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INTRODUCTION

Naval shore facilities require periodic maintenance and repair to
minimize life cycle costs and maintain a satisfactory level of opera-
tional capability. Improvements in the ability of the Naval Shore
Establishment to measure readiness with objectivity, consistency, and
accuracy are also required. The unexpected failures that have occurred
in critical waterfront structures have resulted in direct dollar losses
and reduced operational readiness and are also potentially fatal safety
hazards. The Office of the Chief of Naval Operations has therefore
increased the emphasis on inspection of waterfront operational facili-
ties by requiring that they be included in annual inspection summaries.
In response to this requirement, the Naval Civil Engineering Laboratory
(NCEL), under the sponsorship of the Naval Facilities Engineering Com-
mand (NAVFACENGCOM), has initiated several projects to improve the
capabilities of the Navy to conduct underwater inspection and nonde-
structive testing (NDT) of waterfront structures.

A preliminary analysis of the requirements for underwater nonde-
structive testing (Ref 1) revealed that the majority of the Navy's
waterfront structures are constructed of steel, timber, or concrete.
This report also concluded that within the available state-of-the-art
pulse echo ultrasonic testing was the most promising technique to pro-
vide a near-term improvement in the Navy's underwater inspection capabi-
lity.

This report presents the results of laboratory and field tests to
evaluate the capablity of commercially available ultrasonic inspection
systems to accurately measure the thickness of submerged steel water-
front structures. The objectives of the laboratory tests were: (1) to
determine the measurement accuracy using three different methods of
acquiring and interpreting the ultrasonic data, (2) to identify operator
training requirements and optimum information feedback techniques for
the diver, and (3) to analyze the electrical power transmission charac-
teristics of the ultrasonic system and identify any potential safety
hazards to the diver.

During the early phases of this investigation it became apparent
that the irregular front surface condition encountered on submerged
corrosion-pitted steel structures was causing erroneous thickness read-
ings to be recorded. These early results caused the emphasis of the
testing to shift to investigation of specialized transducer technology
and development of techniques to smooth the irregular front surface.
The final sections of this report describe the work conducted on
corrosion-pitted steel and include the tests and evaluation of specially
designed focused transducers and the development and testing of a com-
puterized ultrasonic scanning system adapted with a hydraulic-powered
surface mill.
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BACKGROUND

The key to improved maintenance and repair management, readiness
assessment, and catastrophic failure prevention is improved facility
inspection and condition assessment. Inspection, or the gathering of
data on the condition of the structural elements of a facility, is at
present essentially limited to visual observation. Hidden deterioration
cannot be identified until it has progressed to the point where it is
revealed by an abnormal surface condition or by structural failure.
Specialized inspection equipment and techniques are required to gather
data on the condition, both external and internal, of the structural
elements of critical facilities in a concise and objective manner.
These data must then be analyzed in order to determine the condition of
the facility and to establish the detailed maintenance and repair re-
quirements necessary to maintain the facility in its present condition
or to improve that condition to required facility capacity.

The purpose of any inspection is to provide the information that is
necessary to assess the condition (capacity, safety, and rate of deteri-
oration) of a structure. The usefulness of an inspection depends,
therefore, on the suitability of the data obtained to provide the infor-
mation on those parameters required to make an accurate assessment. A

| detailed analysis of these data requirements is presented in Reference 2
!' and summarized in Appendix A.

i Two major types of steel structural elements have been identified
as being of primary interest for most waterfront inspections: the
H-pile and sheet pile sections. Data on the various sizes and configu-
rations of these structural elements are presented in Appendix B. While
H-piles are typically used as support elements of a pier of wharf and
provide access to all surfaces, sheet piles are primarily used for
bulkhead construction and are accessible only from one side.

The predominant cause for the loss of steel cross-sectional area is
corrosion. Generally, corrosion is severest in two zones: the splash
zone and the region just below the mean low water line. Figure 1 is a
typical representation of the relative corrosion rates found in various
sections of a steel pile. As holes develop and enlarge in steel sheet
pile walls, the backfill may erode away, eventually leading to a failure
that penetrates the ground surface or pavement. The rate of corrosion
depends in part on the conditions in the harbor. High dissolved oxygen
content, low pH levels, and stray electrical currents all tend to accel-
3 erate corrosion. Water particle velocity also affects the rate of
corrosion, as shown in Figure 2.

Another type of corrosion, generating black rust, is caused by
certain bacteria found in seawater near the mud-submerged zone inter-
face. The bacteria are capable of reducing sulfates to sulfides under
anaerobic conditions. The sulfides are highly corrosive and combine
with iron to form a black iron sulfide product. The result of the
corrosion process in many instances is a steel structure with very
irregular surface characteristics. This corrosion pitting can range
from isolated pinhole size pits to ones large enough to engulf the
better part of a diver's thumb. In many cases the pitting is found to
be generalized in coverage and ranges from 0.04 and 0.1 inch in depth
and 1/8 to 1/2 inch in diameter.
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ULTRASONIC TESTING TECHNIQUES

Applications

Ultrasonic testing provides a versatile, nondestructive inspection
technique for numerous applications, including thickness measurement,
flaw detection, imaging of opaque objectc, and material property deter-
mination. The application of primary interest for inspection of water-
front structures is the determination of remaining metal thickness of a
corroded steel structure. In this application, a pulse of high fre-
quency sound is transmitted into the test specimen; the time interval
between the transmitted pulse and the return echo reflected from the
back surface is measured and correlated with the material thickness. If
the velocity of sound in the test material is known, the material thick-
ness can be calculated from the relationship

X = v-t/2




where

x = thickness
v = sound velocity
t = time of flight of sound pulse

In most instances, however, the ultrasonic test unit is configured
such that the time delay can be scaled to provide a direct distance
(thickness) measurement as the output of the instrument.

Basic Components

Figure 3 is a block diagram of the major system assemblies of an
ultrasonic test unit. The heart of the system is the timer or rate
generator. This component is the source of all timing signals to other
parts of the system. The trigger signal from the timer simultaneously
produces a high voltage output from the pulser and initiates the sweep
on the cathode ray tube (CRT) screen. The pulser produces the high
voltage signal that is transmitted to the transducer, where it is con-
verted to mechanical (ultrasonic vibration) energy, and simultaneously
to the receiver circuit, where it is processed for display on the CRT.
If the test unit is equipped with a digital readout, the initial pulse
also triggers the time/voltage conversion assembly.

When the return echo reaches the transducer, it is converted to an
electrical signal and amplified by the receiver. This signa) then stops
and holds the time/voltage analog signal; it is simultaneously displayed
on the CRT screen.

The preceding discussion highlights only the most basic components
of the system for the reader with little or no background in ultrasonic
nondestructive testing. A more detailed discussion of this subject and
general ultrasonic theory can be obtained from Reference 3 or any one of
numerous texts on ultrasonic technology.

Equipment Pescription

Based on information obtained on the use of pulse echo ultrasonic
testing in the North Sea and United States (reported in References 1
and 4), a decision was made to purchase a conventional ultrasonic flaw
detector for initial laboratory testing.

A survey of commercially available, portable ultrasonic inspection
systems resulted in the selection of a Sonic Instruments, Inc. Mark IV
flaw detector with a Model 220 digital thickness adapter (Figure 4).
The digital thickness adapter provides an external analog voltage pro-
portional to the material thickness. This analog signal was transmitted
to a Hewlett-Packard digital voltmeter (model HP-3437A), which converted
the thickness analog to a binary code and transferred it to a Tektronix
4052 desktop computer over an IEEE 488 interface bus. This system,
shown schematically in Figure 5, was used to acquire, analyze, and store
on magnetic tape all thickness data generated during laboratory testing.

e
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Figure 3. Basic subsystem assemblies of an ultrasonic test unit.

LABORATORY TESTING

Equipment Calibration and Measurement Accuracy Tests

The first series of laboratory tests was set up to determine the
accuracy of the thickness readings obtained by personnel with various
levels of ultrasonic training when (1) interpreting the visual CRT
display on the Mark IV flaw detector, (2) reading the digital thickness
display on the 220 adapter, or (3) acquiring the thickness data directly
with the computer.

Based on the work reported by Mittleman (Ref 5 and 6), the computer
programs for calibration of the ultrasonic transducer and thickness data
acquisition were developed using a second-order polynomial regresssion
analysis. This allowed the computer-generated calibration curve to
account for nonlinear thickness to transit time correlations generally
found to occur with focused and dual-element ultrasonic transducers.
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an analysis conducted 10 determine the effect of using high-order
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The computer was then used to calculate the difference between the
measured and "actual" thickness of the blocks (obtained from precision
micrometer measurements); the results were displayed as a function of
measurement technique and level of operator training. Figure 7 is
typical of the results obtained from these measurement error analysis
tests.

Analysis of 28 series of tests revealed that, with as little as
30 minutes training on the use of the flaw detector, each of the eight
test subjects obtained comparable measurement accuracies with each of
the three data acquisition techniques. Slight improvements in measure-
ment accuracy were noted from test to test as the subjects became more
familiar with the operation of the equipment. However, no correlation
was found between the initial level of training and the ability of the
operator to properly calibrate the instrument or to obtain accurate
measurements.

However, a distinct difference was found in the accuracy of the
thickness measurements depending upon the data acquisiton technique
employed. Table 1 lists the mean error and other relevant statistical
parameters for each of the three data acquisition techniques.

Table 1. Thickness Measurement Accuracy for
Three Data Acquisition Techniques

Data Acquisition Technique
Parameter

CRT Digital Computer

Mean error (in.) 0.00604 0.00421 0.00085
S*andard deviation 0.00740 0.00390 0.00097
Minimum error (in.) 0.00003 0.00000 0.00005

Maximum error (in.) 0.03906 0.01391 0.00395

The significance of the variation in measurement errors can be best
appreciated when it is related to the inspection data and analysis re-
quirements presented in Reference 2. From the discussion on inspection
strategy in that report, the relationship between the required number of
measurements and instrument accuracy to obtain a desired level of confi-
dence in the condition assessment can be expressed by:

n = 220 |2
com - Cg
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where
n = required number of readings
¢ = acceptable error in the inspection data
Ce = calibration error of the instrument
¢ = standard deviation of the thickness of the structural
element
m = mean thickness of the structural element
z = normal deviate corresponding to the desired confidence
interval

Using the 4% accuracy requirement for H-pile thickness measurement
discussed in Appendix A and a standard deviation of 0.0118 obtained from
NCEL tests on a typical corrosion-pitted H-pile specimen, Figure 8 shows
the relationship between the required number of readings per pile and
the average thickness for the three data acquisition techniques to
obtain 90% confidence that the measured average thickness is within 4%
of the true average thickness. For example, when measuring a pile with
an average thickness of 0.5 inch, the measurement requirement varies
from four readings for computer acquisition to eight readings for visual
interpretation of the CRT-displayed signal. If, however, the average

12
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thickness has decreased to 0.25 inch the difference in measurement
requirements becomes much more dramatic. Using computer acquisition and
interpretation, 18 readings are required, while digital readout requires
41 readings and CRT interpretation requires so many readings as to
become economically impractical.

Electrical Safety Testing Program

The electrical trigger pulse used to excite the piezoelectric
transducer has a peak voltage of 600 volts with a maximum repetition
rate of 3,000 pulses/sec. Since the diver could be exposed to this
pulse voltage if the cable were to be cut or the transducer discon-
nected, tests were conducted to determine whether this posed a potential
safety hazard.

Analysis of the data obtained from these tests showed that the
600-volt pulse output to the transducer is the only voltage on the cable
handled by the diver. The triangular pulse thas a magnitude of 12 am-
peres and a width of approximately 1 x 10 second. At the maximum
pulse rate of 3,000 pulses/sec, a time-averaged current of 3.6 mA could
be delivered. This is just above the perception level and is considered
to not represent a danger to the diver.




Examination of the electrical schematic revealed that the 110-VAC
input to the Mark IV flaw detector is used only to charge the onboard
battery. Power for operation of all other subsystems is provided by
this 24-VDC source. Failure of any internal component that resulted in
a direct short to the transducer cable would allow no more than the
24-VDC potential to be transmitted to the diver. This is below the
danger level for DC voltages and is not considered a safety hazard to
the divers.

During initial testing both in the NCEL Shallow Water Ocean Simula-
tion Facility and at Key West, Florida, the difference in potential
between the transducer case (connected to the utility system ground) and
the seawater ground was sufficient to produce an uncomfortable shock to
the diver if the diver's hand was raised out of the water while holding
the transducer.

The susceptibility of a diver to electrical shock is greatly in-
creased by the reduction in contact resistance caused by seawater ab-
sorption into the skin. On dry land, hand-to-hand path resistance can
range from 10,000 to 100,000 ohms. For a diver coming out of the water,
this resistance ranges from 500 to 1,000 ohms. If the diver makes con-
tact with a 5- to 10-VAC source or a 30- to 60-VDC source, an electrical
shock with currents exceeding the "iet go" level could be experienced.
The let go level is defined as the maximum current at which voluntary
muscle control can be exercised to let go of the electrical source. The
let go levels are approximately 9 mA for AC current and 60 mA for OC
current.

Besides the obvious problems associated with damaged transmission
wires, voltages of sufficient magnitude to deliver a shock to the diver
can be present without direct contact with a live wire. The most common
situation is for the diver to touch a device that is grounded to the
shore-based utility system but is not at the same potential as the
seawater. Contact is most dangerous when the diver reaches through the
air/water interface while holding electric-powered equipment and the
current path is from the hand through the arm and body to seawater.

To eliminate future occurrences of this problem, a power system
test circuit has been developed that allows measurement of ground system
potential differences prior to commencing diving operations. In addi-
tion, the system will shunt the utility system ground to the seawater
potential if necessary. Appendix C contains a schematic of this circuit
and a procedure for conducting the tests and interpreting the results of
the power system test.

PRELIMINARY UNDERWATER TESTING

Initial underwater tests were conducted in the NCEL Shallow Water
Ocean Simulation Facility. The objectives of these tests were to famil-
ijarize the divers and topside technicians with the operation of the
ultrasonic equipment in a controlled environment and to determine the
most efficient communication system to assist the diver in the proper
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positioning of the transducer. The communication techniques investi-
gated included: (1) verbal instructions from the topside ultrasonic
technician; (2) an audio tone, the frequency of which was proportional
to the amplitude of the back surface echo; and (3) visual display of the
signal as it appeared on the CRT of the flaw detector.

Shortly after the initiation of this test series, it became appar-
ent that a much more serious problem than identifying the best informa-
tion feedback system was being experienced. A 1large number of the
thickness readings being recorded were outside the range of known
minimum-to-maximum thickness obtained for the corrosion-pitted test
specimen from previous caliper measurements. Because of the relatively
high accuracy of thickness measurements obtained during the previous
calibration tests conducted with smooth-surfaced test specimens, the
erroneous reading problem was attributed to the irregular front surface
condition encountered with the corrosion-pitted specimens.

To confirm this hypothesis, five test blocks were prepared from bar
stock having a nominal thickness of 1/2 inch. Simulated pits ranging in
depth from 0.025 inch to 0.158 inch were machined in each block using a
1/4-inch-diam ball mill. Tests were conducted first with the transducer
located over the pit on the front surface and then with the transducer
located over the pit on the smooth back surface. Table 2 presents the
results of these tests.

Table 2. Comparison of Ultrasonic and Micrometer Measurements
of Specimens with Simulated Pits

Micrometer Measurements Ultrasonic Measurements
(in.) (in.)
Block . Pit on
No. Maximum Pit Minimum P;:OZE Back surface
Thickness | Depth [ Thickness Surface
Minimum | Maximum
1 0.493 0.025 0.468 0.125 0.472 0.492
2 0.489 0.048 0.441 0.198 0.456 0.495
3 0.497 0.082 0.415 0.328 0.415 0.495
4 0.494 0.104 0.390 0.420 0.399 0.496
5 0.493 0.158 0.335 0.664 0.335 0.491
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Comparison of the ultrasonic "thickness" readings with the microm-
eter measurements for each block revealed that with the transducer
positioned over the pit on the front surface, the digital ultrasonic
reading was not representative of any dimension of the test samples.
Analysis of the signal appearing on the CRT on the flaw detector showed
a decrease in the strength of the front surface echo and an irregularly
shaped "back surface" echo when compared to signals obtained from smooth
specimens. This phenomenon suggests that the ultrasonic signal is being
reflected from the various levels of the front surface resulting in
multiple echos, which can be misinterpreted as material thicknesses.

Since the speed of sound in water is approximately one-fourth the
speed of sound in steel, the "thickness" readings obtained should be
about four times the pit depth if the erroneous readings are a result of
multiple front surface echos. Table 3 shows that there is excellent
correlation between the ultrasonic measurements and a dimension that is
four times the pit depth.

Table 3. Comparison of Ultrasonic Reading
and Pit Water Path

Block No. Pitigfgth Pit ??ﬁ?? x 4 Ultraso?:ﬁ.geading
1 0.025 0.100 0.125
2 0.048 0.192 0.198
3 0.082 0.328 0.328
4 0.104 0.416 0.420
5 0.158 0.632 0.644

Tests conducted with the transducer located on the smooth back
surface produced ultrascnic measurements of both minimum and maximum
thickness. The results of this series of tests are summarized in
Figure 9, which shows typical CRT displays and digital ultrasonic read-
ings for the three different surface conditions examined. In Figure 9a,
a specimen with smooth front and back surfaces produces sharp and dis-
tinct echoes from both surfaces, which results in accurate digital
readings. In Figure 9b, a specimen with back surface pitting produces a
strong front surface echo, but a slight decrease in the back surface
echo is noted due to the scattering of the sound energy. The digital
reading again gives an accurate indication of the decreased metal thick-
ness caused by the rear surface pit. Figure 9c is typical of the re-
sults obtained from specimens with front surface pitting. The initial
front surface echo (a) shows a decrease in amplitude since only part of
the energy is being reflected from this level. The echo reflected from
the bottom of the pit is much more irregular than the back surface
echoes shown above. Since the instrument is calibrated for the speed of
sound in steel, the digital "thickness" reading produced by these multi-
ple front surface echoes is approximately four times the pit depth and
has no correlation with actual material thickness.
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In an attempt to solve the multiple front surface reflection prob-
lem, a feasibility study and laboratory tests were conducted with numer-
ous specialized array systems. Although some limited success was ob-
tained on tests of the simulated pit specimens with specially designed,
conically focused transducers developed at Southwest Research Institute
(Ref 7), none of these transducers resulted in a practical solution to
the problem when attempting to examine actual corrosion-pitted samples
(Figure 10) where the pits were interconnected and had a wide variety of
pit depths.

Field tests conducted on H-piles in Port Hueneme Harbor,
California, and sheet pile in Key West, Florida, confirmed that this
phenomenon was not due to some peculiarity with the specimens used
during the laboratory and tank tests. On tests of the H-pile sections
in the region between mean low water and 5 feet below mean low water,
numerous areas with heavy corrosion pitting were encountered. In these !
areas, over 40% of the ultrasonic thickness readings were greater than
the original thickness of the material and over 80% were greater than -
the maximum thickness obtained from caliper measurements. In Key West, 4
an entirely different situation was encountered. A heavy coral encrust- .
ation had protected much of the sheet pile from deterioration; reason- :
able ultrasonic readings were obtained from the smooth surfaces pre- "
sented when the protective coral growth was removed. O0n the portion of _
the pier subjected to heavy tidal currents, this coral coating apparent- {
ly had not been as effective, and numerous regions with pits "large
enough for the divers to insert their thumbs" were encountered. In this
area of the structure (covering approximately one-third of the inspec-
tion sites), no back surface echoes or plausible ultrasonic readings
were obtained.

Frgure 10, CRT display of ultrasome signal produced durimg examination
of a pitted specimen using a conteally focused transducer

18
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ULTRASONIC SCANNER AND SURFACE MILL DEVELOPMENT

Scanner Development

Based on the partial success obtained with the conically focused
transducers on simulated pits with spherical geometries, it was felt
that an ultrasonic scanner system that retated thickness readings to a
precise spot on the surface of the test specimen might ailow discrimina-
tion between true thickness and erroneous multiple front surface read-
ings. The reasoning behind this approach was twofold. First, if actual
thickness measurements could be obtained, they would tend to overlap on
a position-indexed scan, while multiple front surface readings would
tend to vary with position depending upon the direction of approach of
the transducer. Second, since the average cross section over the entire
width of the structural element was of interest, there was concern that
the average calculated from a nonposition-correlated scan might be
unduly biased by a few smooth spots on the surface if there was no way
to fix their positions.

The scanning mechanism developed for these tests consists of a
bridge that holds both the ultrasonic transducer and a high-precision,
10-turn potentiometer to locate the relative position of the transducer
with respect to the scanner framework. Figure 11 shows the cross-
sectional layout of the scanner bridge. The bridge is moved along the
support framework by means of a screw feed mechanism. The total travel
distance is 15 inches, which is sufficient to accommodate the largest
H-pile cross section. The scanner frame is attached to the structural
element with four magnets rated at 300 pounds pull each. The original
design called for much smaller magnets, but subsequent tests revealed
that on pitted surfaces only 15% to 20% of the rated pull strength could
be developed, thus necessitating the wuse of the 1larger magnets.
Figure 12 shows the overall configuration of the scanner.

For the experiments, the excitation voltage for the position poten-
tiometer was supplied from a 15-VDC output frcm the Mark IV flaw detec-
tor. The signal voltage was then fed into an analog-to-digital con-
verter and transmitted to the computer over the IEEE-488 interface bus.
Simultaneous triggering of both analog-to-digital converters connected
to the ultrasonic transducer and the position potentiometer assured
correlation between the thickness and position readings.

Figure 13 is one of the early scans obtained with this equipment.
This scan was taken on a four-step calibration bar measuring 8 inches in
length with steps from 0.200 inch to 0.500 inch in 0.100-inch incre-
ments. Examination of this scan shows that very accurate reconstruction
of a cross-sectional shape is possible using this technique.

Next, scanner tests were conducted on a test specimen that had been
surface milled to remove the corrosion-pitted irregularities from one
face. Scans plotted with the transducer positioned on the smooth side
produced recognizable and accurate plots of the back surface pitting
(see Figure 14). Calculations of the average thickness from the data
resulted in an estimate that was within 0.1% of the actual average plate
thickness obtained from measuring the volume and area of the plate.
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Numerous tests conducted with the focused transducer placed over
the rough surface resulted in unrecognizable "shot gun" patterns as
typified by Figure 15. For tests using noncontact immersion trans-
ducers, the amplitude of the front surface echo should be approximately
70 times greater than a rear surface echo. Attempts to develop
acceptance/rejection criteria using this echo amplitude measurement also
failed to yield any improvement in results. This was attributed to the
high degree of scattering of the ultrasonic energy by the very irregular
front surface, resulting in numerous multiple front surface reflections
having an echo amplitude of approximately the magnitude expected from a
rear surface echo.

Underwater Surface Mill Development

u At the conclusion of the series of tests discussed in the previous

section, it became apparent that conventional methods of interpreting
pulse echo ultrasonic data would not be capable of providing thickness
measurements of severely pitted steel structures. Since the only accu-
rate thickness readings to date had been produced from a specimen that
had a smooth front surface, another specimen was prepared that had a
narrow, 1/4-inch-wide slot machined in the front surface (Figure 16) to
remove all the irregular features produced by pitting.

An ultrasonic scan with a 2-inch focal length transducer positioned
1 inch above this slot produced the cross-sectional piot shown 1in
Figure 17. This plot proved accurate enough to identify individual pits
found on the back surface opposite the siot. Since it would obviously
be impractical to cut a sample out of each structural element to be
inspected and take it to a machine shop to have a slot machined in it,
an underwater milling machine was developed that would machine a
1/4-inch-wide slot in situ.

This milling adapter 1is designed to fit into the bridge pltate of
the ultrasonic scanner in the same location as the transducer to assure
that the ultrasonic scan is made in the proper location. A quarter-
turn, bayonet locking mechanism allows easy exchange of the transducer
and the surface mill. Power for the milling operation is provided by a
triple-gear, center-shaft hydraulic motor. Hydraulic input requirements
are 1.5 gpm at 2,000 psi to produce an 1,800-rpm output to a four-fiute,
1/4-inch-diam end mill. A vertical feed mechanism provides 0.010-inch
increments in slot depth by means of a detented screw feed mechanism
controlled by the depth adjustment ring shown in Figure 18.

Laboratory tests conducted with specimens prepared using the miil-
ing adapter produced acceptable cross-sectional plots when slots less
than 70% of the maximum pit depth were machined in the corrosion-pitted
surface. Figure 19 shows the results of milling progressively deeper
slots in the front surface of a pile sample with maximum pit depths of
slightly less than 0.1 inch. Figure 19a shows the cross-sectional scan
of a corroded specimen with no milled slot. The large number of multi-
ple front surface echoes makes identification of the back surface impos-
sible. With a 0.020-inch-deep slot milled in the front surface
(Figure 19b), the increased number of readings in the 0.06-inch thick-
ness range indicates the probable location of the back wall. When the
slot depth was increased to 0.040 inch (Figure 19c), the back wall
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becomes evident, and a very accurate analysis of overall cross-sectional
area is possible. For the purpose of these taboratory tests, the slot
depth was increased to 0.060 inch (Figure 19d), which produces a very
clear back surface plot with almost complete elimination of any multiple
front surface echoes.

Field Testing

The first opportunity to use the ultrasonic system for an actual
on-site inspection was presented when a request was received from the
Naval Amphibious Base, Coronado, California, for assistance in determin-
ing the condition (including remaining wall thickness) of a 50-foot-deep
diver training tank. Although this was not an inspection of actual
waterfront structural elements, the inspection was valuable from the
standpoint of identifying problems with remote site transportation,
maintainability of the equipment, and operation of the ultrasonic scan-
ner by divers totally unfamiliar with its function.

These tests identified two major problems with use of the labora-
tory system for field inspection. First, the computer system, even
though it functioned properly, was very difficult to transport and set
up in a location where access to the test site required hand carrying
the individual components up and down stairs or ladders. Second, the
guide wire for the position sensing transducer was very fragile and,
once damaged or broken, was difficult to repair in the field.

The problem with the excessive size and weight of the computer sys-
tem was solved by utilization of a Hewlett-Packard HP85 microcomputer,
which combined the computer, CRT, hard copy print out, and data tape
drive into one unit and thus reduced the weight of the system from
145 pounds to 20 pounds. Figure 20 shows the field testing instrumenta-
tion. For testing at sites where access was less restricted, a dual
disk drive unit was later incorporated into the system to speed storage
of data at the completion of a test. Because of the smaller CRT, slower
computational speed, and graphics display, the HP85 was found to be
inadequate for final analysis of the inspection data. These functions
were therefore retained on the Tektronix 4052, with the HP85 used only
for on-site data acquisition and raw data print out.

Field maintenance problems with the position transducer guide wire
were solved by replacing the screw jack tensioning mechanism with two
worm gear mechanisms (Figure 21), allowing the wire to be easily re-
placed and properly tensioned on site if accidentally damaged.

During tests run at the diver training tank, the ultrasonic scanner
was operated by Navy divers having no previous experience with the
equipment. These tests revealed that with as 1little as 30 minutes
orientation on the proper use of the scanner and surface preparation
techniques, these divers were able to efficiently calibrate and use the
underwater scanning mechanism.

Field testing on actual waterfront structural elements was conduct-
ed on steel H-piles in Port Hueneme Harbor. The ultrasonic scanner was
operated by Navy divers using MK I surface-supplied diving systems to
allow communications with the topside ultrasonic technician. The ultra-
sonic unit and computer system were aboard a 70-foot diving boat.
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Figure 15, Ultrasonic scan of an H-pile specimen with transducer focated on the i
rough side. i

Figure 16. Corrosion-pitted test sample with 1/4-inch slot machined 1n the nou suciace.
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(b) 0.020-inch slot.
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(d) 0.060-inch slot.

Figure 19. Ultrasonic scan of corrosion-pitted test specimen.

29

L PY % IVCI R WV R W

. . e b‘“"‘ﬂ‘&“ Ao




SN UE0A
eLbip

PALUPOIS uestipn o Jusog PO 0 TS S e g HIYERSN RN Y|

0z

it

N DR 2i

30




e T—————y

rasesysbebbidd M ILIEEMBASERELLI s s s . En

[REYTETYS VAR OR N

o [T e . L R T S




The procedure utilized during these tests was as follows:

1. Clean a 4- to 5-foot-long section of the pile flange in the
area to be inspected using a high-pressure waterjet cleaning system.

2. Identify the cross section showing the greatest signs of dete-
rioration and attach the scanner to the pile with the axis located
horizontally across the face of the flange.

3. Insert the ultrasonic transducer in the scanner bridge and
calibrate the system using a four-step calibration bar with thicknesses
ranging from 0.200 to 0.500 inch.

4. Move the scanner bridge over the face of the pile until a
complete cross-sectional scan of the pile is obtained.

5. Analyze the cross-sectional plot to determine if the back wall
can be identified. If it is identified over a sufficient width of the
pile to allow analysis of the average cross-sectional thickness, then
the inspection is terminated at this point and the scanner is moved to a
new position to conduct another test. If the back wall cannot be accu-
rately identified, then steps 6 and 7 are repeated until an accurate
cross-sectional plot is obtained.

6. Remove the ultrasonic transducer and insert the hydraulic
milling tool in its place on the scanner bridge. Lower the end mill
until it contacts the pile surface. Supply hydraulic power to the
milling tool and advance the cutter 0.010 inch into the work surface.
Move the bridge along the face of the pile to produce a 1/4-inch-wide
slot along the entire width.

7. Remove the milling tool and reinstall the ultrasonic trans-
ducer. Rescan the pile as described in steps 4 and 5.

During the initial harbor tests of the scanner system, it was noted
that calibration of the equipment was much more difficult then during
previous tests conducted in the laboratory or shallow water diving tank.
This was due to a very low signal-to-noise ratio of the back wall echo
signal in the region between the front surface and transit times corre-
sponding to approximately 3/8-inch thickness. The increase in near
surface noise made it difficult to visually interpret back wall echoes
less than 0.30 inch thick and completely eliminated the use of automatic
data acquisition and display of thin sections.

This problem was ultimately identified as interpal electrical
reflections in the transducer cable caused by the impedance mismatch
between the transducer and 50-ohm coaxijal cable. During previous tests,
relatively short cables (less than 100 feet) had been used and the
electrical reflection noise had been superimposed with the front surface
echo. When testing began on actual waterfront structures, longer cables
(2250 feet long) were required to reach the piling, thus extending the
noise signals out into the near-surface region.
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Following the procedure described by Mittleman in Reference 8, a
series resistor inductor (R-L) network was placed in parallel with the
transducer. The method of determining the proper values of the R-L
network and the procedure for incorporating these values into the trans-
ducer cable are described in Appendix 0. For the particular cable and
ultrasonic transducer used in the scanning system, the best impedence
matching circuit was found to consist of a 31-ohm resistor with no
inductor. Figure 22 shows the difference in video signal for a 250-foot
cable with and without an impedance matching network. Although this
circuit resulted in a noise spike at a position corresponding to
0.08 inch, it produced the cleanest near-surface display on the CRT
screen and was judged to present minimal problems with inspection of the
majority of waterfront facilities.

Field tests conducted in Port Hueneme Harbor during August 1981 and
May 1982 confirmed that the operation, maintenance, and logistics prob-
lems previously encountered had been solved. During 3 days of experi-
ments, 23 tests were conducted on 8 different H-piles with no mechan-
ical, electrica’, hydraulic, or data acquisition problems. Addition of
the impedance matching network to the transducer cable reduced electri-
cal noise in the near-surface zone sufficiently to acquire adequate back
wall scans without surface milling on four out of the eight H-piles
tested.

The average time to scan a pile cross section, enter facility
location and test parameter data, and store the data on disk was about
10 minutes for those tests where no surface milling was required.
Approximately half of that time was spent entering the facility location
and test parameter data from the keyboard and storing the thickness data
on tape or floppy disk. This allowed the divers to reposition the
scanner on a new pile section. 1In most cases, the divers were ready to
conduct a new thickness measurement test by the time the data acquisi-
tion system had finished storing data from the previous test. When
surface milling was required to obtain plots of the back wall position,
the inspection time increased by an average of 12 minutes, to a total of
about 22 minutes.

SPECIFICATIONS FOR A FIELD-OPERATIONAL, UNDERWATER
ULTRASONIC INSPECTION SYSTEM

One of the major objectives of this project was to establish speci-

fications for an ultrasonic inspection system capable of providing

i reliable underwater metal thickness measurements of steel waterfront
structures. Although the presence of front surface pitting made it

impossible to use standard metal thickness measurement techniques with

off-the-shelf wultrasonic instruments, this section does provide an

equipment specification and operating system software for a system

. composed of several commercially available components and a specialized
: scanner/surface milling device. This system with associated comn. ‘r-
jzed data processing software is capable of producing reliable f:etd i
measurements of the metal thickness of the underwater portion of steel '
waterfront structures. |
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Equipment Specification

A system used for inspection of steel waterfront structures sus-
pected or known to have front surface pitting should consist of the
following components:

1. Ultrasonic flaw detector (1 each)

2. Analog-to-digital voltmeters with IEEE 488 interface (2 each)

3. Portable microcomputer with integral tape drive and printer
(1 each)

4. Ultrasonic scanner (1 each)

5. 50-ohm coaxial transducer cable with impedance matching circuit
(250 feet minimum)

6. Four-conductor instrumentation cable with waterproof connectors
(250 feet minimum)

7. Ultrasonic transducer (1 each)
8. Hydraulic-powered end mill (1 each)
9. Hydraulic power source (1 each)

Detailed specifications and interfacing requirements for each of
these components are presented in Appendix E.

Data Acquisition and Analysis Software

Software developed to support the automatic data acquisition and
analysis system for underwater metal thickness measurement consists of
three programs:

e System calibration

& Ultrasonic scanning

o Data print out and analysis

The calibration and scanning programs have been written in Advanced
BASIC for both the Tektronix 4052 and Hewlett-Packard HP85A. The data
print out and analysis program was developed only for the Tektronix

4052. A brief description, logic flow chart, and program listing for
each of these three programs are presented in Appendix F.
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CONCLUSIONS

Based on the laboratory testing and field evaluation of pulse echo
ultrasonic inspection equipment, the following conclusions can be drawn
regarding the suitability of this technique for underwater inspection.

1. Because of multiple front surface echoes from corrosion-pitted
steel surfaces, it is generally not possible to obtain reliable metal
thickness measurements using a digital ultrasonic thickness instrument.
In specific, limited situations, the digital thickness equipment may
provide acceptable data. These situations include use of a CRT display
in addition to the digital readout to provide visual clues to the nature
of the received echoes and operation of the equipment by an ultrasonic
technician with experience in inspecting corroded steel structures.

2. The wuse of a computerized data acquisition and calibration
system can improve the accuracy and significantly reduce the ocperator
training requirements of the metal thickness measurement on specimens
with a smooth front surface by as much as an order of magnitude when
compared to visual interpretation of the CRT-displayed echo signal or
readings from a digital thickness gage.

3. An ultrasonic scanner and milling adapter have produced accept-
able cross-sectional plots and average thickness measurements by first
smoothing the front surface and then conducting the thickness scan using
a focused ultrasonic transducer. This technique is not truly nonde-
structive, however, since it requires removal of some of the structural
material to produce accurate thickness measurements.

4. Analysis of possible electrical safety problems with the ultra-
sonic instrument has shown that even in the event of a catastrophic
failure the voltages and currents to which the diver would be subjected
are not in excess of those considered safe. However, problems were
encountered with differences between the utility system ground and
seawater ground potentials. A power system test circuit has been devel-
oped that allows this problem to be detected and corrected prior to
commencing diving operations.

5. The required length of cable between the ultrasonic instrument
and transducer for inspecting waterfront structures results in excessive
front surface noise due to the impedance mismatch between the cable and
transducer. A series resistor-inductor network connected in parallel
with the transducer significantly reduces noise levels in this near-
surface area.

6. The equipment and procedures described in this report produced
inspection rates of 6 piles per hour for scans requiring no surface
milling and 3 piles per hour with milling. It is anticipated that
continued advances in microcomputer technology and streamlining of the
data acquistion software could result in at least a twofold increase in
this inspection rate within the next 2 to 3 years.
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RECOMMENDATIONS

1. DOue to the problems associated with multiple front surface
echoes, digital ultrasonic thickness gages should not be used as the
only means of inspecting steel structures in areas found to have irreg-
ular front surface conditions or where the thickness readings are found
to fluctuate rapidly over a small area.

2. Field tests of the ultrasonic scanner and surface milling
adapter have confirmed that results comparable to those obtained during
laboratory tests are attainable during in-situ inspection of steel
pilings.

3. Since the ultrasonic scanner and milling adapter technique is
not truly nondestructive in nature, it should be considered an interim
inspection procedure. Investigation of alternative inspection tech-
niques initiated in 1982 that do not require material removal should be
continued.

4. A power system test circuit as described in Appendix C should
be incorporated into any 110-VAC circuit used to power underwater ultra-
sonic test equipment. As an additional safety precaution, inspection
divers should be required to wear neoprene wetsuit gloves and should be
instructed not to reach through the air/water interface while holding
any grounded electronic equipment in their hands.

5. A series resistor-inductor network connected in parallel with
the ultrasonic transducer should be incorporated into all cables greater
than 100 feet in length to minimize near-surface noise due to electrical
impedance mismatching.
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APPENDIX A
STRUCTURAL ANALYSIS CRITERIA

The following material has been extracted from Ref 2 and edited to present
only those portions of the material relating to inspection of steel structures.

For a given structural element, both material strength and geometry may
change with time, However, for this initial definition of inspection data
criteria, only the element geometry is emphasized as a parameter for inspection.
This, under normal conditions, is an acceptahle approach for steel elements.
It appears less acceptahle for concrete and timber elements, because of the
potential for changes in strength of these material with time.

The structural resistance (or capacity) of an element can he expressed by
equations of the form:

R = FeG (1)

where R represents the structural resistance, F is a limiting unit stress, and
G is a function of the element's geometry. The specific forms of Equation (1)
depend on the nature of the loading (axial load, bending moment, etc.), the
material, and the failure mode beinq considered (material overstressing or
buckling).

Nefinition of General Accuracy Requirements

The strength of materials has been shown to be random (Ref 8). It follows
then that the structural resistance must also be random. Furthermore, the
accuracy of an estimate of an element's structural resistance will be dependent
on the accuracy of the material strength estimate. In the inspection of existing
construction, the accuracy of the resistance estimate will also depend on the
accuracy of the measured field data. The relationship between these two
accuracies and the definition of the desired accuracy of the field data are
presented in this section,

A measure of the dispersion or variability of a random variable relative
to the central or mean value is the coefficient of variation (COV) which is
computed by

where sy is the COV, o, is the standard deviation, and ,y is the mean value of
x.

Considering the terms of the general resistance equation, Equation A-1,
to be random variables, the COV of the structural resistance is given hy

1/2
5 = (37 +<sg?) » (A-2)

where &, &f, and 8q represent the COV of the resistance, strenath and geometry,
respectively. ’




For new construction, the CNV of the geometry can be considered to be
insiagnificant, so that normally

’5r=df <

For existing construction where deterioration has occurred and the geometry
(or amount) of the remaining material must be measured, the COV of the geometry
term will not be insignificant. It can be defined based on the current capabi-
lity for field measurements or by specifying ¢4 or a value for the COV of
the resistance predictions for the altered structure, denoted by ' .,, and
then computina éq utilizing Fquation A-2. The latter is the approach taken
here. The results are shown in Table A-1 which lists the values of ‘¢, *q, and
Spg used in the subsequent discussion.

For this study it is assumed that the accuracy of the material strength
estimate remains unchanaed, [If the strenqth properties are measured, the
desired accuracy would be expected to equal the value of the COV in the first
column of Table A-1.

Rased on these values of the COV for the aeometry term (Table A-1), the
required accuracy (i.e., the required COV) of the field measurements can bhe
determined. For the case of material overstressing, the required COVs for the
different loading conditions and materials are given in Tabhle A-2. These values
were computed as follows:

Consider a steel element under axial load. For this case,
G = A (Equation A-1)

The required COV of the area measurements is
§a = & = 0.09 (from Table A-1)

Also, A = Kd2
where d represents a linear dimension.

Therefore,

Sa = 24
or 4 = 0.04

The other values given in Table A-2 were computed in a similar manner.

Piles. For piles, the predominate load is an axial compressive load.
Deterioration reduces the net cross-sectional area, which may either increase
the unit axial stress to the point where the material fails in compression, or
reduce the stiffness of the pile to the extent that a local or general instability
failure occurs.

For the tubular pile and H-pile with uniform reduction in cross-section,
the failure mode is expected to be by material overstressing, irrespective of
the length of the damaged section. Stability failures may be critical for the
composite pile and the H-pile when deterioration of the flange width predominates.

The data accuracy requirements as given in Table A-4 were derived using
Table A-2 or A-3, depending on the expected failure mode. For the H-pile with
"uniform" deterioration, the accuracy of the flange width and thickness
measurements should be, from Table A-2, +4%. If it can be determined that the
flange width is unchanged from the original state, then the accuracy of the
thickness measurements can be increased to +8%. When the deterioration is
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predominantly a reduction of flange width and it has occurred over a length
greater than approximately 20% of the unsupported pile length, then, from Table
A-3, the accuracy requirements are similar to the previous case except that the
length of the damaged section should be determined so that the COV is 2%.

For the tubular pile, and a composite pile with a damaged section less
than 30% of the length, the accuracy of the thickness measurement was obtained
from Table A-2 using the areal 1limit because the shell thickness is the principal
variable in computing the area. For the composite pile with a long damaged
region, the accuracy requirements are based on the data in Table A-3.




Table A=1, Coefficient of Variation

Material O & ! ¢} va
t g ra
Steel 008" 0.09 0.12
Concrete O.IZh 0.15 0.19
wood 0.20" 0. 204 0.29

a, : .
Values derived as shown in Appendix A.

b., .
Value based on intormation from Reterence 5.

-

Cy, A
Value based on data presented in Reterence 6.

dComputed value was 0.21 (Appendix A) and was revised to 0.20.

Teblce

A-Z. Required Coefticient ot Variation
Based on Material Strength

Material
Loading Geometry
Concrete Steel Timber
: Areal 0.15 0.09 0.20
Axial
Load Linear 0.08 0.06 0. 10
Section 0.15 0.09 0.20
Bending Modulus T ) o
Moment
Linear 0.05 0.03 0.07
Areal 0.15 0.09 0.20
Shear
Linear 0.08 0.04 0.10
A-4
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Tahle A-3. Coefficient of Variation for Columns

. a b
Material érc éE 62 6d 6&
Steel 0.12 005" 0.02 0,049 0.08
Concrete 0.19 0.12° 0.02 0.07° 0.14
Timber 0.29 0,22 0.02 0.07" 0.14

a S -
6rc is equal to 6ra (Table 11).

Assumed value, based on premise that accuracy of *0.25 ft in
15 ft is reasonable; 62 = 0.25/15 ~ 0.02.

“Assumed value.
dVa]ue computed using Eguation 18.

e I . ) . 4
Value for R/C piles computed using the following equation:

- r, 2 2 2
Ope = OLO )+ 0p + &)

This equation is based on the long column equation for R/C columns,
Table 2; 0, is equal to 0.12, as presented in Table 3. For
prestresseé concrete pile, Equation 18 was used; results, however,
were the same.

fValue obtained from Reterence 6.

A-5

Az‘;




— e e o o = = o= B - i A s
poanut o
P J
7 Wo0s vy 0l ~ 1
07 JdA0gE SPoaues _.: $ 0 < J/e
N fESAUNITYY
D ut 101 g/¢ 1 [19Ys padnpay A11]14eas
L0 L 1/e
f85auYITYY
[124S poinpay Yyi18uaals jelialey a1tsodwo)
0z 17 o dn
0¢ 1) gr-¢1 o1 dn U .1y .0
. LusauNa Iyl
6 HEO]o0Y g/ 1 [1-4S padnpay yi13ug1ys (PlrI9Py aqn] moT[o}
v I TAERA Py 70 - 1/
Frunis cuvurtwopasd yipim (7 a1qer]) stxe A-K
Seoaues SAOGR ST Ty v:..;.su.f AYNP ] Jo uelIanpay noge Ajrprgqelg
HaT 1208
)
PAIeIOTialap IS0l (%) 07 14 7 o3 dn _: 70 L 1/F
1407 910000 Sueuntwopoatd yipia (7 91qPL) SiXe XX
Jo o Ssunt11as 0l 07 1 1 o1 dn t._ JEUV ]} Jo UoTIINpIY noyr K31]14P15
WMooelpy suorday (1)
t _ . ~ 2
1180 o] 1« a7 ur o] 0y 9 q I » 1/® > 0
bo mo18aa-pry (7) ! ‘ssauydyl 3o (6 319°1)
woz (Ppry (g WY a0l g/ .JL.. 1O 1IINpas Wio}tun Y13ua11s [R119IPK |UOLIDIG §504)
_ STT1d 133LS
HOTIFOOTT JUala IS e ol «.m:.,:::a a3ury EESRIUSLE _ . a9ty —
uorytpued pProfd uotienieay [eiIn1dN13§ 13
patinbay ereq pratyg
syuawsstnbay vieg ooy 3iqe}
. S e . YO

A-6

N g

¥

S

e




“_ 3

B8 03 pIaseadaur ag uer 1473 jo Areandae ‘azrs 1eu13110 39 03 paalasqo st ua :n

"AQD 943 JO swaay ut usatg,

~
- ) [}
0: I <
SHrey or Ut ore/y. vx
IS AnTwoys seaay Jaovqe
CETT RN R] ﬁ Ai11reded Juikiaed
[0S paivu sp - 1 -PBO} 031 a23nqrijuos 30U
pasodss sey dur)peds 59 SI0p 33313000 :113A0D
Yatys ut Seoay 0c - “v Ant1aroad jJo £112897u) i
UOTIPOOTT JuIMIINS eIl ..».E:..«. JZuey Jajoweleg wor1 1Py prats P1133119 N
LIRS g ! ein
pasinhay vyeg pyotj UoTIERTEAY [RINIONING
panuriuoy ... 3pqep
)
i
. . :

- mecalanaddialt ane Bieds e Seiam s




"
T A
SEUIpral ssan 1RIYS Ul RaSV = ><
-¥oTyY wnuiutw
, Ju At S1) Ul wd1oy = |
- p Jo doyower( {q) s
S$$3431S IPIYS = A
SSIUNITYY
“ A s
[ Ut -4/ 1 10aYS Ut J3ueyy (v) V/L = a
NING TTvm TYNJIINI
sty 3173 (6 91qrL) 9N
VP popolloy 1], prnoae yoisodday () punole leogys duryoung
oty ok . idop Juewpaquwo
aprd oo Sytaraa ug g 0v 1) 09-07 ~7 1 a3uryny ()
RIUTAR LAV LA
Trnsea o _...J_... LTINS «,
pademep STaiaaas 3nolc (§) il THE NG . M
[STENTR ralp padewep jo
it pnyoad g [} ar 1 07-0 _,._.T: HorIeHng R AZig (q4)
wojoyg oasnl Lo "
BTl e pans toyem i f Ut [-wi] 1
SSauya iyl
(MY 3ony f UL olen/g - [Rlow Ut a8ueyy) (v) q
weny e tgadap (6 214°L) S/K = 13
Toges 4o T o) e aprd qaays (uoires-7 ‘Ljjrewanu)
Un 3 vas Jowoun W esel ([ ) JO UOLSOII0) ([) UPISTISAL JUMOY | (7) (3915 Jurrd 193Ys
QvIHNINg G3il
HOT R ] P INS e o)y ﬁszh:.,{ adupy PRRRTILP ] . 1101119
sUeraepuen prarg uorienjeay [vdniiIniyg U633
postnbay ey proty

siuawattohay eyeq .- g[qe]

e o

A-8

P

A




panntiinon

(6 914eL)
V/A = a
0z 0410/ adewrp (rurolu] (7) JIURIS TSI 1edys
Holyras padrewrp 1Sol (§)
Sa1] l ‘ur 7i-y y
uaomiag Jutod-pry (7) S/H = ¥
Q1Y Y (1) 1] ur 71-y q sdewep [eULIIXY (]) IIUBYSTSIT JUIWOY iaqurl -q
saotids o uorytpuoy
S0y a1} 03
SBALISQO [POSTA U0 SATIP[21 U0O1S03110)
PasTq Ho13das padruep oe Y 00-0 fda Jo uotiednon
A1adaa05 180 (¢) “
ENT 6 ur -4/ 1 (6 919%l)
taamtog windepry () I[eM [9918 S/H =L/ W=1
ALY Y (1) A Ul 1-n/1 .a Jo uBolsSo110) (7) JIUB SIS JUIWON 19315 ‘e
s3Tem
- -- -- *ing puncae
UOLIIpUO)Y UOTSOI10)
jo aouasaad
\ tpug paempas
ST Ju PUa pAPMRGG (7)) b sdiy oor-¢7 L 1¢ uotl1puosn mo wﬂna%v
QI | v/l =3
pAPMPas Jo AJLUINTA () [ AU 77570 v Sy ut saBuey) (1) | y18us1ls B[IsuIl JeIXY 12315-9Y)
i WoG0r ;
¢ suotijeredas
0c urog o1 g A utor (g} uorjualar [r1og
UOTIFHO] JUMIIINS P I -..A:f_::< Jdiey Iajoweang P1191117
suotlTpuo) pjaty BLELEY
v - uotienjeay [eanionsis
padinhoy eIR(] platy

panuTIue)

Th-vo91qel

A-9




(%) A0D 241 jo swiay ur >umu:uu<u

a1

ur ayioey sy ()
pedyyIng jo

uswsaow/3uimoyg (q)
1uawsaed

jo Buryoes) (e)

IjualisAow Toyoue

J0 suotiesipuj

9JUBISTIS3I peof
[BIUOZ1J0OY - 3310}
911 01 3dueysIsay

sadeioyouy

HOEIe 07

wswaInNS Pajy fz_sh:vu<

Jduery

lajowrieyd

padtnboy eyeq prary

SUOTIIPNO) praty

B119311)
uolienjeaj feinidniig

Juswary

panut Juo)

Ly oalqe]

A-10




NOMENCLATURE FOR TABLE A-4

Ar Remaining cross-sectional area
Ao Original cross-sectional area

Ld Length of damaged section
H Location of damaged section along pile length, distance

d : , . . :

from pile cap or seabed to of damaged section

L Unsupported length of pile

Lf Flange thickness

Lw Web thickness
Wd Width of damaged section

db Depth to seabed

ts Sheet thickness

d Diameter

c
wj’lj Width and length ot joint separation in steel sheel piles
Ar Cross-sectional area of the rod
Tr Tension in tie rod

D Distance from t to ot corroded region

td re

ts Steel thickne.s

Aee Area of exposed steel
. Widty of crack in concrete

lc Length of crack in concrete

dc Depth of crack in concrete {
Asr Remaining cross-sectional area of steel reinforcement
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APPENDIX B
PROPERTIES AND CONFIGURATION OF STANDARD H-PILING AND SHEET PILING
H-PILFE PROPERTIES
H-Piles Y
Properties
X — 4 X
Y Properties for Designing—-U.S. Unity
] FLANGE
D WOGHT THICK-VHICK-) THLET | SUR-
NOMINALl PTR DEPTH | WIDTH| NiSs | NESS |RADILS | FACE ANIS X AN Y
Sl FOOT | AREAY d h 1 W R ARFA
SIZE ] |
[ S 4 I S rJ
inch b inch? inch inch imeh imch inch TERT md‘:‘ roh hinchy e %“‘ Bk
| |
L ‘ T ! t ‘-J
HP14 117 344 ] 1421 | 11885 ) 805 | 8CS 60 711220072 15960443 e 35y
14x 14, 102 300 | 14061 | 14785 1 705 1 705 60 o6 1501150 (5920380 Srd 350
! 89 | 261 | 1383 | 140695 | 615 | 615 0 701|963 131 1588 326 (443 7333
I 73 | 214 | 1361 | 14585 | 505 | 505 60 bun | 729107 15841261 2358 1349
!HP12 74 218 | 1233 | 12215 | 610 | 605 60 590 50(»1 a1g5.11]186 s 242
12%x12 53 15.5 | 1178 | 12045 | 435 | 435 60 3821 3u3 06Als.03]127 1011286
i |
v 1
tP10 57 16.8 999 | 10225 | 565 | 365 .50 191 264 SBAMI81101 19T 1245
10x 10 42 12.4 970 | 10075 | 420 | 415 50 383 | 210 43.40403) 1T 42,24
HPS10 57 16.8 | 10.16 8320 | 650 | 650 50 4281 2871 564413 62015 1 193
10x8 42 123 9.82 8.150 | 480 | .480 50 420 203 4131406 43.4Lm7 188
I
HP8 36 10.6 8.02 8.155 | 445 | 345 40 392 119] 2983 36| 40.31 985{1.95
8x8
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STANDARD SHEET PILING
! ! P T e iy
‘ WHIGHT | SECTION MODULUS:
E o : “ : e :
g 1 PIR PLR ! |
F U UNFARTSQIT - ARFA I DRIVING] PIR T ;
A OF WALL A WIDTH | WALl PIR PILT
— N L N " Lo - 4 - ~ . _ !
DESIGNATION | PROFILE L LB CINCHY L iscH INCH? INC H? 1}
4 ‘ |
er : |
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-l . = Vs 1 {
S 2o | |
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o= Zo I
p732 D724 560 220 L oaes | o 35 3 67.0
i ! |
: ' J
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] | < |
RN |
v o8y ; |
¥ o "
PDA2? "‘:ai_ﬂ‘ I - 36.0 27.0 0o |16 107 143
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[ A { : Pt "T ER —
|a’;“-.‘--l v .‘\9(‘ i L<)
PMA22 &L’/—\c o 36.0 220 106 | 19% 5.4 8.8
| £
| ———— b o e ]
Yo tme 6
PSA28 N S 37.3 28.0 110 | 16 23 3.3
M [« 4
e ] et S - R
" 18 uGwet Z -
PSA23 e 30.7 23.0 90 | 16 2.4 3.2
]
[ E - — R N -
PSX32 v o—te . - 44.0 320 130 | 16%: 24 3.3
. E
L - —— 7__*]. 2 - —4—A" s S —
PR ™ =
PS32 ¢ i 88 40.0 32.0 18 | 15 1.9 24
-
’ <4
b ———— e~ P -——"—————‘ ——— ey :LI) ————— e — — e --)»—4»—4,—‘_
18 vl ZS
ps28 . pe—e—tg 35.0 28.0 103 415 1.9 2.4
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APPENDIX C
POWER SYSTEM TEST CIRCUIT

120 vac L i —— .
|
GRO— > i — o .
L l ‘
1A ¢ 3 \ j
i ) | . “
OFF oSIA s 4 QOFF o s 13 o ; ‘ i
WAV | )
f/ ) .
500 i, 50W | ] Seawater
R - or
. AN Y Sheet Pile
SV
—

The circuit shown above was developed to determine if potentially dangerous
voltages exist on low voltage power systems at diver work sites. The 500 ohm
resistor simulates the approximate resistance a diver with wet hands would have.
The voltmeter should be canable of accurately measuring to +0.1 volts. To test
the power system for improper wiring or high resistance grounds, S? is switched
off (open). With S1 in position 1, the meter should display power line voltage.
With ST in position 2, line voltage should aqgain be measured. If the meter
does not read the same voltage (+0.1 V) as in position 1 either the ground
circuit has a high resistance connector or the Hi and Lo wires are reversed
in the power system. By selecting position 3 on S1, the problem can be further
isolated. If line voltage is measured with S1 in position 3, then the Hi and
Lo wires are reversed and the problem should be corrected. If a voltage
different from line voltage is measured then the ground circuit resistance can
be calculated from equation 1.

v -V
pos 1 pos 3
Rgrd = (590) (1)

Vpos 3

|

:

{ If Rqpq is greater than 1 ohm the ground circuit should be checked for bad

f connections. With S1 in position 4, any potential difference between seawater
and utility system qround will be measured. [f this voltage exceeds approxi-
mately 6 volts the power system is not at ground potential and should be checked.
For voltage less than 6 volts, closing S2 will provide a ground path for
temporary use but the power system ground should be checked for bad connections.
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Appendix D

ELECTRICAL IMPEDANCE MATCHING FOR
ULTRASONIC TRANSDUCER CABLES

Underwater ultrasonic inspection of steel waterfront structures
often requires the use of transducer cables considerably longer than the
100-foot maximum length recommended by most instrument manufacturers.
Experience gained during the development of the underwater ultrasonic
scanner indicates that cable lengths of 250 feet will probably be re-
quired for inspection of most steel waterfront piers and wharves. When
cables greater than 100 feet in length are used between the ultrasonic
instrument and transducer, signals generated due to the electrical
impedance mismatch between the cable and transducer will result in an
extremely noisy near-surface region of the CRT display. This noise not
only makes it difficult to visually discriminate back wall echoes for
specimens with thicknesses tless than 3/8 inch, but also makes it impos-
sible to accurately produce a digital thickness readout.

Analysis of the major components of the ultrasonic system indicated
that the largest impedance mismatch occurred between the cable and
transducer. To match these impedances a series resistor-inductor (R-L)
network was connected in parallel with the transducer. At an operating
frequency of 5 MHz the proper components of the R-L network are deter-
mined from the following equations:

L= 22 c/a + 1Aech (1)
0 o
R = Z./(1+ 25w (2)
0 0
where
L = inductance (H)
R = vresistance (ohms)
Zo = system impedance (ohms)
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C transducer capacitance (F)

W

angular frequency (Hz)

For the ultrasonic system being developed at NCEL, Z0 = 50 ohms and
w=n x 10° Hertz.

Since this information on the capacitance of the transducer was not
readily available from the manufacturer, the IBK 5-2D transducer was
tested with a General Radio Company Impedance Bridge (Type 1650-S) and
found to have a capacitance of 498 pF. Using Equations 1 and 2, the R-L
network will require a 31.02-ohm resistor and a 0.772-pH inductor to
produce an impedance to 50 ohms. Since the value of the inductor is so
small, it was concluded that the effect on the R-L circuit is negligi-
ble, and only a resistor would be needed to make the impedance matching
circuit. To experimentally confirm the calculations and the assumption
of the negligible effect of the inductor, various R-L circuits were
tested with the IBK 5-2D transducer. Common values of resistors ranging
from 10 to 75 ohms, inductors from 0.50 uH, and RG-58 cable lengths of
9 feet, 100 feet, and 250 feet were used.

Scanning tests were conducted with different R-L networks and
resistors at each length of cable using a 4 by 5-inch H-pile section as
the scanning target. Scanning data taken by the computer were compared
with the CRT display of the Mark IV. The tests showed that impedance
matching improves the ultrasonic signal-to-noise ratio by approximately
8 decibels with 250 feet of cable, confiming the calculated results. A
common 33-ohm 10% resistor, with a measured value of 30 ohms, produced
the best results for the specific cable, transducer, and ultrasonic test
unit being used in these experiments. The procedure for connecting a
resistor in parallel with the transducer and waterproofing the connec-
tion is shown in Figure D-1.
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A. One lead of 3342 resistor soldered o
cable shicld opposite lead soldered to
no. 32 magnet wire

B. End of cable prepared for BNC plug in the
normal manner. Magnet wire is run under
the BNC nut, washer, gasket, and clamp
looped around and soldered to the center
conductor.

C. Center conductor pin soldered on and heat
shrink tubing applied over magnet wire
and diclectric.

D. Heat shrink over resistor. Drill out the BNC
plug to accept the increased size of the di-
clectric with heat shrink tubing. Installed
BNC as usual. Then waterproof the entire
assembly.

Figure D-1. The procedure for connecting a resistor in parallel with

the transducer and waterproofing the connection.
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Appendix T

PROCEDURE FOR ULTRASONIC THICKNESS MEASUREMENT
OF STEEL WATERFRONT STRUCTURES

1. PURPOSE
This procedure provides the requirements and information necessary to
perform ultrasonic thickness measurements of the underwater portion of

steel waterfront structures of Navy shore facilities.

2. SCOPE AND APPLICATION

Sheet piles and t-~piles 1in waterfront structures within a nominal
thickness range of C.1 to 1.0 inch shall be measured.

Automated immersion, pulse—echo, straight beam longitudinal wave
ultrasonic techniques shall be used in conjunction with focused trans-

ducers to conduct thickness measurements.

2.1 Applicable Documents

(1) Civil Engineering Laboratory (CEL) Technical Memorandum
numbered 43-81-07 entitled "An Evaluation of Pulse Fcho
Ultrasonic Techniques for Underwater Inspection of
Steel Waterfront Structures."

3. PERSONNEL AND EQUIPMENT

3.1 Personnel Certification and Training

Personnel performing ultrasonic examinations shall be certi-
fied to at least Level I in accordance with the guidelines of the American
Soclety for Nondestructive Testing Recommended Practice No. SNT-TC-1A and
Attachment A of this procedure. The personnel alreadyv certified to Level 1
shall receive one additional week of training culminating with a practical
examination. The practical examination shall test the examiners profi-
ciency using the required computer and/or ultrasonic equipment.

Personnel required for underwater work shall receive a mini-
mum of one day of training using the actual equipment, as applicable.

3.2 Equipment

The examination system shall be comprised of the following
equipment:

(1) Ultrasonic instrument with digital thickness meter
(2) Computer system

(3) Scanner bridge/surface milling adapter

%) Search unit

(5) Calibration block

(6) Power system test circuit




3.2.1 Ultrasonic Instrument and Digital Thickness Meter

The following items are the minimum requirements for the
ultrasonic instrument.

(1)

(2)
(3

(4)

) (5)

(6)

(7)

(8)
(9)

(10)

(1)
(12)

(13)

(14)

(15)

(16)

Power Requirements:

Power Consumption:

Switched Testing
Frequencies:

Resolution over range
of .1 to 1.0 inch:

Tenperature Operating
Range:

Calibrated dB Controls:

Receiver Gain:

Receiver Bandpass:

Receiver Sensitivity:

Pulse Repetition
Frequency:

Maximum Pulser Voltage:

Output Signal:

Measurement Range:
Blocking Gate Range:
Operating Temperature
Range:

Output Signal:

E-2

0.5 amperes at 115/120 volts AC
0.5 amperes at 24 volts DC

6 watts

1.0, 2.25, 5.0, 10.0 MHz

0.030 inch with dual transducer
0.050 inch with single transducer

~20° to 150°F

Coarse 0 to 90 dB in 10 dB steps;
fine 0 to 15 dB in 1 dB steps

110 dB minimum with receiver and
video gain

0.1 MHz to 25.0 MHz

At selected switched frequen-
cles, an input signal of 10
microvolts RMS is clearly
visible above base line

noise

Low 100 and 500 pp; medium
1000 pps; high 3000 pps £ 25%

300 v into 500 ohms

Analog thickness to voltage
0-5 Volts DC

The following {tems are the minimum requirements for the
digital thickness meter.

0.010 to 19.99 inches

0.020 inch of steel to greater
than 10.0 inches of steel

0° to 120° F

Analog thickness to voltage
0-5 Volts DC




(17) Temperature Stability: 0.005% per degree centigrade

(18) Warm Up Time: One minute for full accuracy

3.2.2 Digital Voltmeter

The following items are the minimum requirements for the
digital voltmeter.

¢9) Capable of converting the thickness analog signal to a
binary code

(2) IEEE-488 compatible

(3) Capable of 500 readings a second minimum
(4) Triggered internally and externally

(5) Accuracy of 0.1 volt

An additional voltmeter will be required which shall be
capable of converting 6 analog to binary readings per second.

3.2.3 Computer System

The following items are the minimum requirements for the
computer system.

(1) 8-bit processor

(2) Alphanumeric and graphic display (300 by 400 dot
minimum)

(3) Typewriter-type keyboard

(%) Mass storage - tape or disk

(5) IEEE-488 - 1978 {nterface

(6) RAM-based BASIC language with graphic support
(7) 32K RAM memory minimum

(8) Graphic's printer with dot~for-dot graphics copy

. 128 character USASCII character set, 132 columns
* 120 character/second minimum

(9) Digital clock incorporated in system or as a peripheral
with IEE-488 {nterface
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3.2.4

3.2.5

search unit.

Scanner Bridge and Surface Milling Adapter

The following items are the minimum requirements for the
scanner bridge.

(1)
(2)
(3)
(4)
(3
(6)

Linear scanner with manual control
Accuracy of 0.020 inch

Resolution of 0.010 inch
Repeatability within 0.020 inch
Maximum scan to at least 15 inches

Used to attach scanner bridge to examination area
Four 300 pound pull magnets

The items following are the minimum requirements for the
hydraulic surface milling adapter.

(1)

(2)

(3)
(4)
(5)
(6)

Fit on the scanner bridge in the same location as the
search unit

Bayonet locking device for easy exchange with search
unit

Input of 4 GPM atr 2000 PSI
Output of 3000 rpm
4 flute 1/4-inch diameter end mill

Vertical feed providing 0.010-inch increments in slot
depth

Search Unit

The following items are the requirements for the ultrasonic

(1)
(2)
(3
(4)

(5)

Frequency: 5.0 MHz
Focal Length: 2 inches
Diameter: 1/2 inch
Search Unit Cable: Up to 200 foot waterproof
with matched impedance
Type Search Unit: Immersion
E-4
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3.3.6 Calibration Block

The following are the minimum requirements for the step
thickness calibration block.

1) Material: Same basic material as
examination area

(2) Number of Steps: 4 minimum

(3) Thickness of Steps: One step 0.10 inch less
than thinnest anticipated
examination area, one step
0.10 inch greater than
thickest examination area,
and two intermediate steps
when practical

3.2.7 Power System Test Circuit

Underwater ultrasonic test equipment supplied with 110 volts
AC shall be tested as described in Appendix B to ensure diver safety.

3.2.8 Equipment List

The following is a list of equipment which was used during
the development of this procedure.

(1) Sonic Mark IV Ultrasonic Flaw/Thickness Scope
(2) Model 220 Thickness Adapter

(3) Hewlett-Packard Digital Voltmeter HP-3437A
(4) Hewlett-Packard System Voltmeter HP-3455A

(5) IEEE-488 interface bus

(6) Plotter/printer with Tektronic 4052 desk top computer
or Hewlett-Packard HP-85 desk top computer

D) Digital clock 59309AHP-1 B H.P.

4. CALIBRATION METHOD

The complete ultrasonic thickness measurement system calibration
shall be performed prior to commencing any thickness measurements.
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4.1 Equipment Setup

The search unit shall be placed in the scanner bridge with a
1.0-inch standoff distance. A waterproof neoprene jacketed search unit
cable shall be used to connect the search unit to the ultrasonic instru-
ment. The ultrasonic instrument shall be linked to a digital thickness
meter which will provide an external analog voltage proportional to the
material thickness. The digital thickness meter shall have a digital volt-
meter attached. The voltmeter will be capable of converting the thickness
analog to a binary code and transfer it to a computer over an IEEE 488
interface bus. The computer system shall have a storage system, plotter
and digital clock integrated in the system, so that the system can
analyze, store, graph, and record the date and time of data received.
Sketch 1 shows a block diagram of the data acquisition system.

4.2 Signal Characteristics

The ultrasonic signal with the cleanest sharpest leading edge
shall be utilized during calibration and measurements to ensure accuracy.
The signal shall be checked as follows:

(1) Obtain a back reflection of 80-90% full screen height
(FSH) from the step thickness calibration block.

(2) Observe the signal's leading edge for facets
(jaggedness) of sufficient amplitude to continuously
trigger the time gate.

(3) Remove and replace the search unit several times to
assure the signal characteristics remain similar.

(4) Utilize video, damping, reject, filters, half-cycle
switches, as applicable, to obtain the signal with the
cleanest, sharpest leading edge. These instrument
settings shall be used for calibration and
measurements.

4.3 Distance Calibration

The water path or stand off distance shall be 1.0 inch. The
examiner shall ensure water bubbles are not on the search unit face during
calibration and examination.

Signals from the entry surface and the initial pulse shall be
out of the gated area of the ultrasonic instrument.

Obtain a signal from the thinnest and then the thickest step
in the step thickness calibration block. Adjust the instrument controls
while observing each of the two signals until a linear screen size is
established. The screen distance shall be large enough to encompass the
material thickness to be measured.

' 5 o s R Ay —




After the preliminary screen distance calibration with the
data acquisition system set up as shown in Sketch 1, obtain a printout
from the computer for each applicable step 1In the step thickness cali-
bration block. A second order polynomial regression analysis shall be
used to develop the computer calibration curve. Each step shall be
measured within 0.002 inch or the instrument shall be recalibrated. The
calibration printout from the computer shall be conducted with the
instrument gain controls adjusted to the sensitivity required for the
measurements to be conducted. A plece of material similar to the
examination surface may be used to establish this nominal sensitivity.

A scanner positional verification shall be conducted during
the initial calibration and at least every four hours of use. This check
shall verify the search unit position with respect to the scanner
framework. Place a reference mark on the scanner framework while
positioned at O inches. Attach a pointer to the search unit or search
unit holder so that the end of the pointer is as close as practical to the
reference mark. Mark a reference point on the scanner framework at a
whole inch Interval. Drive the search unit to the appropriate whole inch
position. Verify the position read out is 0.020 inch of the actual
distance. Drive the search unit back to O inches and verify the pointer
is aligned with the reference mark. Repeat this operation for additional
reference points, if determined necessary to assure the scanner accuracy.

4.4 Calibration Verification

4,4,1 Sweep Range Verification

Sweep range calibration shall be verified on each step of the
step thickness calibration block used to calibrate the instrument:

(L) At the start of a series of measurements
(2) At least every four hours

3 With any substitution of the same type and length of
search unit cable

(4) With any substitution of power source
(5) Whenever the calibration is in doubt
(6) At the finish of a series of measurements

4.4.2 Calibration Changes

Perform the following if the distance calibratfon has changed
on the computer printout more than 0.003 inch:

(1) Void all measurements referring to the calibration in
question and performed after the last valid calibration
verification.
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(2) Conduct a new calibration.

3) Remeasure the areas for which measurements have been
volided.

4.4.3 Recalibration

Substitution of any of the following shall be cause for
recalibration:

1) Search unit

(2) Search unit cable type or length

3) Ultrasonic instrument
(4) Digital thickness meter
(5) Examination personnel

4.5 Calibration Data

Calibration data shall include, but not be limited to, the
following:

(1) Serial number of the step thickness calibration block used
(2) Type and serial number of the ultrasonic lastrument

(3) Type, size, beam angle, and serial number of the
ultrasonic search unit

(4) Nominal search unit frequency
(5) Calibration curve

(6) Signature and ultrasonic certification level of the
examiner conducting calibration

7 Date calibrated

\
|
(8) Instrument settings |
(9) Time of calibration and calibration verification(s)

(10) Cross section scan display of step thickness .
calibration block !
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5. EXAMINATION

A visual examination shall be conducted prior to taking any
measurements. The general surface condition and areas of the greatest
deterioration shall be noted.

Measurements shall be conducted at the following locations as a
minimum:

(1) Tidal zone

(2) Mid-region of pile length

(3) Regions adjacent to sections of concrete cover

(4) Areas of deterioratlion as determined by the visual examination

Areas too severely pitted shall have a minimum 1/4-inch wide slot
machined in the front surface of the examination area. The milling
adapter is designed to fit into the bridge plate of the ultrasonic scanner
in the same location as the search unit to assure the scan is made in the
proper location. The process should involve alternately milling
(.010-.020 increment) and ultrasonic scanning until at least 75% of the
back wall can be identified or until 70 to 80 percent of the maximum pit
depth is reached.

5.1 Measurement Data

Measurement data shall include, but not be limited to:
(1) Identification of component measured

(2) Location of measurements

(3) Cross section scan display

4) Minimum and maximum thickness

(5) Average thickness

(6) Standard deviation

E-9




6. EVALUATION

A comparison shall be made between the thickness readings obtained during
both previous and current measurements. Areas measured for the first time
shall be compared to the nominal thicknesses to determine the degree of
deterioration.

The thickness measurements taken in accordance with this procedure shall
be evaluated by the Naval Civil Engineering Laboratory and the Engineer in
charge of the inspection.

7. RECORDS
The cross sectional plots, calibration records, computer tapes or disks,

and any other documentation shall be stored and available for future com-
parisons.
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Attachment A

MINIMUM TRAINING AND EXPERIENCE LEVELS

TRAINING (HOURS)

Ultrasonics
Level 1 Level I1

Completion with a passing grade of

at least 2 years of engineering or

science study at a university,

college, or technical school 24 40

High school graduation, diploma or
its equivalent 40 40

Grammar school graduation, or
demonstrated proficiency or
additional training 40 80

WORK TIME EXPERIENCE (MONTHS)

All educational levels as listed
above 3 9

NOTES: For Level II certification, the cxperience shall consist of time

at Level I. 1If a person is being qualified directly to Level II with no

time at Level I, the required experience shall consist of the sum of the !

times required for Level I and Level II as a trainee and the hours of i

training required for Level I and Level II in total shall apply. I
|
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Appendix F

UNDERWATER ULTRASONIC SCANNING SYSTEM
DATA ACQUISITION AND ANALYSIS SOFTWARE

ULTRASONIC SCANNING AND DATA ANALYSIS PROGRAMS

The software developed to automate the data acquisition, storage,
and analysis of ultrasonic thickness measurements consists of three
programs:

1. Calibration
2. Scanning (data acquisiton)
3. Data print out and analysis

Each program was written in the Advanced BASIC programming lan-
guage. The first two have been written for both the Hewlett-Packard
HP85 and Tektronix 4052, while the data print out and analysis has been
developed only for the Tektronix 4052 because of its greater computa-
tional speed.

TRANSDUCER CALIBRATION

The calibration (CAL) program provides the algorithms to calibrate
the ultrasonic transducer and scanner position transducer. The ultra-
sonic transducer is calibrated by moving it across the surface of a
calibration block with four steps ranging from 0.200 inch to 0.500 inch
in 0.100-inch increments. During a 10-second period the computer ac-
quires 1,000 thickness readings of the four steps. The individual
thickness readings are then sorted into frequency of occurrence modes
and checked to assure that only four modes, corresponding to steps in
the calibration bar, have been identified. The mean and standard devia-
tion of each mode are calculated, and a second-order polynomial regres-
sion analysis is performed on the data to obtain constants for the
calibration equation used to calculate material thickness in the scar-
ning program. The calibration equation is:

- 2
y = B0 + le + Bzx

F-1
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y calculated material thickness
X thickness analog voltage

and the constants B, B , and B, are calculated from the following
algorithm. For the ggnerg1ized qu%tion

k i 1 2
y=i§08ix = By +B x +B ..

2X

the constants Bi are obtained from the matrix solution

[B] (a1 'Lre)”

n Zx(i+j)- in- ij
Tdy- T Ty

LY-X (Bi in)

n

The axial position of the transducer in the scanner is then cali-
brated by comparing the voltage reading from a position potentiometer to
the measured distance of travel. The slope and axis intercept are
calculated to equate voltage readings to actual transducer positions.

A calibration curve is generated and displayed on the computer CRT
to provide a quick visual check on the accuracy and linearity of the
calibration.

The calibration routines are contained in subprograms that are
called by the operator when needed using "user definable keys" located
on the computer keyboard. With the "user keys" the operator can inter-
rupt program flow, select calibration routines, and restart a routine by
pressing the appropriate key.

When the computer and operator agree that the calibration is valid,
the data are stored on mass storage for later recall along with operator
input information pertaining to transducer model, operating frequency,
and standoff distance.

The program logic flow diagram is shown in Figure F-1, and the
program listing is shown in Figure F-2.
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Set User Keys

Set Up Volumeters
Parameters

Take Data on
Calibration Bar

Caleulate Number
ot Modes

Draw Histogram
of Modes Data

No Is Daw

Caleulate Number ot

Valid

Pointin Fach Mode

!

Polynomial Regression
Analysis

Display Values

Take Data to
Calibrate Scanner

Calculate Mean
and Standard
Deviation ot
Fach Mode

L |

Figure F-1. Calibration program logic flow chart.
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Calculate Scanner
Cal. Coefficients

Plot Calibration
Curve

Input Transducer
and MARKIV Data

Store Data

Call Scanning
Program

End

Figure F-1. Continued
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16 ' TRANSDUCER CALIBRATION FROGRAM FOR DISE - CATALOG NAME "CAL"
2¢¢ OFTION EASE 1

3@ ON KEY#® 1,."CAL-T" GOTO Séd

4y ON EEY# 2,"FLOT" GOSUER 247¢

5@ ON KEY# I, "CAL-S" GOSUBR 0594

6@ ON KEY®R 4,"T=@" GOTQ Sé6#

7¢ DIM V$LI21 ,FSLI2],ESC 0], 56070]

8¢ DIM V(1303) , T(SS5@) ,Y$L11, X1 (D), Y(4),T1(9) ,N1(D),X(4),89() ,E1(9),D1&(
79141

@ DIM A2, ,C1,2) D) E(4) ,F(4),6(4)  L(4) AL, ) B(2,1)
180 k=2

119 N=4

123 MAT V=)

133 DIM C1(2,1),0Q04) R(1,1) R2C¢1,1),5(1,1)

143 MAT X= (@)

198 MAT Y=()

168 MAT T=()

176 S1=@

188 S2=0

19¢ ' FRINT TITLE

2eM8 CLEAR

21@ TMAGE " 35533 565536359 3260636 336 30606 36369 96 2 ¢

2240 IMAGE “#*",4X,"TRANSDUCER CALIBRATION",ZX,"%"
234 DISF USING 21d

24¢ DISF USING 229

25¢ DISF USING 21@

26@ ' READ DATE FROM S9309A

279 ENTER 726 3 J%

288 T9=VAL (J$L9,15])

290 IF T9:=12 THEN 3@

7

319 DISF USING "1/,146X. K" & "GOOD MORNING™ @& DISF
324 GOTO 344

330 DISF USING "1/.9X.E" § "GOOD AFTERNQON" @ DISF
340 DISF "THE DATE IS:“":sJds$L[1,8]1% 82"

258 ABORTIO 7

360 DISF

379 DISF “"PLEASE ENTER THE FOLL.OWING DATA"

38¢ DISP USING 21

X949 DISF

4@ !

41¢ ' ENTER TRANSDUCER DATA

42¢ DISF "TRANSDUCER ID CODE"j

4Z@ INPUT T%

449 DISF "FREQUENCY (MHZ):"j

45¢ INFUT F$

46@ DISF "ELEMENT DIAMETER (INCHES):"3

474 INFUT E$

484 DISF "STANDOFF DISTANCE (INCHES):'j

490 INPUT S$

S5¢@ DISP

519 DISF USING 21¢

528 ! PROGRAM 3457 FOR BURST READINGS

538 ! INITIATE CALIEBRATION

S54¢ CILEAR @ DISP "SELECT OFTION" @ KEY |.AKEL

55¢ GOTO 550

S60 DISF "TAKING DATA" @ EEEF

574 ' PROGRAM 34357 FOR BURST READINGS

580 OUTFUT 724 3"FITIR2N1AGSEASDY. @#1GS"

Figure F-2. Transducer calibration program.
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59% I0BUFFER D1%

6u TRANSFER 724 1O D1$ FHS : EOI
&1@ QUTPUT 724 USING "2A" § "T3a¢
240 ARORT1IO 7
3@ DISF "FROCESSING DATA" @ BEEF
649 O6=LEN(D1%)-1

&SS9 0S=@

663 FOR 04=1 TO 06 STEFR 7

&67@ 05=05+1

686 V(5 =VAL (D1$L04,04+51) %1 @@
6998 IF V(05 =556 OR V051 THEN 714
798 T(V(05)) =T (VO5)) +1

714 NEXT 04

724 ' CALCUL ATE VALUES FOR HISTOGRAM
3@ ' DRAW HISTOGRAM AXIS

744 GCI.EAR

758 SCALE ~79,8956, -25%, Tag

768 XAXIS @, 5¢,90,556

779 YAXIS @54, @, 369

784 ' LABEL AXIS

79% .DIR @

84¢ FOR I=@ TO S@0 STEF @@

814 MOVE I1I-2¢,-20

824 L ABEL. I*. @@l

83@ NEXT I

84a !

854 FOR I=5@ TO Z@d STER 1@a

B6# MOVE -75,1-5 I
87@ LLABREL 1

88@% NEXT I

899 MOVE @,5% @& DRAW $S@, 50
9% ' DRAW HISTOGRAM

14 MOVE @, @

2@ FOR I=1 TO 554

3@ DRAW 1,T(I)

P44 NEXT 1

954 MOVE 14, 256

6% LABEL "DATA VALID C[Y/NI1:"
7@ INFUT Y$

98¢ IF Ye="" THEN 1@@6

P90 IF Y$="¥Y" THEN 1420
184 GCLEAR

1419 GOTO S2@

1A =@

167¢ MAT Ti=(@)

1340 MAT Ni=(d)

1356 J=1

186@ ' CALIBRATION THICKNESS
1678 Y(1)=.2

1489 Y(2)=.73

1890 Y(3)=.4

1160 Y(4)=.5

1113 ' CALCULATE DATA MODES
1120 21=0

1130 MAT S9=(d)

1149 MAT El=(4)

115@¢ FOR I=1 TO 55¢

1168 IF T(I)=@ THEN 125¢%
1176 IF 21=1 THEN 1244

1188 S9J1)=1

Figure F-2. Continued
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1194
1290
1219
1220
1230
1248
1250
1260
127¢
128¢
1294
1300
131
132

13368
1344
135%
1360
1370
138¢
1396
140¢
141
1420
143
1440
1454
1468
147¢
1480
14949
1503
1510
152¢
1520
1549
1550
1560
157¢
158¢@
159@
1600
161
1623
1630
1644
1650

Z1=1

TI =TI +. I *I%T (1)
N1 (J)=N1(J)+T((I)
E1(J)=1

2=

GOTO 1271

I=7+1

IF Z2>5 THEN 1374
NEXT I

! CHECk. # OF MODES
IF J=5 THEN 147¢
MOVE 28@, 254

DISP "DATA INVALID"
MOVE 284,220

DISF "NUMBER OF MODES="3iJ-1
WAIT Zaag

GOTO S2¢

3 REEF

' CHECE # OF DATA POINTS IN MODE

IF N1(J) 56 THEN 143¢

1=

N1 (J)=¢

T1(d)=@

GOTO 1230

' CALC. MEAN VALUE OF MODE
X1 (I)=T1(J) /N1 (I

21=0

J=J+1

GOTO 127¢

! POLYNOMIAL REGRESSION ANALYSIS

FOR I=1 TO 4
X(I)=X1(1)
NEXT 1

CLEAK

MAT
MAT
MAT
MAT
MAT .

A(L1, 1)=N*#SUM(D) -SUM(X) *SUM(X)
A(l,2)=N*SUME) -SUM (D) #*SUM (X)
A2, 1)=A01,2)
A(2,2)=N*SUM(F) —-GSUM (D) #SUM(D)
C(1,1)=N*#SUM(G) -SUM(X) *SUM(Y)
C(1,2)=N%SUM(L) -SUM (D) *SUM(Y)
MAT C1=TRN(C)

MAT B=SYS(A,C1)

QMmMo

O x M x
< < > > x

-

DISF USING "4A,Z2X,3A.4X,3A,2X,4A,2X, 7A"

s "READING"

1664
1670
14680
1690
1700
1719
172@
1730
1740
1759
1760
1778

L]
FOR I=1 TO 4

DISFP USING 17d¢ 3
NEXT I

IMAGE 2X,D,2X,D.3D,2X,D.2ED, X,D. 3D, 23X, K
DISP "THE REGRESSION COEFFICIENS ARE:"

1]
Yi=3
MAT D=X.X

Yi=B(1,1)#SUM(X)+B(2,1) #SUM(D)

T9=SUM(Y)
Y@= (T9-Y1) /N

Figure F-2. Continued
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1784¢
1790
1806
181@
182¢
1874
1844
1850
18649
187¢
1884
1894
1964
1916
192¢
193¢
194¢
195
1966
197@
1984
1990
2030
2010
202
208734
2048
205@
2060
2070
208%
2093
2100
2114
2124
2134
2140
215@
2169
2174
2184
2190
2200
2210
2220
22348
2240
2250
2260
227¢
2280
2294
2206
2319
2220
2330
2340
2350
2369
2374

MAT R=C#E

MAT O=Y.Y

U=SUM ()

S=EN#U-T9"2

MAT R2=(1/9) #*K

R1=SOR(ARS (RZ(1,1)))

DISF Y@

FOR J=1 TO k&

DISF USING 1968 i E(J,1)

NEXT J

Bl=H(1,1)

B2=R(2,1)

DISF "THE SAMFLE CORRELATION COEFFICIENT 1S:*
DISF USING 1964 3 R1i

DISF "DO YOU WANT TO CALIRRATE THE SCANNER [Y/NI1:"
INFUT VY&

IF Y$="N" THEN 199

GOSUR 259@

IMAGE SD. 4D

IMAGE SSD.4D,ZA, 5D, E

]

DISF

DISF "DO YOU WANT A FRINTOUT OF THE CAL IBRATION CURVE®™
t

INFUT Y%

IF Y$="Y" THEN 245

IF ¥Y$="N" THEN 2394

' CALIRRATION CURVE FLOT SUBRFROGRAM
GCLEAR

LDIR @

SCALE —-.1,.65,~.1,.7

XAXIS @, .1,0,.6

YAXIS #,.1,49,.6

MOVE .#5, .65

LAREL "TRANSDUCER CALIERATION®
MOVE .2,-.1

LAREL "VOLTAGE"

MOVE -.45,.2

LDIR 9@

LABEL. "THICKENESS”

LDIR &

FOrR I=3 TO .6 STEF .1

MOVE I-.@35,-. @45

LABEL I

NEXT 1

FOR I=# TO .6 STEF .1

MOVE —-.@7.1-.41

LAREL. I

NEXT I

MOVE @, @

FOR 2= TD .6 STEF .#1

DRAW Z,YO+B(1,1)#Z+B(2, 1) %72
NEXT Z

FOR I=t TO N

MOVE X(I),Y(I)

IDRAW . @GS, &

IDRAW —-.41,4

IMOVE .@45, .#48

IDRAW @,-.916

NEXT 1

Figure ¥-2. Continued
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2786
2396
2440
2416
2429
2478
2444
2450
2460
2474
248
249¢
2544
2514
2520
2536
2543
2554
256
2570
2584
2596
26
261a
26249
2630
2649
265
2660
2674
2689
26949
2708
2710
2720
2734
2741
2759
2766
2774
27849
2796
2890

GSTORE "CAL CU.DRIVE#™

ASSIGN# 1| TO "DATA 1.DRIVE@"

FRINT# t 3 Y@, E1,.R2, 51,52, 1%, F¢,E$,5¢%
ASSIGN# 1 10 =

CLEAR

DISF "FRESS [END LINE]1 FOR SCANNING FROGRAM"
INFUT Y$

CHAIN "SCAN.DRIVFE@"

END

' SUBROUTINE T0O FLOT VOLTAGE DATA

SCALE @, teiut, @, L aiags

XAXIS 1@d, 28

YAX IS 14, 208

FOR I=1 TO 1@@d

MOVE 1,V (D)

DRAW 1,V (D)

NEXT 1

MOVE 250, 9549

DISF “EEY L[END LINE] TO CONTINUE FROGRAM”
INFUT Y$

RETURN

! SUBROUTINE TO CALIERATE SCANNER

QUTFUT 722 $"F1TIZAIMTIHOR7DG"

DISF "ENTER FOSITION OF SCANNER HEAD:":
INFUT S5

DISF "EEY [END LINEJ TO TAKE VOLTAGE READING"S
INFUT Y$

TRIGGER 722

WAIT =g

ENTER 722 3 VS

DISF "MOVE SCANNER HEAD AND ENTER NEW FOSITTON: "3
INFUT G6

DISF "KEY LEND LINE] TO TAEKE VOLTAGE REAQDING":
INFUT Y3

TRIGGER 722

WAIT 3dd

ENTER 722 § V6

S2=(86-8%) / (V6-VD)

S1=85-G*V5

DISF "THE CALIBRATION COEFFICIENTS ARE:"
DISF S1

DISF &2

RETURN

Figure F-2. Continued
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SCANNING THICKNESS MEASUREMENTS

The scanning (SCAN) data acquisition program is operator controlled
by "user definable keys" to start, stop, print previous data, restart,
and store data on disk or magnetic tape.

At the start of the SCAN program the calibration equation coeffi-
cients are acquired from a temporary data file and the data acquisition
system voltmeters are set under program control. When the "start scan"
key is pressed, voltage data from the ultrasonic and scanner position
transducer are obtained and substituted into the calibration transducer
to produce estimates of the material thickness and location of the
measurement position.

SCAN graphically displays, in real-time, a thickness versus length
(position) point slot as the transducer scans the specimen. The thick-
' ness reading is averaged with each successive pass at each point a

reading is taken. The thickness readings and position readings are then
stored in two 1,500-element, one-dimensional arrays. Each element of
the array represents a 0.0l-inch-wide cell along the surface of the
structure being scanned. The maximum of 1,500 was selected to provide
enough points for statistical analysis and yet not overflow memory of a
32K-byte computer.

At the completion of the scan and cross-sectional print out, the
operator is prompted to enter information about the inspection and site
parameters. These data along with the thickness measurements are then
stored on magnetic tape or floppy disk for later analysis.

The program logic flow diagram is shown in Figure F-3, and the
program listing is shown in Figure F-4.

DATA PRINT OUT AND ANALYSIS

The data print out and analysis programs consist of a data print
out program and a statistic and probability analysis program linked to
and accessible only through the data print out program.

The data to be analyzed are retrieved from mass storage, and test
information and calibration coefficients are displayed on the computer
CRT. The scanning data are then plotted as originally taken. Elimina-
tion of unwanted data by editing, filtering, and replotting of data is
carried out by the operator using the user definable keys. Once the
data are edited, the operator calls up the statistics and probability
analysis program. The statistics routine prints out: (1) area scanned,
(2) mean thickness, (3) standard deviation, (4) coefficient of varia-
tion, (5) number of readings, and (6) filtered thickness. The probabi-
lity routine produces a distribution histogram of the thickness versus
the number of readings at that thickness.

The data print out and analysis program flow is controlled by the
operator via user definable keys; editing is entirely operator
controlled.

The program logic flow diagram is shown in Figure F-5, and the
program listing is shown in Figure F-6.
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START

Sct User news

3

Recall Calibration
Cocfficients From
Mass Storage

Set Vartables
to Zero

/ Set Voltmeters /

Y

Take Scanning
Data

y

Calculate Metal
Thickness

Is Thickness
< Qriginal
Mat'l Thickness

Calculate
Position

Avcerage
Thickness
Readings

Figure F-3. Scan program logic flow chart.
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7

Plot of Data
Length vs Thickness

Assign Thickness and
Position Readings to
2 1500 Element
Array Each

Input Critical Data
About the Test

Set Up Storage and
Store Date

1. Tape
2. Disk
New Yes
Test?
No

Figure F-3. Continued.
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19 ' ULTRASONIC SCANNING FOR DISC - CATALOG NAME "SCAN"
B! 3@ RESET 7 @ DIM T$(32]1,F$[32]1,ESL[3I2]1,85%[32
! 40 ASSIGN# 1 TO "DATA 1.DRIVE®"
5S¢ READ# 1 3 YA, B1,B2,51,52,T$,F$,E$,5%
6@ ASSIGN# 1 TO *
7¢ ON KEY# 1,"SCAN" GOTO T1¢
8¢ ON KEY# 2,"STOP" GOTO 284
¢ ON KEY# 3, "ERASE" GOTO 314
1643 ON KEY# 4,"LLAST" GOSUE 544
11¢8 ON KEY# 5, "DATA:>TK" GOTO &34
120 ON KEY# 6,"DATA>D" GOTO 13@4
*» 13% ON KEY# 7,"DATA:83" GOTO 1529
143 CLEAR @ GCLEAR
15¢ DIM T(150d) ,F (15a)
168 DIM T2(1) N&(721,L.$(54]1,.C$(S4]1,04(54]1, W61, AS(BI, E${B1,0$(B1,GHL3212
R$L321,D$L22]
173 TMAGE " % % 3% % % 3 3 3 3 3 3 3 3 33 3 5 3 396969696 96 396 55696 56 % 4
18¢ IMAGE "% ,5X,"ULTRASONIC SCANNING",6X,"#"
194 DISF USING 17@
2000 DISP USING 18
211 DISF USING 17¢
220 ENTER 726 1 K%
2733 As=Ks$(I,81v"8g2"
244 B$=kK$[7,161]
2590 RESET 7
264 DISF @ DISF @ DISF "DATE OF TEST-"iA$
274 DISF @ DISP "TIME OF TEST-"ikR$ @& DISF @ DISF
280 DISF @ DISF "FRESS FEY K17 70O START SCAN" @ KEY LAREL
294 GATO 294
3a9 ' ROUTINE TO ARQUIRE SCANNING DATA
21y GOSUER 4943
315 ON ERROR GOSUER 172¢
3200 MAT T=ZER@ MAT F=Z2ER
340 OUTPUT 724 :"D@S N1S RITIF1"
I5¢ OUTFUT 722 $"FIHOTZAIMIR7DEB"
368 TRIGGER 724
365 ON ERROR GOSUER 1720 A
378 ENTER 724 3 V1
38¢ Ti=Y@+R1#V1+B2#Y1 "2
394 IF Ti1<@ OR T1:>1 THEN 360
441 ENTER 722 ;3 V2
410 P1=S51+S2#V2 F
420 I=INT(FP1»10@)
4308 F(1)=FP(1)+1
443 T(D)=T(I)+T1
450 Ti=T(I) /P (1)
468 MOVE F1,T1 @ DRAW FP1,.T1
445 OFF ERROR
480 GOTD 369
499 ' SET UF SCANNING DISFLAY
500 SCALE @,16,0,1
516 XAXIS @,.5 @ YAXIS @,.1
520 GSTORE "SCANDIS.DrIVE@" @ RETURN
349 ! ROUTINE TO DRAW FREVIOUS DATA
560 GCLEAR @ GLOAD "SCANDIS.DRIVE@"
579 FOR J=1 TO 1549
580 IF T(J)=@ THEN 610
39¢ MOVE J#.¢1+,.00%5,T(J) /P (D)
600 DRAW J» @1+, 005, T(J) /P (J)

Figure F-4, Ultrasonic scanning program.
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618 NEXT J

620 G0TO 360

63@ ! STORE DATA ON TEK 4924 TAFRE DRIVE

649 ENTER 726 § K$

650 Q$=K$[9,161 @ RESET 7

6&7¢8 GCLEAR @ CLEAR @™ DISP "SCAN COMFLETED" @& DISF
68d GOSUR 7@0

693 GOTO B1@

7@@ DISF "PLEASE ENTER THE FOLLOWING DATA" @ DISF
714 DISP "GAIN SETTING(dB):"3si@ INFUT G%

72¢ DISP “"VIDEQ REJECT: 3@ INFUT R%

73¢ DISF "DAMFING: i@ INFUT D$

74@ DISF "DATA TAFE ID. NO:":@ INFUT T2

75¢¢ DISF “"FILE NAME (72 CHARS.)" B INFUT N$

764 DISF "TEST LOCATION (5S4 CHARS.)" 2 INFUT L$
774 DISP “TEST SFECIMEN (54 CHARS.) " @& INFUT C%
78@ DISF "OFERATOR(S) (54 CHARS.)" @ INPUT 0%

7948 DISP "WATER DEFTH (6 CHARS.)" @ INFUT W$

86@ RETURN

814 DISF "ENTER FILE # TO STORE DATA" @ INFUT Y
2¢ DISP "FRESS “CONT® TO BEGIN DATA TRANSFER" @ FAUSE

8Z7@ ENTER 726 % k$

840 Q1$=kK$[9,16]

854 DISF "START TRANSFER "301%

86¢ SEND 7 : UNL LISTEN 25 SCG 27 MTA
87¢ OQUTFUT 7 3Y

88W SEND 7 i UNL LISTEN 25 SCG 28 MTA
890 OUTPUT 7 31,7146

Q@@ SEND 7 & UNL LISTEN 25 SCG 27 MTA
F1a OUTPUT 7 Y

?2% SEND 7 ¢ UNL LISTEN 25 SCG 12 MTA
36 OUTFUT 7 iNS$

94¢ OUTFUT 7 svd

95¢ OUTFUT 7 5Bl

Q6@ OUTPUT 7 iBZ

978 OUTFUT 7 351

98@ OUTPUT 7 382

994 OUTPUT 7 372

1986 OUTFUT 7 sT%

1916 QUTPUT 7 3F$

1426 QUTPUT 7 SES

1838 QUTPUT 7 1S%

1@4¢ QUTPUT 7 ;6% A
195@¢ QUTPUT 7 3R$

1366 QUTPUT 7 ;D%

1873 QUTPUT 7 3AS

16980 OUTPUT 7 3B$

1698 OUTPUT 7 LS

118¢ QUTPUT 7 3Ce

1114 QUTPUT 7 0%

112¢ OUTPUT 7 sW$

113@ OUTPUT 7 Qs

1140 FOR I=1 TO 15@¢@

115¢ OUTPUT 7 sT(I)

116@ NEXT I

1170 FOR I=1 TO 150@

1184 OQUTPUT 7 sF (D)

11990 NEXT I

1200 SEND 7 3 UNL LISTEN 25 SCG 2 MTA
1219 RESUME 7

Figure F-4. Continued.




224 ENTER 726 § K$

1230 01$=K$[9,16]

124@ DISF "TRANSFER COMPLETE "3Q1$

125@ FOR 1=1 TO 1@@

126@ BEEF 1#RND+i,5#

1276 NEXT 1

128¢ ARORTIO 7

1299 GOTO 294

13@@ ' STORE DATA ON DISK

131@ MASS STORAGE 1S ".DRIVEL"

1370 GCLEAR @ CLEAR @ DISF "SCAN COMFLETED" i@ DISF
133¢ GOSUE 76@ i

1749 DISF "ENTER NAME OF DATA FILE (1# CHAR. MAX)" @ INFUT 7%
135@ DISF "PRESS "CONT® TO BEGIN DATA TRANSFER " @ FAUSE
1360 !

1370 ENTER 726 § K$

1380 O$=KS$[F,16]

1394 DISP "START TRANSFER":0$

1409 CREATE Z%$,1,27968

141 ASSIGN# 1 TO Z%

1420 PRINT# 1 § N$,Y®,El1,B2,51,52,T2,T%,F$,E$,5%,.6%,.R$,D$,A$, B$,L.$,C%,08
LWE, 08, TO PO

1430 ASSIGN# 1 TO *

144% ENTER 726 i K$

1450 Q$=K$[9,16]

1464 DISF "DATA TRANSFERRED":Q$

1473 FOR I=1 TO 1@@

148@ BEEF I#RND+1,50

1499 NEXT 1

156@ ABOKTIO 7

151@ GOTO 296

152@ ' STORE DATA ON HF TAPE

153@ MASS STORAGE 1S ":T"

1S4¢ GCLEAR @ CLEAR @ DISF "SCAN COMFLETED" @ DISP
155¢ GOSUBR 7@

1568 DISF "ENTER NAME OF DATA FILE (&6 CHAR.MAX)"
157@ INPUT 2%

1575 DISP "PRESS "CONT TO BEGIN DATA TRANSFER" @ FAUSE
1580 ENTER 726 5 K$

1590 Q$=K$[9,16]

160@ DISP "START TRANSFER ":Q$

161@ CREATE 7%,1,27948

1629 ASSIGN# 1 TO I$%

1639 PRINT# 1 § N&,Y#,Bl,RE2,51,52,T2,T%,F$,E$,5%,G%,R$,D$,A%, E$,1.$,C%,08
LW, 08, TO PO

1640 ASSIGN# 1 TO *

1650 ENTER 726 § K$

1660 Q$=K$[F,16]

1670 DISP "DATA TRANSFERRED "iQ$

1680 FOR I=1 TO 180

169¢ BEEP I#RND+1,5¢

1700 NEXT I

1718 GOVO 299

1720 OFF ERROR

173@ DISP "ERRN="3ERRNS "ERRL="3ERRL} "ERROM="; ERROM
1749 DISF "CORRECT CONDITION AND KEY 'CONT™"

17%¢ PAUSE

1769 RETURN

Figure F-4. Continued.
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Figure F-5. Data printout and analysis program logic flow chart.
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Figure F-5. Continued.
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18¢ PRINT "JJJENTER FILE # @ "3

31

S MOVE M3,.9

REMIF [LE-#14————~—=~—— e paATA PRINT OUT WITH FLOTTER OFTION
GO TO 1a@
GO TO 3@

MOVE &,@

PRINT @32,18:5

PRINT @32,24:11";

GO TO 1@

GO TD 112

FIND 1S

CALL "LINK":11d@

FIND 15

CALL "L INK" ;S

RMOVE @, &, B35

RETURN

RMOVE @&, ~@. 405

RETURN

RMOVE —@.@375, @

RETURN

RMOVE @. @75, @

RETURN

GO TQ 26@

GD TO 13@0

GIN G1,M2

MOVE #,M2

DRAW 15,M2

RETURN

GIN G1,M]

MOVE @,M1
DRAW 15,M1
RETURN
GIN MI,G2

RETURN
GIN M4,G2
MOVE M4,o
DRAW M4,1
RETURN

@ INIT .
@ SET KEY

@ FAGE

@ PRINT USING 144:

B IMAGE 18X,3&6("#")

@ PRINT USING 160 "#exxexxet  DATA FRINT OUT  esxrenn'
@ IMAGE 19X,.FA

@ PRINT USING 14¢:

DRAW M3, 1 ﬁ

@ INPUT Y

@ FIND @2:Y

@ READ @2:N$,Yd,E1,B2,51,52,T1.T$.F$.E$,S5%,58,R$,D$,A$,E$,L$
® READ @2:C$,0$,Ws,0$
@ DIM T(158@) ,F (150@)
@ READ @2:7

@ READ @2:F

@ Mi=g

@ M2=1q

@ M3=1.0E-3

9 MA=15

@ PAGE

Figurc F-6. Data printout and analysis program.
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440

720
730
740
75¢
760
778
780
790
800
810
B82@
830
840
859
860
87e
eao
890

919

FRINT "DO YOU WANT 10O USE A FLOTTER? (Y OR N) "3

INFUT J¢

IF J$="Y" THEN =74

A1=32

GO TO 49%

PRINT "“JARE YOU USING THE TEETRONIX 46462 OR HEWLETT-FACKARD 7225A "

FRINT “ENTER (T) FOR TEKTRONIX"

PRINT "ENTER (H) FOR HEWLETT-FACEARD"
INFUT J%

IF J%="T" THEN 44¢

IF J$="H" THEN 19@%

GO 70 =8¢

PAGE

FRINT "INSURE THAT FLOTTER IS SET UF AND KEY RETURN "
INFUT J%

FRINT "INFUT THE ADDRESS OF THE FLOTTER '! "3

INFUT Al

FAGE

HOME @A1:

WINDOW ¢, 15,@,1

VIEWFORT 1@, 120, 103,98
FPRINT @A1:"TEST SFECIMEN - "3
GIN ®A1IX1,Y1
MOVE ®A1:13,Y1
FRINT @A1l:"DATA TAFE # ":1T1
PRINT ®A1:C$:
GIN BA1:X1,Y1
MOVE @A1:13,Y1
PRINT @A1:"FILE # "3Y
AXIS BAL1:1,@.1
FOR I=1 TO 1S5@@
IF T(I)=@ THEN &&#
MOVE @AL1:I#@.@1+@. 335, T(I) /F (1)
DRAW BAL: I#@. @1+@, @3S, T (1) /F (1)
NEXT I
MOVE @A1:@,
FOR I=@ TO 1 STEF %.2
MOVE @A1:@,1
PRINT @A1l:“HHHH"3§13
NEXT 1
MOVE @A1:d,d
FOR 1=@0 TO 1S5 STEF 2
MOVE @A1:1,9
PRINT @A1:"J"s1
NEXT 1
MOVE @Al:-1.1,0.83
V$=" SPECIMEN THICKNESS"
FOR I=] TO LEN(VS)
X$=SEG(V$,1,1)
PRINT @A1:X$
NEXT 1
MOVE @A1:6,@
PRINT @A::"JJISFECIMEN LENGTH""3
MOVE @A1:¢,M1
GOSUB 88¢
G0 TO 930
FOR I=@ TG MX STEF @.4
RDRAW @A1:0.2,0
RMOVE @A1:0.2,9
NEXT 1

Figure F-6. Continued.
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929 RETURN

93¢ MOVE @A1:M3,d

249 GOSUB 969

954 GO TO (@12

P68 FOR I=@ TO M1 STEF @.@26

74 RDRAW @AL: @, @. 613
989 RMOVE @A1:4@,8.0613
998 NEXT I

19686 RETURN

1419 MOVE @AL1:M4, @

1328 GOSUR 964

1839 MOVE @AL:a,M2

144¢ GOSUEB 88¢

145¢ IF A1<>32 AND M4=15 THEN 111
1368 MOVE @A1:M3I M1

1378 DRAW @A1:M4,M1

138 DRAW @A1:M4,M2

1999 DRAW BAL1IMI M2

1193 DRAW BA1:MI M1

111e WAIT

1120 REMI—~——~——— oo FILTER
1130 PAGE

1149 FRINT @32,18:d¢

115@ IF M1:M2 OR M3:M4 THEN 1274
11600 FRINT "FROCESSING DATAGGGG"
11743 FOR I=1 TO 15¢@

118¢ IF F(I)=# THEN 12440

1190 IF TCI)/FA(T) *M2 OR T(D /F(I)<MI THEN 1223
12090 IF I<M3%1d@ OR I:-M4#16@ THEN 1229

1210 GO TO 1244

1220 T(I) =

123 F(l1)=@

1240 NEXT I
125@ PRINT "DATA FROCESSING COMFLETEGGGG”

1268 WAIT

1276 PRINT "BOUNDARIES IMFROFERLY SFECIFIEDGGGGGE"

1286 GO TO 320

1294 END

1RBB REME — == o e e e FILTER FLOT
1319 PAGE

132¢ PRINT "DO YOU WISH TO USE THE FLOTTER FOR THE FILTER FLOT =%
1330 INPUT J%

1346 IF Js="Y" THEN 1378

1350 A1=32

1368 6O TO 1390

1379 PRINT "INPUT ADDRESS OF THE FLOTTER “i

1380 INFUT Al

139¢ PAGE

1409 HOME @A1:

1416 WINDOW @,15,@,1

142¢ VIEWPORT 14,124, 10,99

1430 PRINT ®A1:"TEST SFECIMEN - "3

1449 GIN @A1:X1,Y1

145¢ MOVE @A1:13,Y1

1460 PRINT @A1:"DATA TAPE # "iT1

147¢ PRINT @A1:C$1 )

1480 GIN @A1:X1,Y1

1499 MOVE RA1:13,Y1

. 1500 PRINT @A1:"FILE # "gY

A 1516 AXIS #A1:1,0.1

Figure F-6. Continued.
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15920 FOR I=6 TO 1494

1530
1549
155@
156@
157a
1589
1599
1609
1618
1620

PS=@
TS=@
FOR J=1-5 TO 1+5
TS=TS+T (J)
FS=FS5+F (J)
NEXT J
IF T(I)=@ THEN 163@
IF P(I)=@ THEN 1630
MOVE @A1: I#*@.01+@, @d5, TS/FS
DRAW EA1: I3, @1+d. @055, TS/PS

1638 NEXT I
1649 GO TO 674
165¢ END

Figure F-6. Continucd.
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16 GO TO 4@@H

26 GO TO S@gd

4® FIND 14

41 oOLD

1@ REM: FILE 15 STATISTICS AND FROBARILITY WITH FLOTTER OFTION
116 SET KEY

BABEP REM: === == — = = = STATISTICS
AG10 PAGE

442¢0 FRINT "FROCESSING DATA GGGG"

4@30 V=@

4046 A=SUM(T)

4950 B=SUM (F)

4068 M=A/R

4079 FOR I=MI#10@d TO M4#1gd
4289 IF I=*1 THEN 41@d
4090 I=1

41a¢ IF T(I)=#& THEN 412¢
411 V=(T (D) /P (L) ~M) 24V

4120 NEXT 1

4138 V=V/(B-1)

4140 S=5RR(V)

4158 C=S/M

4166 FAGE

417@ FRINT "DATA TAFE # ":T1

4184 FPRINT "FILE # "3

4199 PRINT “"JJAREA SCANNED: "sM3s" TO "sM4:" INCHES"

4203 FRINT "MEAN THICENESS: "M

4214 PRINT "STANDARD DEVIATION: ":iS5

42288 PRINT "COEFFICIENT DOF VARIATION: ":iC

4236 PRINT "NUMBER OF READINGS: "iH

424¢ PRINT "FILTERED THICKNESS: "iM13i™ TO "3;M2:" INCHES *

4250 WAIT

S9B8 REM. ——~——— = e e FROBARILITY DISTRIBRUTION
5414 PAGE

S5a2¢ FRINT "PROCESSING DATA GGG
S¢38 FOR I=1 TO 1544

So4e IF F(I)=@8 THEN S@é@
SO5d T(Y=T(I)/FP(I)

S06@ NEXT 1

S@7@ DELFETE P

S@88 DIM H(M2%1000)

S@9¢ H=0

5169 FOR I=MI#16¢ TO M4x10@
S110 IF I=>1 THEN S13@
5120 I=1

S130 IF T(I)=@ THEN 5164
S140 J=INT (T (1) #16¢0)
515¢@ H(J)=H(J)+1

5160 NEXT I

5178 A=¢

5188 FOR I=1 TO M2#140d9
5190 A=A MAX H(I)

5200 NEXT 1

5210 PAGE

5220 PRINT "DO YOU WANT TO USE THE PLOTTER 7 (Y OR N) "3
3234 INPUT J$

5240 IF J$="Y" THEN 527¢

5250 A1=32

5260 GO TO S29@

527@ PRINT "INPUT THE ADDRESS OF THE FLOTTER. "3

Figure F-6. Continue!
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A T L

v o

5289
5290
5308
53td
532¢
5336
5340
5350
5360
5376
5384@
5394
S40@
S414
5429
5430
5440
5459
5460
5474
5480
5498
559
5510
5520
S53@
5540
5550
55648
5574
S580
S590
S600
5610
5620
5630
5640
5659
S5669

INFUT Al
PAGE
HOME @A1:
WINDOW @, 1,.4,A
VIEWFORT 10,124, 18,99
FRINT ®A1:"TEST SFECIMEN -"j
GIN BA1:X1,Y1
MOVE ®=A1:3.87,Y1
PRINT ®A1:"DATA TAFE # "3T1
FRINT @A1:C$s
GIN BA1:X1,Y1
MOVE @Al1:#.87,Y1
FRINT @A1:"FILE # "3V
AXIS BAL:@.1,A/A+1
MOVE ®Al1:4, @
FOR 1I=1 TO M2%1@@@
DRAW 2A1:1%1 . .BE-Z,H(I)
DRAW 2A1:1#1.0E-3+1.@E-3,H(I)
NEXT 1
MOVE 2At:¢, ¢
FOR I=0¢ TO A STEP 2
MOVE @Al:d, 1
PRINT @A1:"HH"$I
NEXT I
MOVE A1, d
FOR I=¢ TO 1 STEPF 9.1
MOVE =A1:1,.4
PRINT @A1:"HI"31
NEXT I
HOME @A1:
MOVE @A1:6,A/2+A/4
V=" READING S"
FOR I=1 TO LEN(V$)
X$=SEG(V$,1,1)
FPRINT BA1:X$
NEXT I
MOVE @Al1:B.35,@

PRINT @A1:"gggr HICKNESS";

END

Figure F-6. Continued.
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