunately, Dr. Schindel no longer has access to the testing table that would be
needed to test the full sized bridge girders to assess the techniques abilities to produce roughness
and thickness maps. Also, before this technology could be used for in field testing of bridges
several issues would have to be addressed. The first problem would be in creating a method to
carry the transducer along the various structural members of the bridge while maintaining a
known position of the transducer in the X-Y-Z co-ordinate system of the bridge. Secondly, the
readings would have to be adjusted to account for the effect of temperature and wind upon the
speed of the wave in an outdoor environment. Although only a small amount of data was
generated from this method it has the potential to become an extremely useful tool in the future
inspection of corroded bridges.

3.2.4 Radiography

Industrial radiography was first used to measure the thickness of corroded steel at the National
Research Council in Ottawa, Ontario. During a tour of the facilities, Mr. T. Chapman offered to
take an X-ray of one of the steel coupons to demonstrate the capabilities of their equipment and
the potential for its future use in the testing of full size bridge girders. Figure 3.6 is the digitized
and colorized image of the X-ray that was captured on film. The image shows a test coupon and
a slope wedge beside it. It should be noted that the slope wedge was not made from the same
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material as the test coupons, it was placed in the image and X-rayed to demonstrate the potential
of the method. The slope wedge was 216 mm long with a knife edge for the thin section and a
maximum thickness of 14 mm. The thinnest sections of the wedge were burnt through by the X-
rays. This means that the thickness of material up to the point where the image starts to become
red did not absorb enough X-rays to be noticeable on the film. The result was that the film
recorded this area as if there were no material above it. As the thickness of the step wedge
increased the colors changed from red to orange to green to blue, with the areas on the test piece
that correspond to these colors having approximately the same thicknesses as indicated on the
slope wedge. Although no quantitative data can be obtained from the X-ray shown in Figure 3.6,
since the coupon and slope wedge are made of different materials, it does show the potential of
the technology, since each pixel on the screen has it’s own color value that corresponds to a
unique thickness on the slope wedge. The potential therefore exists for an extremely accurate
map of the thickness of corroded materials to be constructed.

To gain a better understanding of what potential industrial radiography would have in the
mapping of the thickness of corroded materials it was decided that the coupons would be X-rayed
by a technician working in industry, rather than a researcher working at the National Research
Council. This would allow for a better insight to be gained into what results can actually be
obtained using the portable equipment used by technicians every day in industry. Although the
results from the National Research Council showed good potential, the equipment that was used
was more sensitive and expensive than any equipment available to testing companies working in
industry. During a tour of the facilities it was seen that the X-ray equipment was used almost
exclusively for research and development purposes in the aerospace industry.

The use of an X-ray tube, film and a technician’s time was donated by Steel Inspection Services of
St. Catherines, Ontario. The testing was performed by a Mr. M. Partridge, CGSB Level II.
Before any testing could be performed, a slope wedge had to be machined from the same material
as was used for the lacing bars to be X-rayed and placed beside the test specimens as a thickness
reference during testing. Figure 3.7 and 3.8 show the elevation and plan dimensions of the
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reference block respectively. Once the slope wedge had been machined it was sent to Mr.
Partridge, along with the five corroded coupons. The standard X-ray report is included as Figure
3.9 and the digitized films are included as Figures 3.10 to 3.14 for Specimens one through five
respectively. The first noticeable feature of these images is that large portions of Specimens one
and three were to thin too register any resistance to the radiation and therefore the film recorded
the thicknesses as zero. The thinner portions of the slope wedge were also “burnt through” by the
radiation, removing indications from steel thicknesses below approximately 6 mm. Note that the
test blocks that were used for ultrasonic testing were also placed in the image for comparison.
The 8.89 mm thick test block is visible while the 6.35 mm block is practically non-existent on the
film and the 3.81 mm cannot be seen at all.

Several factors could have been better controlled to avoid having areas of the specimens appear
on film as having no thickness. The first aspect of the testing that could have been more closely
monitored was the potential between anodes. As the potential increases, the force at which the
electron beam hits the target increases, thereby decreasing the wavelength of the radiation and
increasing their ability to penetrate the inspected material. The testing was performed at a
potential of 160 KV. This was too high for Specimens one and three. This control should have
been decreased below 160 KV to decrease the penetrating abilities of the radiation and the
potential for burn through of the steel. Another option to allow for the full range of thicknesses
to be measured would be through the use of lead screens to filter out the shorter, more
penetrating wavelength. When the potential of testing is reported it is described in terms of the
maximum voltage that was applied by the alternating current. This means that for a testing
voltage of 160 KV, currents between 0 KV to 160 KV are being applied as the alternating current
moves through a half cycle. In many cases lead filter screens are placed in front of the test piece

to absorb the shorter wavelength and decrease the penetrating ability of the radiation. This may
have resulted in all of the thicknesses being recorded on the radiographic film.

Once the films had been digitized the resulting files were opened in several commercial image
viewers. Although methods were found to determine what grey level had been assigned to the
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pixels in the digitized image by moving the mouse around the screen, no commercial packages
were found that were capable of creating a printout of all values for all pixels in the digitized
image. Although X-ray testing showed good potential for future use in this type of work, tighter
control of the testing and a method of transferring the grey level data to an ASCII file must be

found before the technique can be used to create accurate thickness maps.

3.3 Summary of Thickness Mapping Results

3.3.1 General

As a first step in the analysis of the thickness measurements attained from the screw micrometers
and the depth meter, all of the results were first normalized by the results from the screw
micrometers with no anvil attachments. Once the data had been normalized frequency
distributions or histograms were created for each data set. Figures 3.15 to 3.18, 3.19 to 3.22,
3.23 to 3.26, 3.27 to 3.30 and 3.31 to 3.34 show the frequency histograms that were obtained
after normalization for Specimens one through five respectively. The results were normalized to
better understand if the differing values obtained from the other measurement methods were
normally distributed around the central reference value of 1.0. This means that if a set of data
recorded using the ball anvil attachment matched those taken with no anvil attachments exactly
the frequency distribution would consist of a single bar of 32x6=192 observations located at the
central reference value of 1.0. Since this will not be the case, various descriptive statistical
parameters were calculated to evaluate the central tendencies and dispersion of the frequency
distributions for each data set. For each of the normalized data sets the arithmetic mean, median,
mode, skewness and kurtosis were calculated to better understand the central tendencies of the
observations. To measure the dispersion of the data, the variation, standard deviation and
standard error of the mean of the samples were calculated. Also, the range, and the minimum and
maximum values that were obtained during sampling were calculated as a simple measure of the
spread of the normalized values. A summary of the calculated descriptive statistical parameters

-38-



that were calculated are included as Tables 3.1 to 3.5 of this report. The statistical parameters
that were calculated for the normalized data are defined in the following sub-section with the
algebraic descriptions being included when necessary.

3.3.2 Statistical Parameters

The arithmetic mean or mean of a sample is the value such that the sum of the deviations of the
observations from it are zero. The mean of a sample passes through the centroid of the area of a
histogram and it is shown algebraically in Equation 3.1.

l n
T=—) x @)
n i=1

where X is the arithmetic mean of a sample, n is the number of observations in the sample and

x: is a specific observation.

The median of a sample can be described as the middle observation of a sample, it divides the area
of a frequency distribution in two. If there is an even number of observations in the sample, as is
the case with this study, the median is taken as the mean of the two center values of the sample.

The mode is the value within a sample that occurs most frequently, it represents the highest peak
on the frequency distribution. In most cases there is only one mode in a sample, however it is
possible for there to be two distinct modes within one sample. When this occurs the sample is
considered to be bi-modal.

The skewness is a measure of the degree of symmetry of the observations around it’s mean. Lack
of symmetry occurs in a sample when the mean, median and mode are not all equal. When the
skewness of a sample is positive it is skewed to the right of the mean and when it is negative it is
skewed to the left of the mean. The skew of a sample is defined algebraically in Equation 3.2.
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where o is the sample standard deviation and the other variable have previously been defined.

The final measure of central tendency of the sample that was calculated for this research was the
kurtosis of the sample. The kurtosis is a measure of a sample’s closeness to normality in terms of
it’s peakedness or flatness. When the kurtosis of a sample is positive it is said to be leptokurtic or
peaked and when it’s value is negative it is said to be platykurtic, or flat. The formula that was
used to calculate the kurtosis of the samples is shown algebraically in Equation 3.3.

n(n+ 1) Z"(x.--f)“ __3m-1y’
(n-1)(n-2)(n-3);5\ o (n-2)(n-3)

KURTOSIS = 3.3)

Although the parameters calculated for the central tendencies of a sample yield values that typify
the entire group of observations, they do not give sufficient information with respect to the
dispersion of the observations within a sample. For this reason the variation, standard deviation
and standard error of the mean of the samples were calculated in an attempt to quantify the
dispersion of the observations. The variance of the observations within any given sample is the
mean square of all the deviations between the observations and the mean of the sample. It is
shown algebraically in Equation 3.4.

i (xi- %)*
2 _ sl

n
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Although the variance is a useful measure of the average deviations between the sample’s mean
and the various observations a more common parameter used to report this information is the
standard deviation of the sample.



The standard deviation of a sample is simply the square root of the sample’s variance, or the root-

mean-square of the deviations, and is shown in Equation 3.5.

z (xi- X)*
o = i=1 (3.5)
n
The final measure of dispersion that was calculated during the course of this work was the
standard error of the mean. It can be described as the average standard deviation of the
observations and is shown in Equation 3.6.
o
Oz = —F— (3.6)
Jn

The final three statistical parameters calculated for this work are the range, the minimum and
maximum values that occurred in the normalized testing results. These parameters are straight
forward and require no further explanation or algebraic clarification.

3.3.3 Discussion of Results

An initial review of the histograms that were created from the normalized data for Specimens one
through five, as can be seen in Figures 3.15 to 3.34, show that the data possess generally bell
shaped histograms, which is a characteristic of normally distributed data. The exception to this is
the histogram for the data recorded using the D-meter for Specimen 1, as can be seen in Figure
3.18. It has a mode of 0.9670 which is in the same range as the other data sets but a second,
smaller peak exists at approximately 0.5. Similar results occurred for Specimen 2 with the
histogram shown in Figure 3.22. From this figure it can be seen that the second, smaller peak
again occurred at approximately 0.5. This slightly bi-modal behavior may be due to internal
laminations in the specimen causing the wave to be rebounded at approximately half the full
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thickness of the specimen or the inherent difficulty of recording thickness measurements of a
corroded surface using ultrasonic techniques.

The next step in reviewing the data was to compare the various statistical parameters that were
calculated to measure the central tendencies of the normalized data. The arithmetic means for the
data collected for the thickness mapping were all of a similar magnitude. The average of the
twenty means was 0.9716 and the largest deviation from it for the screw micrometers was under
1.3% of the calculated average mean. The results obtained using the D-meter differed slightly
from the sets of data recorded using the screw micrometers. The bi-modal behavior of the data
for Specimen 1 resulted in an arithmetic mean of 0.8588, almost 11.6% lower than the average
calculated average mean for all results. The calculated medians and modes were all of a similar
order of magnitude with averages of 0.9795 and 0.9698 being calculated for the median and mode
respectively for all five specimens. The maximum deviations from these averages for the mean
and mode were 2.3 and 5.7% respectively. The calculated skewness of the samples ranged from
1.2768 to -2.9856 with an absolute average value mean of 0.5456 and a mean of -0.3795. This
translates to the average of all values being skewed to the left of the central value of 1.0. The
final measure of central tendency that was calculated was the kurtosis. The calculated values had
a mean of 3.1856 and ranged from a positive, leptokurtic (peaked) value of 10.4526 to -0.5474
for the D-meter results for Specimen 1. It is interesting to note that this was the only negative or
platykurtic (flat) value obtained for the kurtosis of all the samples.

To compare the dispersion of the observations within the data sets the variance, standard
deviation and standard errors for the four measurement methods for all five specimens were
calculated. Generally all of the results obtained from the screw micrometer were within the same
order of magnitude and the results from the D-meter were more scattered. The average values
obtained for the variance, standard deviation and standard errors for the screw micrometer data
were 0.0005484, 0.02298 and 0.001660 respectively. These average values were only 4.3, 25.7
and 25.7% of the calculated values for the D-meter which were 0.01290, 0.08952 and 0.006446
for the data sets’ variance, standard deviation and standard error respectively. It can therefore be
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stated that the data obtained from the D-meter was more scattered that the results from the screw

micrometer.

The fina! statistical parameters that were calculated were the range of values and the minimum
and maximum values that occurred in the normalized data sets. As with the measures of central
tendency, the results for these parameters were of a similar magnitude for the screw micrometer
and varied slightly for the D-meter. The average range of values for the screw micrometer results
was 0.1739 which was only 34% of the average range for the D-meter of 0.5122. The average
minimum value calculated for the screw micrometer results was 0.8921 which was 27.7% larger
than the average minimum for the D-meter of 0.6988 and the average maximum value for the
screw micrometers was 1.0659 which was only 88% of the value of 1.2110 which was obtained

when using the D-meter.

As a final review of the quality of the results that were obtained from the various thickness
measurement methods, a summary of the statistical results will be performed. The summary will
compare the various statistical results that were calculated for the normalized readings and
examine the magnitude of the dispersion of the actual thickness readings as compared to the
quantify able errors involved in the measurement methods. These errors include the reading and
tilt sensitivity errors for the screw micrometers and the reading error for the D-meter.

As a first step, the statistical measures of central tendency for the normalized results will be
compared. The resuits are summarized in Table 3.6. Generally all of the results are of a similar
magnitude with the maximum deviation from the average mean, median and mode’s of the five
samples being only 2.7, 0.6 and 1.9% of the average values. This indicates that all four
measurement methods have strong central tendencies and implies that there may not be large
differences in the quality of the results for the various thickness measurement methods. To better
understand the scatter of the discrete observations within the five data sets the variance, standard
deviation and standard error were calculated. A review of these values in Tables 3.1 to 3.5 for
the five samples indicates that the results from the D-meter are much more dispersed throughout
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the data sets than those results from the screw micrometer. Table 3.7 summarizes this data in
terms of what percentage of the D-meter results are the measures of dispersion are for the screw
micrometer readings. As can be seen from Table 3.7 the results from the screw micrometer are
much less dispersed around the central value of 1.0 with results ranging from 1.2 to 53.4% of the
standard deviation and standard error values of the D-meter results and 1.4 to 28.9% of the
variance values for the D-meter. These results indicate that the screw micrometer produces much
less scattered results than the D-meter. Another statistic that indicates that the screw micrometers
produce a better quality of results is the range of the normalized data. The average values
obtained for the screw micrometer for the five samples are only 1.6, 26.7, 65.8, 52.6 and 68.0%
of the range of normalized range values for the D-meter. As with the measures of dispersion, this
indicates much more scattered results for the D-meter which can be considered to be a negative
result for D-meter thickness mapping potential.

The final comparison that was made for this research was to compare the standard error, or
average standard deviation, to the tilt sensitivity graph. This was done to understand at what
point on the tilt sensitivity graph do the errors associated with this sort of problem increase in
magnitude beyond the result of the standard error calculation. It should be noted that included in
the tilt sensitivity calculations was the reading error for the screw micrometers of 0.00005 in. For
the screw micrometer being used with no anvil attachments for the micrometer at tilts of only 1, 1,
2, 1 and 1° are required to produce errors larger than the calculated standard error for the actual
thickness measurements for Specimens 1, 2, 3, 4 and 5 respectively. When the micrometer is
being used with an anvil attachment the tilt sensitivity error is approximately half of those that
occur with no anvil attachments. In this case the micrometer has to be tilted at only 2, 1, 3, 1 and
1° to produce errors larger than the standard error for Specimens 1, 2, 3, 4 and 5 respectively.

After reviewing the aforementioned results it kzs been concluded that the screw micrometer with
no anvil attachments will be used to record thickness values for the eight cyclic tests. The screw
micrometer was considered to be a more accurate method than the D-meter due to the minimal
amount of scatter that occurred as compared to the D-meter results. With respect to the use of
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the various anvil attachments, the results were considered to be of a similar magnitude with no
attachment producing significantly superior results than the micrometer with no anvil attachments
in light of the tilting errors that may occur during testing.

3.4 Roughness Mapping

3.4.1 General

In this section the various methods that were used to examine the corroded surface of the material
and the replication tape will be discussed. The investigation began with the purchase of a
standard package of Testex replication tape. Included in this package were ten medium gold
coated samples, ten coarse and ten extra coarse samples that were not metalized. Because no
information was available regarding the depth of pitting, a range of tape thicknesses were
purchased to begin the study of surface roughness.

3.4.2 Bright Field [llumination Optical Microscope

The use of a bright field illumination optical microscope was obtained through The Fine Particle
Research Lab in the Physics Department at Laurentian University in Sudbury, Ontario. The
system was originally constructed for the purpose of quantification of fine particles from aerosol
cans and dust in industrial environments in terms of fractional dimensions. Due to the nature of
the equipment set up it would not allow for an accurate and direct quantification of roughness.
However, the opportunity to view the replicated samples using a microscope was a good first step
towards understanding what magnitude of roughness was present on the samples.

The system consisted of a viewing table and microscope mount, the microscope with objective
lenses of 5X, 10X, 20X and 40X magnifications, a black and white camera and television to
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capture the image, a MACINTOSH personal computer and photo editor, and an electronic pencil
and graphics pad. The sample is fixed to a glass slide which is itself clamped to the viewing table
to avoid any motion during the examination. Following this the desired objective is selected and
the image of the sample appears on the black and white television. Table 3.8 is a summary of the
microscope’s image calibration which shows the width of the captured image, in units of pixels
and micrometers, for the various objective lenses. These factors are required to properly convert
all of the data from the graphics pad and electronic pencil from pixels into micrometers. To
obtain optimum results, the image showing on the television is further focused using the fine and
coarse adjustments on the main microscope and by controlling the amount of light that is being
used in testing to obtain optimum results. Once an acceptable image is displayed on the television
screen it is captured, sharpened and the brightness and contrast adjusted to their optimum values
using the photo editor. The image can then be printed out and placed on the graphics pad for
tracing which results in an X-Y plot of the pixels that were traced and from this a fractal plot of
the results can be constructed.

The investigation using the bright field illumination optical microscope began with a training
period on the use of the equipment, following this access to the laboratory and equipment was
granted. To begin the investigation, the surface of the material was replicated using the Testex
replication procedure outlined in Section 2.3.3.1. One end of the tape was then glued to a glass
viewing slide with the length of the tape parallel to the line of sight of the microscope, or
perpendicular to the viewing table and slide. This was done to allow inspection of the cross
section of the tape along it’s sides in an attempt to obtain a traceable image that would allow for
the estimation of the maximum peak-to-valley distances. Using this testing procedure could not
be guarantee that the tape was perfectly perpendicular to the glass slide and peaks of the tape
behind the outer edge appeared in the image. However, this work was conducted to gain a
rudimentary insight into the replicated surface and the use of optical microscopes. Several
example images that were captured by this method are included in Figures 3.40, 3.41 and 3.42
and their respective fractal plots are included as Figures 3.43 to 3.45. Also, the values of the
maximum peak-to-valley roughness results (R,) obtained for the coarse and extra coarse replica
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tapes at various magnifications are included in Table 3.9. These values were calculated as shown
in Section 2.3.2.3. It can be seen in Table 3.9 that as the magnification increases, thereby
decreasing the field of view, the Peak-to-Valley values obtained generally decreases. This seems
reasonable since the slide and tape were not moved during the changes in magnification. As the
magnification increases, smaller sections of the tape will be seen in the image which will result in
less of the roughness of the material being recorded.

During this portion of the research it was apparent that very little accurate numeric data could be
obtained using this system. It was however considered to be an effective tool to gain preliminary
insight into the study of materials using optical microscopes. Even if no experimentally useful
data was obtained, the results helped to identify the preferred grade of tape that should be used.
The results attained from the lowest level of magnification (5X) and largest field of view,
indicated that further investigation should concentrate on the thicker grades of tape. The reason
being that at this magnification the microscope covers the largest field of view of 2 mm, which is
quite small in the perspective of the hundreds of square meters of surface area typically present on
corroded bridges.

3.4.3 Scanning Electron Microscope

Access to a Scanning Electron Microscope was obtained through the Geosciences Laboratory of
the Geological Survey of Canada at the Willot Green Center in Sudbury, Ontario. The supervisor
of the laboratory agreed to perform a limited survey of the replica tape using a scanning electron
microscope. As with the work done with the bright field illumination optical microscope, the
study to be conducted using the scanning electron microscope was performed in order to obtain
further insight into the magnitude of roughness on the surface of the material, rather than for the
purpose of numerical quantification of the roughness. A sample of gold coated medium grade
tape was prepared to facilitate the examination by scanning electron microscopy and the resulting
image is included as Figure 3.46. The image was recorded at 100X magnification with a field of

47-



view of approximately 920 um wide by 780 pum high. Although no numerical roughness values
were obtained from this work it did allow for an extremely detailed reproduction of a small area
of the replica tape. One aspect of the surface roughness that did become apparent during this
testing resulted from the large areas of the tape that did not replicate the surface of the material in
any way. These flat areas of the tape between areas with an obvious surface topology were most
likely a result of too thin a grade of tape being used. The medium grade replica tape that was
used in this work did not possess enough micro-foam to properly contour the deeper valleys on
the surface of the original sample. This result confirmed observations made following the work
done using the bright field illumination microscope at Laurentian University, that the thicker
grades of tape would be better suited for the quantification of the roughness of corroded steel

coupons.

3.4.4 Optical Interference Microscopes

344.1 General

After an exhaustive search, two companies were found that were willing to perform a limited
amount of Optical Interference Microscope testing, free of charge, to determine if the technology
showed any potential for further use in roughness quantification. The two companies were Zygo
Corporation of Middlefield, Connecticut and Veeco Metrology of Tucson, Arizona. Both
companies agreed to run tests on two replicated tape samples and an original steel sample.
Although no usable numerical values for surface roughness were obtained while using the bright
field illumination optical microscope and the scanning electron microscope, several useful
qualitative results were obtained. These results proved to be valuable when work was being
performed using optical interference microscopes. These tests had to be performed with extreme
diligence since access to the equipment was difficult to obtain and extremely expensive, costing
over $500 per hour with approximately five to ten replica tape specimens being tested in an hour.
Following the results from the bright field illumination and scanning electron microscopes it was
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decided that the extra coarse plus grade of tape would be used for this portion of the research.
To obtain better results from the optical interference microscopes a special order was made from
Testex in which they metalized their extra coarse plus grades of replica tape which is not usually
done. This resulted in a maximum thickness of micro-foam of approximately 200 um. Another
aspect of the testing process that was observed during the initial work on roughness mapping was
that a better cleaning procedure was required to ensure that all of the corrosion products had been
effectively removed from the pits and crevices on the surface of the material. Small flakes of
corrosion product could be seen on the surface of the replica tape during the testing with the
Bright Field [llumination and Scanning Electron Microscope testing. In order to avoid including
the corrosion product in the roughness measurements it was decided that an increased level of
cleaning, beyond vigorous wire brushing and washing with pressurized water, would be required
before replication of the sample could be performed.

3.4.4.2 Cleaning Procedure

To improve cleaning of corrosion product, for all subsequent roughness readings the American
Standards for the Testing of Materials (ASTM) specification G1-90 “Standard Practice for
Preparing, Cleaning, and Evaluating Corrosion Test Specimens” was followed. The specification
was originally written for atmospheric corrosion tests, where determining the rate of corrosion, in
grams per year, is of interest. As part of the testing for that specification, all of the resulting
corrosion product must be removed to ensure that only the remaining base material is weighed
when determining the corrosion rate. The cleaning procedure that was used here is found in
Table Al of the standard under Designation C.3.5, for the cleaning of iron and steel. It requires
solution of 500 ml of hydrochloric acid, 3.5 g of hexamethylene tetramine and distilled water to
make a total of 1000 ml of cleaning solution. The corroded specimen is left in the solution for ten
minutes at 20 to 25°C. For the purpose of this work, a smaller volume (100 ml) of cleaning
solution was sufficient, and the proportions were therefore scaled down accordingly since the
actual size of the steel specimen to be cleaned and replicated was only 38.1 x 25.4 mm.
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The first step in this cleaning procedure was to weigh the original sample before any of the
corrosion product had been chemically removed. This was done to allow quantification of the
amount of corrosion product that has been removed during each wash. Between washes the
sample was thoroughly rinsed with distilled water to remove any solution and latent corrosion
product and allowed to dry completely before it was re-weighed. With this information a
cumulative weight loss graph, shown in Figure 3.47, was constructed. Cleaning was stopped
when the weight loss rate graph became asymtopic. From this figure, it can be seen that
approximately 63% of the total corrosion product was removed during the first wash, and 95% by
the end of the second wash. It was decided that sufficient cleaning had been performed after the
fourth wash and that the sample was ready for the Testex replication procedure to be performed.

3.243 Zygo Corporation Testing

Once the 38.1 x 25.4 mm steel sample had been properly cleaned a 9.5 x 9.5 mm square area of
the surface was clearly identified to ensure that both Testex replication procedures and laboratory
tests were performed on the same area on the surface of the 38.1 x 25.4 mm steel specimen. After
the Testex replication procedure had been performed on the 9.5 x 9.5 mm area marked off on the
steel sample, the steel sample and the two extra coarse plus metalized samples were sent to the
Zygo corporation for inspection. Zygo’s inspection routine consisted of studying five 1.45 x 1.08
mm square areas within the 9.5 x 9.5 mm marked of area on the surface of the steel sample and
each of the two replica tape samples. Within each of the five testing areas for each of the three
tests, a grid of 320 x 280 = 89,600 readings was used to construct the desired three dimensional
profiles. This resulted in 5 x 89,600 = 4,480,000 readings being recorded from the steel sample
and the two replication tape surfaces. All of the testing was performed using a 10X magnification
objective. From each of the five sampled area’s collected data, the maximum peak-to-valley
height (R: or RV), the mean peak-to-valley roughness (Rm), the root-mean-square roughness
(RMS) and the arithmetic mean roughness (Ra) were calculated. Copies of the measurement set
up and summaries have been included as Figures 3.48, 3.49 and 3.50 for the steel sample, Replica
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2 and Replica 1 respectively. A summary of the mean calculated values has been included as
Table 3.10.

From Figures 3.48 to 3.50 it can be seen that all of the calculated roughness parameters for the
steel sample and the replica tape samples were of a similar level of magnitude. However, for all
roughness parameters, the steel sample had the largest mean roughness values followed by
Replica 2 (Figure 3.49) and Replica 1 (Figure 3.50) which had the lowest mean values. On
average, Replica 1 and 2 mean values for all four roughness parameters were 26.1 and 15.4%
lower than the steel sample results. These values can be further broken down to PV, Rimm, RMS
and Ra mean values being 15, 27.6, 31.1 and 30.8% lower than the steel sample for Replica 1, and
9.3, 12.3, 10.8 and 19.1% lower than the steel sample for Replica 2.

There are several possible causes for the lower roughness values obtained with the replica tape. It
is possible that slightly thicker tape is required to fully record all of the peaks and valleys of the
steel samples surface. If there are surface features on the original sample in the 250 to 300 pm
range, a tape with a micro-foam thickness of 200 um would not fully replicate all of the extreme
surface features from the original sample. (Note that replica tape having larger foam thicknesses
can be manufactured by special order). Another possible cause of lower readings was that not
enough pressure was applied to the back of the tape during the replication process. This would
result in the foam not being fully pushed into the extreme valleys on the steel sample’s surface
and the maximum peaks not fully depressing the foam of the replica tape. The result of this would
be a smoother, more rounded replica surface than is actually present on the steel sample. Another
possible cause of the lower roughness parameters for the replicas is the natural variation on the
surface of the original sample. Since the five sampling areas within the 9.5 x9.5 mm surface areas
were not necessarily at the exact same location on the two replica tape and steel sample surfaces,
it is possible that less rugged areas of the surface were sampled on the replicas, resulting in lower
roughness parameters.
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3.24.4 Veeco Corporation Testing

Once the steel sample and the two pieces of replica tape were received back from the Zygo
Corporation, they were immediately shipped to the Veeco Metrology Group for inspection. The
testing performed involved using a stitching routine to join data sets from adjacent surface areas
to combine them into one data file for the entire 9.5 x 9.5 mm surface of the replica tape and the
steel samples. Using this methodology, a sampling area of approximately 9.5 x 9.5 mm = 90.25
mm? was studied (as compared to a 5§ x 1.446 x 1.085 mm = 7.845 mm? sample areas for the
Zygo testing program). For the steel and replica tape samples studied, there were 1816 x 1446 =
2,625,936, 1917 x 1758 = 3,370,086 and 2009 x 1724 = 3,463,516 readings taken for the steel
sample, Replica 1 and Replica 2 respectively. All of the inspection done by the Veeco
Corporation was performed using a 2.5X magnification objective.

It was found that the Veeco study resulted in much larger roughness parameters than those
obtained by the Zygo Corporation. Table 3.10 provides a summary and comparison of all
calculated statistics for the two series of tests. The main cause for the difference in results is the
cutoff filters that were used by the Veeco Corporation. A cutoff filter can be defined as the
wavelength at which the microscope differentiates between surface waviness and the actual
surface roughness that is to be quantified. The two components of the surface texture, the
roughness and waviness can best be understood by reviewing a simplified example of the cutoff
filter shown in Figure 3.51 (Zygo Catalogue, 1999). If should also be noted that full outputs from
Veeco have been included as Figures 3.52 to Figure 3.62. In Figure 3.51, a set of sample input
profile, and the separated waviness and the final roughness profiles, including the mean line, are
shown. The process of filtering out the waviness data removes all of the larger surface features
that have a magnitude larger than the resolution of interest. In the case of the work by Veeco, the
technician did not remove cylindrical and curvature effects, as can be seen from the bottom left
hand corner of the surface data and 3D plot sheets from Veeco. The only term removed is the tilt
of the sample. As a result, a 1 mm thickness change that occurs over the 10 mm width of the
sampling area would be incorrectly considered to be part of the roughness of the surface. In
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comparison, for the Zygo Corporation testing results, included as Figures 3.48 to 3.50, it can be
seen that the cylinder effects have been removed, resulting in only the desired surface roughness

to be measured.

3.24.5 Summary

In conclusion, for the purpose of this research, the testing program conducted by the Zygo
Corporation produced more useable results than those from the Veeco Corporation. The main
reason for this was that the Zygo Corporation used a filtering algorithm that removed the effects
of cylindrical waviness features on the surface of the steel and replica tape samples, whereas the
Veeco program did not. Also, the field of view and test area for the Zygo Corporation was
smaller, further limiting the effect of surface waviness on the final statistical results. It is
important to note that both firms are capable of producing similar results if comparable cut off
filters, magnifications and stitching routines were used.

When reviewing the results from the Zygo and Veeco Corporations, the method of quantifying
surface roughness using proper cleaning procedures, the Testex replication procedure and an
optical interference microscope show excellent potential for future use. However, due to the
limited amounts of test data available to quantify the accuracy of the results and the high cost of
testing, the optical microscope method was not used to quantify the roughness of the cyclic test
specimens presented in subsequent chapters. The roughness will instead be determined using
standard Testex dial gauges after the replicas have been made from the cleaned surface of the
specimens. This method will be used because of the lack of experimental data available outlining
the accuracy of the optical interference microscope method. Also, the manufacturers of the replica
tape have offered to perform testing on approximately 50 extra course plus samples, free of
charge, to further increase the potential uses of their product.
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CHAPTER 4
FINITE ELEMENT MODELING

4.1 Introduction

Following the nondestructive thickness evaluation of the specimens, the five corroded specimens
and a smooth control specimen were sent to a material testing lab for tensile testing. The resulting
force-displacement curves from the tensile tests were then compared to the force-displacement
curves from various finite element models that were created. For this research, the finite element
models were used to investigate if the analytical force-displacement results from the finite element
analysis matched the force-displacement curves obtained from the tensile testing and to better
understand what effect finer and coarser grid spacing of the thickness measurements had upon the
analytical force-displacement curves. This chapter first reviews and comments upon the results
from the tensile testing. Following this, a detailed review of the construction methodology for the
various finite element models is presented. This includes a review of the model’s geometry,
elements, material properties and loading conditions. Finally, the force-displacement curves from
the tensile tests and the various finite element models are compared.

4.2 Tensile Test Results

To better understand the quality of the results from the thickness mapping, the five corroded
ASTM long tensile test specimen and the control specimen were sent to a material testing
laboratory for tensile testing. The control specimen was a standard ASTM long test specimen
with a 203.2 mm gauge length and a 38.1 mm gauge width, as can be seen in Figure 3.1. All
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corrosion products were mechanically removed from the control specimen to obtain a uniform
cross section and therefore accurate estimates for the yield and ultimate stress of the material
being studied. With knowledge of the material’s yield and ultimate stresses multi-linear models
of the material’s behavior can be constructed. The models include stress-strain points at yield, at
the beginning of strain hardening, and at the ultimate stress of the material, all connected by linear
segments.

To record the results from the tensile testing, a 203.2 mm (8 inch) long extensometer was
connected to the specimens over their full gage lengths. The result of the testing was a data file
that included all of the recorded information including the time, strain, stress, position of the
testing apparatus and the applied loads. It should be noted that the recorded stress is only
meaningful for the smooth control specimen (due to the varying cross section of the corroded
specimens) and that the recorded position included all displacements that occurred during testing
including the tightening of the instrument’s grips. After each test had been completed, the final
gage length was measured to obtain the elongation of the specimen at rupture. The data files
were imported into a spread sheet to construct the required force displacement curves. The six
tensile test reports are presented as Figures 4.1 to 4.6 and the force displacement graphs in
Figures 4.7 to 4.11. It should be noted that the specimen dimensions of 1.5 x 0.375 inches and
the yield and ultimate strengths, shown in units of p.s.i. have meaning only for the smooth control
specimen. This is due to the fact that specimens one to five posses varying cross sections and
could therefore not be related to specific sectional dimensions or stresses. Also note that
Laboratory Number 233970-1999 shown on the upper right-hand corner of the tensile test report
shown in Figure 4.1 is the report identification for Specimen 1. Laboratory Numbers 233971-
1999, 233972-1999, 233973-1999 and 233974-1999 are for Specimens two through five
respectively and Laboratory Number 233975-1999 is the report for the control specimen.

The first step performed in the analysis of the tensile test report results was to calculate the yield
and ultimate forces that correspond to the given yield and ultimate stresses. This procedure
involved multiplying the given stress value by the assumed member cross sectional dimensions of
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38.1 x 9.525 mm (1.5 x 0.375 inches). Table 4.1 summarizes these yield and ultimate force
results. Also shown in this table are the ratios of the yield to ultimate forces and the over all
percentage of material loss for each specimen as compared to Specimen 5 which had the largest
mean thickness. From this table it can be seen that the yield force values range from a low of
56.55 kN to a high of 84.57 kN and the ultimate forces range from a low of 79.82 kN to a high of
121.60 kN for the five corroded specimens. The control specimen had yield and ultimate forces
of 114.35 and 162.64 kN respectively. Also of interest in this table is the fact that Specimen 3,
which had the most material loss as compared to Specimen 5 had the lowest yield and uitimate
forces and Specimen 1, which had the second most material loss had the second lowest yield and
ultimate forces. It can also be seen in this table that although the range of ultimate and yield
forces for the specimens was significant the ratios of their yield to ultimate forces were all within
3% of the mean value. This result is reasonable for testing being performed on steel from the
same sample population with the range of yield and ultimate force values that were obtained being
a result of the varying actual cross sectional areas of the samples.

The resulting force displacement curves for the five corroded specimens are shown in Figures 4.7
to 4.11 for Specimens one through five respectively. With reference to Figure 4.7, it can be seen
that the force and displacement data was recorded through the yield point and strain hardening
beyond the ultimate strength of the specimen to a point of necking and final rupture. Such
complete stress-strain curves were needed to be able to compare the experimental force
displacement curves with analytical results from the finite element models. However, after
plotting the data from the files received from the commercial testing laboratory, it was found that
the recorded data for Specimens two through five, were not of the same quality. The quality of
the results for Specimen 2 was reasonably good up to the yield point for the linear elastic portion
of the curve, but questionable beyond this point. After discussing this situation with the technician
that performed the testing, it was discovered that the extensometer had popped off the specimen
just after the yield point. This is the reason for the almost horizontal portion of the force
displacement curve from an approximate displacement of 3 mm to 27 mm. When reviewing the
data file for this section of the graph, it can be seen that the displacement value jumps from 3.76
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mm to 10.17 mm in just more than one second and then up to 26.52 mm before another three
seconds has elapsed. For this reason, the technician became nervous about the possibility of
damage to his equipment and removed the extensometer from Specimens three to five just beyond
the yield point and the required data from yield to final rupture was not obtained. As shown in
Figures 4.9 to 4.11, the force displacement curves for Specimens three to five, displacements
were only recorded up to approximately 2 mm. Also, the initial portion of the curve, to the yield
point, is not linear. This causes concern with respect to the performance of the extensometer
during the testing of Specimens three to five. The possibility exists that the instrument was
damaged when it fell during the testing of Specimen 2. Although full data sets were not obtained
for all of the specimens, the yield point was recorded for all five specimens and some useable
information was obtained. In particular, it is important to note the absence of a sharp transition
from the elastic to plastic range. This is consistent with what was observed by Bruneau and
Zahrai (1998), and attributed to the variable cross-section due to the irregular material loss due to

corrosion.

4.3  Finite Element Modeling

4.3.1 Finite Element Model Construction

To investigate the quality of the nondestructive thickness mapping, finite element modeling was
performed for the five specimens. Each of the five specimens was mapped using five
measurement methods, resulting in a total of twenty-five thickness maps. For each of the
thickness maps two geometric and two material property model variations were investigated. The
first geometric model used all of the thickness data collected to construct a fine mesh geometric
model. The second gecmetric model was constructed to determine if there was a loss of finite
element analysis accuracy if fewer thickness readings were recorded during the nondestructive
testing. The material property variations consisted of performing the analysis using the yield and
ultimate stress results that were obtained from the tensile testing of the control specimen for the
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first model, and for the second model using the yield and ultimate stresses taken directly from The
American Institute of Steel Construction Handbook for Iron and Steel Beams from 1873 to 1952
(AISC, 1953) for A7 bridge steel from the 1950s. The fine and coarse geometric models were
both analyzed using each previously mentioned two material property models separately. This
resulted in the fine mesh model being analyzed with two separate material property models and
the coarse mesh model being analyzed with the same two material property models.

For the purpose of this work, an educational copy of ANSYS 5.5.2 was purchased. This version
is a scaled down version of the full ANSYS package. The program provides graphical user
interface with pull down menus to accomplish most modeling steps. The program limits for the
ANSYS/ED professional version are: a maximum number of degrees of 2,000 degrees of
freedom; a maximum of 1,000 nodes; and, a maximum of 500 elements. The largest model
constructed here had 1,632 degrees of freedom, 544 nodes and 231 elements, all of which are
within the allowable limits of the package.

The element type from the program library that was considered most applicable to this problem
was the SOLID45 element, used for three dimensional modeling of solid structures. The element
is defined by eight nodes. Each node has a degree of freedom in the global x, y and z directions.
This element type is well suited for our model since rotational degrees of freedom are not required
and would cause the fine mesh model to have too many degrees of freedom for the ANSYS/ED
package. Also, this element type can model large deformations and large strains as required for
the nonlinear analysis in this work.

In terms of general material properties, a constant isotropic property type was chosen with the
following values being entered into the program:

Ex = 200,000 MPa = 29,000,000 psi (Modulus of Elasticity)

PRyy = PRy, = 0.3 (Poisson’s Ratio)

Gyy = 77,000 MPa = 11,170,000 psi (Shear Modulus)
The data table’s option of the preprocessor was used to input the stress-strain curves for the two
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chosen material type. For this, a multi-linear isotropic model was chosen. This allowed the user to
enter up to 20 stress-strain points to model the material’s behavior. Here, two separate stress-
strain curves were used to model the specimen’s behavior. The first stress-strain curve is the one
shown in Figure 4.12. The yield stress and ultimate stress were taken directly from the control
specimen test results adapted for use in the finite element modeling with several standard
assumptions being used to complete the stress-stain curve. The standard assumption consisted of
locating the beginning of strain hardening at fifteen times the yield strain and the modulus of strain
hardening being equal to the elastic modulus divided by thirty. The stress-strain data points used
to define the first material type, which had a yield stress of 315.1 MPa (45,700 psi) and an
ultimate stress of 448.2 MPa (65,000 psi) was determined in the following way:

Or = 3151MPa

3151
200000

oY
£y= E = = 0.001526

Osi = 3151 MPa

Esn = 15Er = 15(0.001526) = 0.02288

Ov = 4482 MPa

E 200000

Esuy = 3—0 = 30 = 6666 MPa
N (Ov-0Osx) _ (4482- 315.) _
Eu=Esn+ T Em 0.02363 + = 0.04359

The second stress-strain curve was constructed using yield and uitimate forces that would
typically be used in design for ASTM-A7 bridge steel from the 1950s (AISC, 1953). The graph
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construction methodology was similar than for the aforementioned curve, with the values
calculated as below giving the resulting stress-strain curve shown in Figure 4.13.

Oy = 2482 MPa
Er=0.001241

O'su = 2482 MPa
Esn= 001862

Ovu = 3813 MPa
Esu= 003858

The finite element model was then constructed by translating the thickness mapping data into the
required node and element systems. For this work, two geometric models were used. The first
model used a fine mesh which consisted of 544 nodes and 231 elements. The second model with
a coarse mesh, possessed 216 nodes and 85 elements. Both models were created from the 192
thickness readings that were recorded using various methods during the nondestructive evaluation
portion of this work. Several assumptions were made to facilitate the construction of the fine and
coarse meshes. First, the thickness readings were assumed to be located at the center point of
each 6.35 mm x 6.35 mm squares on the measurement surface. This created a 6x32 system of 192
thickness measurements located at discreet points on the coupon’s surface. As can be seen from
the partial plan view of the 203.2 mm x 38.1 mm test surface shown in Figure 4.14, the xand y
origin is located in the bottom left corner of the surface. Also shown on this figure are the
assumed locations of the thickness readings and a portion of the original 6 x 32 mesh of thickness
measurements. The zero point along the z axis was assumed to be located at the center point of all
thickness values. This means that for each of the 192 thicknesses reading, half of the thickness of
the material is located above the x-y plane and half is located below the x-y plane.

The 544 node, 231 element fine mesh model was created using the previously mentioned
assumptions and thickness data. Figure 4.15 is included to assist in the description of the model
construction. The first step to generate the fine mesh geometric model was to assign the 192
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actual thickness values to nodes in the model. Since the model uses eight node, three-dimensional
elements, these absolute thickness values were evenly divided between the upper and lower face
of the coupons. For example, if a thickness reading of 8 mm was recorded at x=3.175 mm, y=
34.925 mm (shown in Figure 4.15 as Node A), the two nodes at that point would have
coordinates of x, (Node A) = 3.175 mm, y, (Node A) = 34.925 mm, z, (Node A) = -4 mm and x,
(Node A) =3.175 mm, y, (Node A) = 34.925 mm, z, (Node A) = +4 mm. Following this
methodology, 2x192=384 nodes were created for the model. To model the rest of the specimens
surface, a series of nodes was created using the thickness values from the closest of the 384 nodes
that have already been created from the original 192 thickness values. With reference to Figure
4.15, it can be seen that the three nodes labeled NODE AA at the top left hand corner of the
figure are nearest to NODE A, a location of one of the original thickness measurements. For this
reason, all six nodes at these locations have been assigned the same coordinate values as the two
nodes previously calculated for NODE A above and below the X-Y plane. The same process
applies to NODE B and NODE C, with the secondary nodes, NODE BB and NODE CC taking
on their respective coordinate values above and below the X-Y plane. Once the nodes on the
periphery of the testing surface were defined, a mesh of 8x34x2=544 nodes had been created to
allow the three-dimensional element formulation to be performed. The total of 7x33=231 8-node
cubic elements including:

. 4-3.17mmx 3.17S mm corner elements

62-635mmx3.175mm  edge elements

10-3.175mmx 6.35mm  end elements

155-6.35mmx6.35mm  center elements

The 216 node, 85 element coarse mesh was created to determine the effect of taking fewer of the
thickness readings upon the accuracy of the finite element models. It was produced using a
procedure similar to those used to construct the fine geometric mesh model. Figure 4.16 is
presented to illustrate the coarse mesh construction methodology. The locations of some of the
original 192 thickness readings, the outline of their corresponding 6.35 mm x 6.35 mm
measurement areas, as well as the locations of some of the 216 nodes are also shown in Figure
4.16. The first noticeable aspect of this model is that a uniform element size of 12.7 mm x 12.7
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mm could not be used for the entire surface of the specimen to obtain an even node spacing. The
first column of nodes is located at x= 0 mm, the second column is located at x=9.525 mm.
Thereafter, except for the last column, they are located at an even spacing of 12.7 mm, with a
final spacing of 3.175 mm. The specimens were divided in this way so that the nodes for this
second model would fall at the same points along the x-axis where actual thickness measurements
were taken. In this way, each node could be assigned a thickness value corresponding to a 6.35
mm x 6.35 mm area of the original grid. With this construction method, the coarse mesh can
model the effect of taking fewer thickness measurements. With reference to Figure 4.16, the
assignment of thicknesses to the nodes was performed as follows:

. Node 1 was assigned the value of Thickness 1

. Node 2 was assigned the value of Thickness 2

. Node 3 was assigned the value of Thickness 4

. Node 5 was assigned the value of Thickness 8

. Node 19 was assigned the value of Thickness 33
A similar construction methodology was followed for the entire coarse mesh geometric model.
The coarse mesh resulted in a 216 node, 85 element model that had:

. 2-9525mmx9.525 mm left corner elements
. 2-3.175mmx9.525 mm right corner elements
. 3-9.525mmx 6.35 mm left end elements

. 3-3.175 mm x 6.35 mm right end elements
. 30-12.7mmx9.525 mm top and bottom edge elements

. 45-12.7mm x 6.35 mm center elements

Once the fine and coarse mesh’s geometric construction had been completed, the number of finite
element models was determined. For this research, a total of five corroded specimens were
tested. For each specimen there are five measurement methods, which includes four micrometer
thickness grids and a depth meter grid. Also, each of the five specimen is modeled using two sets
of yield and ultimate stresses. The first set uses a yield stress of 315.1 MPa (45.7 ksi) and an
ultimate of 448.2 MPa (65.0 ksi) taken from the tensile testing results for the control specimen.
The second model uses yield and ultimate stresses of 248.2 MPa (36.0 ksi) and 381.3 MPa (55.3
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ksi), representative of ASTM A7 bridge steel. This results in a total of two geometric meshes
times five samples times five measurement methods/sample times two stress-strain curves, for a
total of 100 finite element modeling scenarios.

It was decided that induced displacements, rather than induced forces would be used to load the
various models. This was done because displacement-based loading produces a more stable
analysis terms of solution convergence. For all models, the nodes at one end of the specimen
were fixed with zero displacement in the x, y and z directions. At the other end of the specimen,
between 5.08 mm and 10.16 mm of displacement was applied along the x-axis, depending on the
specimen. For example, for the Specimen 1 coarse mesh, all ten models were able to converge at a
total displacement of 10.16 mm. This displacement was applied in 300 sub-steps, or in
displacement increments of 0.03387 mm. However, some of the models did not converge at total
displacements greater than 5.08 mm. When attempts were made to decrease the size of the sub-
steps, problems were encountered du