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I. INTRODUCTION

Applied Research Laboratories, The University of Texas at Austin

(ARL:UT), has for the past nine years been heavily involved in the field

of low frequency acoustic propagation in the ocean. As part of the overall

program of acoustic propagation studies, ARL:UT has had a program funded

by ONR (Code 480) directed toward development of techniques and equipment

to measure acoustic parameters of ocean sediments directly in situ. The

initial goal of the program was to develop a method of measuring in situ

compressional wave velocity and attenuation that would be both relatively

cheap and easy, but one that would also produce accurate data. Methods

available were (1) in situ measurements from platforms of various

configurations, deployed either by cable from ships or by submersible, and

(2) laboratory measurements on cores or other samples removed from the

bottom. The first of these methods suffers from the fact that such

measurements require additional ship time and specialized handling equip-

ment and are slow and costly. The second method is, by comparison,

easier and cheaper since cores are made on a routine basis, but the method

can provide only inaccurate data since the process of sampling and

retrieval causes physical disturbance to the samples as well as changes to

the ambient temperature and pressure of the sample so that corrections

based on assumed temperature and pressure in situ have to be made to the

data.

With the above considerations in mind, ARL:UT developed a system

to combine the best features of both methods. An instrument was developed

to make acoustic measurements in situ in the bottom by attachment to a

geophysical corer. The instrument requires only minor modification to

the cutting edge of the corer and adds little in the way of cost or time

to a normal coring operation.

i i' "" 1
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Initially, only compressional wave velocity was measured by the

apparatus, but as the program developed, other measurements were

examined as additional features to be added to the measurement capa-

bilities of the instrument. During the period covered by this report,

the instrument was restructured to record six data channels to encompass

a larger range of measurements. Included in the capability of the

instrument are compressional wave velocity, shear wave velocity, acoustic

impedance, static shear strength, and corer deceleration. Pulse ampli-

tude data for both compressional and shear waves are also available.

The deceleration is integrated by the system to provide a depth axis

against which the other data are plotted. The deceleration data are also

being examined to provide a measurement of the static shear strength

of the cored sediment. For this reason a transducer to independently

measure static shear strength was included in the instrumentation.

This report discusses the new instrumentation and provides initial

laboratory test data. The updated electronic circuits are provided in

Appendices A and B, while the software required for the microprocessor

playback unit is provided in Appendix C.

A program of laboratory measurement and computer modeling of

acoustical propagation in sediments evolved from the in situ studies,

due mostly to a requirement for these type data to enable the in situ

data to be interpreted properly. It was realized early in the program

that new transducers being developed for the in situ measurement tasks

offered a unique opportunity to study acoustic processes in the

laboratory. Analytical models based on the work of Biot
2 and Stoll 3

have been developed to augment the measurements and to develop an under-

standing of the fundamental processes in sediment acoustical propagation.

During 1980, the program was divided into two major parts.

1. Modification of the in situ measuring equipment to enable at

least six data channels to be processed and recorded and final

development of transducers for those measurements.

2



2. Laboratory measurements and model development to include

artificial sediments with a variation in pore fluid

viscosity.

A bibliography of publications under the sediment acoustics

program is included as Appendix D. Since the program was started, 14

technical reports have been published, 13 papers have been presented

at technical meetings, 7 papers have been published in scientific

4journals, 3 papers have been included in books, and 2 invention

disclosures have been submitted for patent. Of these, I technical report

and 1 invention disclosure were submitted during 1980.4 ,5

*3



II. IN SITU MEASUREMENTS

A. Introduction

Field tests aboard R/V IDA GREEN in August 1979 showed that the

shear wave transducer design being tested would operate and provide a

4shear wave velocity profile of ocean sediments. The next step was to

modify the in situ recording instrument so that more data channels could

be accommodated to allow shear wave and compressional wave parameters

to be recorded concurrently. Previous designs6 were structured so that

three data channels plus one reference channel were recorded on a

4-channel FM magnetic tape. The three data channels were (1) velocity

(either compressional wave or shear wave), (2) amplitude (either

compressional wave or shear wave as appropriate), and (3) acceleration.

On playback, the output of the reference track was subtracted from the

data track outputs to reduce noise associated with tape movement (wow

* .and flutter) and to compensate for long term differences in the tape

speed between record and playback. Approximately 10 sec of data were

V" recorded on each tape. After noise compensation, the data were converted

from analog to digital signals in the playback system and stored in

digital memory. The acceleration data were then integrated by computer

and the resultant depth data used as the x axis to plot velocity and

amplitude as a function of depth on an x-y plotter.

To increase the number of data channels available in the system,

it became necessary to multiplex two data channels on each of the

recorder channels, which in turn required an increase in the band-

width of the record-playback system. The increased bandwidth required

faster tape speeds and increased power requirements for the tape drives

which, coupled with the mechanical problems that had been encountered

in the past with the tape drives, led to a decision to eliminate

5 1hDW PGIg R f 7INp=



the tape recording system altogether and instead go to a system to digitize

the analog signals internally and store the digital data in a high density

digital memory. The resulting design change has resulted in an instrument

with increased bandwidth, lower power requirements, higher reliability, and

increased data handling capacity. The new design will record six channels

of analog data for 10 sec with a sample rate for each channel of 200 samples/

sec. The total memory size is 12 kilobytes of digital data (2 kilobytes

per channel) with a word size of 8 bits.

Concurrent with the redesign of the profilometer recording system,

new transducers were designed to interface to the system to utilize the

added capabilities. The new transducer arrangements include:

1. a set of compressional wave transducers to measure

compressional wave velocity inside and outside the core

cutter,

2. a set of transducers to measure compressional wave and shear

wave velocity concurrently, and

3. a set of transducers to measure compressional wave velocity,

acoustic impedance, and static shear strength.

The new design of the recording instrument is explained in

Section B while a detailed explanation of the new transducer arrangements

is presented in Section C. Laboratory tests were made of the new circuits

and transducers and the results of these tests are presented in

*Section D.

B. Profilometer Development

The new profilometer recorder design is basically the same as the

previous design. '
6 The previous design for the mechanical layout of the

system had allowed space for the addition of more printed circuit cards

to allow shear wave measurements to be made in conjunction with the

compressional wave measurements. The electronic circuitry is the same

for both types of measurements with only changes in component values to

allow for the differences in frequency and velocity between shear wave

6



and compressional wave measurements. The circuits have been described1T
previously and the description will not be repeated.

The point of departure between the old and new design is the

recording of the analog voltages representative of the various measured

parameters. Figure I shows a block diagram of the previous recorder

design incorporating the magnetic tape unit. The dotted line separates

the measurement part of the circuits from the recording part of the

circuits. The circuit design has remained the same above the dotted

line with the addition of identical circuits to measure the additional

acoustical parameters. The FM modulators, reference frequency generator,

and magnetic tape transport shown below the dotted line have been

replaced by the new digital recording circuits.

Figure 2 shows a block diagram of the new profilometer recording

system. The new additions to the circuitry include the measurement

channels for shear wave velocity and amplitude, acoustic impedance, and

shear strength, along with the analog-to-digital converter, the solid

state memory, and control circuits for the digitizer and memory. General

operations of each of the circuits will be described below, with a

detailed circuit diagram and circuit description for only the new

circuits included in Appendix A. The shear strength channel is shown

connected to the digitizing circuit in Fig. 2 by a dotted line since it

is not a permanent part of the measurement package, but will be implemented

temporarily. When implemented, the shear strength measurement will

replace the shear wave measurement since only six data channels are

available in the recorder. Changes to the data channels are made by

simple wiring changes on the connectors inside the instrument and require

only a few minutes to alter the measurement capability of the instrument.

The compressional wave measuring circuits are identical to those

reported previously for the existing profilometer design with the

exception that the timing of the pulse generator is synchronized to the

digital recorder. As in the previous design, the pulse generator

7



zz

crU

LLI

0I-

3-- -z
cc0

CC -J A

-Iz I

7 LARZL: UT

AS-S I4 15
w:3S It
Lu 0 L4-16-81

8.wzLIC



LU

zz
1- 0

LU 00

LL C

F z 

-
[,I ujwO

LTu-
j -

< -
t

< U

LULu

ULU LU
U) LU

Ii 
c



provides a series of 2.5 psec pulses to the compressional wave projecting

element mounted in the cutter of the corer. The pulses are at an ampli-

tude of 10 V and a repetition rate of 200 pulses per second. A pulse of

compressional wave acoustic energy is emitted by the projector and travels

through the sediment across the inside diameter of the corer. A receiving

element detects the acoustic pulse and generates an electrical pulse which

is amplified and filtered by the preamplifier circuit. The amplitude of

the pulse is also detected and an analog voltage proportional to the pulse

amplitude is provided to one channel of the digitizer. The amplified and

filtered pulse is then converted to a train of square pulses by a zero

crossing detector and the time interval between the time a pulse is

emitted by the pulse generator and the time of arrival of the first pulse

in the received pulse train is converted to an analog voltage and provided

to another channel of the digitizer.

The shear wave channel is identical to the compressional wave

channel with the exception that component values in the circuits are

selected to accommodate a lower frequency and a slower velocity for the

shear wave. In fact, the shear wave channel can be used for a second

channel of compressional wave measurement by the use of appropriate

circuit cards in the shear wave positions. Table I shows the required

*characteristics for the two types of measurements.

Due to the possibility that electrical feedover in the cables from

the electronic circuits to the transducer could cause interference between

'4 the two measurement channels, synchronization by the digital control

circuit is such that the generation of the shear wave pulse is delayed

1.5 msec after the compressional wave pulse to allow the compressional

wave measurements to be completed before the shear wave measurement is

initiated. The shear wave measurement is then completed before another

compressional wave measurement is again started.

The accelerometer measures the deceleration of the corer. The

circuit has not been changed and is identical to that used in the

previous design. The accelerometer consists of a cantilever mounted

10
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TABLE I

PARAMETERS FOR THE COMPRESSIONAL WAVE AND SHEAR WAVE MEASUREMENT CHANNELS

Compressional Wave Shear Wave

Frequency 200 kHz 2 kHz

Velocity Range 1400-1900 m/sec 25-300 m/sec

Filter Bandwidth (3 dB) 150-250 kHz 1-10 kHz

Generator Pulse Length 2.5 usec 250 psec

Repetition Rate 200 pps 200 pps



ceramic bender element with a small mass mounted on the free end. A

charge amplifier circuit amplifies the signals resulting from changes in

acceleration and provides them to one channel of the digitizer.

The acoustic impedance measurement is similar to that described

for laboratory measurements. 7 The acoustic impedance circuit provides a

cw signal to the transducer element mounted on the core cutter. Fre-

quency of the signal is 400 kHz and is maintained at a constant 5 Vpp

level. The electrical current amplitude is detected by a resistor in

series with the acoustical element and is rectified to provide an analog

voltage that is proportional to the electrical impedance of the acoustical

element. The electrical impedance of the element is proportional to the

acoustic impedance of the sediment in contact with the element. For

simplicity in the electronic circuits, no attempt is made to maintain

the driving frequency at the resonance frequency of the element; the

resonance frequency changes as the acoustic impedance changes and results

in phase differences between the voltage and current waveforms. Instead,

the frequency is set at resonance with the element in water and is

maintained constant. The result is that the analog output is not a

linear function of acoustic impedance. However, calibration can be

done so that the output as a function of acoustic impedance is known.

The static shear strength measuring transducer consists of a small

penetrometer body attached to one of the acoustic transducer housings.

A strain gauge is attached to the penetrometer and connected to the

* electronic circuits of the instrument. Changes in strain gauge resistance

uin response to varying load on the penetrometer body are detected and

amplified by a bridge amplifier and provided to one channel of the solid

state recorder.

The solid state recorder consists of a 6-channel multiplexer, a

sample-and-hold amplifier, an analog-to-digital converter, a 98,304 bit

static memory organized as 12,288 x 8-bit bytes, and a digital control

circuit to initiate recording, to synchronize pulse generation of the

measuring circuits and the multiplexing of data channels, and to supply

12
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appropriate addresses and chip select signals to the static memory.

Detailed descriptions of the circuits are provided in Appendix A. Each

data channel thus occupies 2 kilobytes in the memory and at a repetition

rate of 200 pps will provide 10 sec of recording time. The recording of

data is initiated by the tripping of a switch when the corer is triggered

at the ocean bottom and starts- to free-fall. Free-fall and penetration

of the corer usually occur in 3 to 8 see, depending on the length of core

barrel and stiffness of the bottom sediments.

Once data have been recorded and the instrument recovered aboard

ship, it is necessary to process the data and reduce it to a usable form.

Figure 3 shows a block diagram of the playback system used with the

previous profilometer design. The system consists of a tape transport

and demodulator unit to convert the FM data recorded on tape to analog

voltages. The unit has three data outputs which are provided to the

microcomputer unit in which the three data channels are digitized and

the accelerometer data integrated twice to provide depth data. The

microcomputer output is input to an x-y plotter where the three data

channels are plotted as a function of depth.

The new design eliminates the tape transport and demodulator

unit and instead an interface cable from the microcomputer plugs

directly into the sockets in the recorder unit normally occupied by the

digitizer and digital control cards. The microcomputer addresses the

recorder's static memory and transfers all the data from recorder

memory to memory located internal to the microcomputer. Once inside the

microcomputer, the data are manipulated and plotted in the same manner as

before.

C. Transducer Development

In order to utilize the increased recording capacity of the new

profilometer recording instrument, three sets of transducers have been

developed and constructed. Each of the three transducer designs was

developed to address a particular problem in the area of in situ

S13
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acoustical measurement. One problem was to measure the amount of

disturbance to the sediment that occurs before the In situ measurement

is made. The profilometer transducers are mounted such that the

transducer elements are about 5 cm back from the cutting edge of the

core cutter to maintain the strength and structural integrity of the

cutter assembly.6 Even this short distance could introduce a measurable

amount of disturbance to the sediment and affect the acoustical measure-

ment. A solution to the question of disturbance is to place another

set of transducer elements in a position out in front of the cutting

edge so that a comparison can be made between the two positions. The

front transducer, of course, will also disturb the sediment to some

degree, but a measurement of the difference can be made and an estimate

of the amount of disturbance developed from the data. A bonus to the

above measurement is that the travel paths for the two transducer sets

can be made different so that a measurement of attenuation can be

obtained. The reason that attenuation measurements cannot be obtained

from the pulse amplitude data that are presently recorded by the profilom-

eter equipment is that the amplitude is dependent not only on

attenuation of compressional waves in the sediment, but also on the varia-

tion of the coupling between the transducer element and the sediment.

With two sets of identical transducer elements operating over two

different path lengths, the changes to signal amplitude due to variation

in coupling can be eliminated so that the attenuation can be calculated.

The second problem to be addressed by transducer design was the

concurrent measurement of shear wave and compressional wave parameters

that has been the ultimate goal of the in situ measurement program for

the past several years. A successful shear wave transducer design was

demonstrated in FY 79 and the composite shear wave/compressional wave

transducer is based on that previous design.

A third transducer design addresses the problem of an acoustic

impedance transducer capable of operating at high ambient pressures.
1

Such a design has been proposed and tested in the laboratory and the

15
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third transducer set incorporates this design along with a set of

compressional wave elements operating to measure compressional wave

velocity in the usual way.

This same transducer set also addresses another problem, which is

the measurement of shear strength of a sediment in situ. Preliminary

work on adapting the accelerometer data from the profilometer to calculate

shear strength has been done, but there are so many unknown factors

associated with the calculations that it was desired to have an independent

measurement of shear strength for comparison. For this reason a

penetrometer measurement was added to the third transducer set.

Figures 4, 6, and 8 show schematic cross-sections of the three

transducer designs as they would be mounted on a cutter and illustrate the

relative positions that the acoustical elements occupy. In all three

designs, a pair of compressional wave elements occupy the same relative

position as in the previous profilometer compressional wave transducer

design, and thus the new transducer design can be used on the same modi-

fied cutters as previously without further modification.

From Fig. 4, the difference in separation between the set of

elements inside the cutter and those outside the cutter is 2.3 cm.

Since the expected attenuation range for compressional waves at 200 kHz

in ocean sediment is from 10 to 100 dB/m,8 the above difference in

separation should yield a difference in recorded signal levels of from

0.23 to 2.3 dB between the two channels. Such a difference should be

easily observable on the output from the instruments. Thus a directly

measured attenuation profile of ocean bottom sediment would be obtained

for the first time in situ. A photograph of the dual compressional

wave transducer is shown in Fig. 5.

Figure 6 shows the relative positions of the shear wave and

compressional wave transducer elements on the composite transducer set.

Again the shear wave elements are positioned outside and ahead of the

16
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cuttei to allow the whole shear wave element to be in contact with the

sediment to increase shear wave coupling to the sediment. The design

is identical to that used to successfully obtain a shear wave profile in

the Gulf of Mexico in FY 79. 4 The forward position of the shear wave

element increases the hazard from hard layers, so the new design was

made more rugged by constructing the bender element from a layer of

piezoelectric ceramic and a layer of stainless steel. The resulting

shear wave transducer is more rigid and less sensitive than one made from

two ceramic layers, but tests indicate that sensitivity is still sufficient

to enable operation in most natural sediments. Figure 7 shows a photo-

graph of the transducer set.

The third transducer set is illustrated in Fig. 8. In the previous

two transducer sets that have been described, both projector and receiver

transducers were identical. For the third set it was necessary to put

the active transducers (the compressional wave projector and the acoustic

impedance transducer) in one housing and the passive transducers

(compressional wave receiver and shear strength transducer) in the other

to eliminate interference. A small electronic package is also included in

* the housing with the acoustic impedance transducer to provide necessary

decoupling circuits between the cable capacitance and the transducer

element. The two transducers are thus different in construction and

are not interchangeable.

Figure 9 shows a photograph of the transducer which incorporates

the acoustic impedance element. The design of the element is the same

as that first tested in FY 78. 1 A cross sectional drawing of the

.. transducer design is shown in Fig. 10 and illustrates the various

components of the device. The radiating head for the present device is

made of hardened tool steel and was tested to a pressure of

3.45 x 107 N/m2 (5000 psi) before the disc ruptured. Such a pressure

represents about 3.5 km of water depth. The ceramic element is a 1.59 cm

diam disc 1.43 mm thick and is attached to the steel radiating head by

rigid epoxy cement. The transducer element is held in place in the

housing by a threaded ring and is sealed by an O-ring. A small electronic

22
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circuit is also incorporated in the tranducer housing and consists of

a two-channel operational amplifier integrated circuit. One channel

of the amplifier drives the element to isolate it from the capacitance

of the interconnecting cable; the other channel rectifies the signal

obtained from a current detecting resistor to keep the capacitatively

coupled ac driving signal in the cable from interfering with the

detected signal. Detailed descriptions of the electronic circuits can

be found in Appendix A.

Figure 11 is analogous to Fig. 9 and shows the unit containing

the compressional wave receiver and the transducer used to measure shear

strength. The shear strength transducer consists of a small penetrometer

body 1 cm x 1 cm x 2.5 cm long. The leading edge is sharpened and

tapered in an ogive shape and is attached to a 1 cm long cantilever

beam welded to the transducer housing. The beam has a pair of metal

strain gauges attached to the top and bottom and connected as two arms

of a balanced bridge. The beam is encased in epoxy plastic shaped to

match the shape of the penetrometer. The force experienced by the

penetrometer during penetration of a sediment causes the beam to deflect

slightly upward, which reduces the resistance of the upper strain gauge

and increases the resistance of the lower. Any change in resistance due

to temperature tends to cancel since both strain gauges are identical

and in opposite arms of the bridge.

D. Laboratory Tests

The three sets of transducers were tested in a laboratory tank

for proper operation. The tank was 0.6 m diam by 2 m deep and had

approximately 1 m of sediment and 1 m of overlying water. The sediment

consisted of a water saturated ball clay (pottery clay), which has been

used for previous transducer tests. The transducers were mounted on a

core cutter which was mounted on a 3 m length of aluminum pipe; the

transducers were attached to the profilometer recorder by electrical

cables. The analog outputs of each of the measurement circuits were
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recorded directly on a strip chart recorder since the solid state

recording circuits had not been completed at the time of the tests.

To test the transducers dynamically, the cutter and pipe were pushed

into the sediment by hand while the electrical signals were recorded.

An attempt was made to maintain a constant speed of insertion so that

the time axis of the strip chart recorder would represent as closely

as possible the penetration depth for the test. Figure 12 shows the

results of the test using the dual compressional wave transducer set.

Because the strip chart recorder had only two channels, only the velocity

outputs were recorded. Since the clay had a high porosity, the

compressional wave velocity is slightly lower in the sediment than in

the overlying water and shows a gradient toward the bottom where the

clay tended to increase in stiffness. Apart from a few noise spikes,

the profiles are smooth and seem to be identical. There is an offset

in the depth axis between the two profiles due to the separation of the

transducer element pairs.

Figure 13 shows the results of laboratory tests for the shear

wave/compressional wave transducer set. The top trace is the

compressional wave velocity and is similar to those shown in Fig. 12,

except the profile is less smooth due to disturbance to the sediment

during the first test. The lower trace is the shear wave velocity. In

general, the shear wave velocity follows fairly closely that of the

compressional waves, with a lower velocity at the top of the sediment

gradually increasing toward the bottom, with some variations probably

due to the sediment having been disturbed by previous tests. While

the shear wave elements are in the overlying water at the beginning

of the profile, the trace is offscale due to detection of the feedaround

signal in the cutter providing a signal to the instrument that appears

to be a very fast shear wave (about 400 m/sec). As soon as the shear

wave elements contact the sediment, the feedaround signal is damped

out and the actual shear wave is measured. The large noise spikes at

the end of the shear wave profile are probably due to the cutter striking

the bottom of the test tank.
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Figures 14 and 15 show the results of laboratory tests of the third

4 transducer set, which was designed to measure compressional wave velocity,

acoustic impedance, and static shear strength. The restriction of two

channels on the strip chart recorder required that the acoustic impedance

and shear strength measurements be tested separately. Figure 14 shows

concurrently made profiles of compressional wave velocity and acoustic

impedance. Increased disturbance to the sediment from the series of

tests tended to homogenize the sediment so there was little variation

of either parameter from top to bottom. Figure 15 also shows little

variation, but enough to show that the transducers operated satis-

factorily. The variation in acoustic impedance measured during the tesc
3 2

was 2.2 x 10 acoustic ohms (I acoustic ohm = 1 g/cm ga) and was smaller

than expected, but the sediment was pretty well disturbed by that time

even though the tests occurred over a period of three days. The sediment

had previously been undisturbed for over a year.

The results of the laboratory tests on the three transducer sets

were judged to be satisfactory. The next step, then, is a sea test to

evaluate their operation in an environment where stresses on the

components are much larger and more uncontrollable.
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III. IABORATORY MEASUREMENTS

A. Introduction

An important part of the sediment acoustics program at ARL:UT has

been the development of analytical models for the propagation of

acoustical energy through sediments and the testing of these models and

resulting predictions by acoustical measurements in the laboratory on

natural and artificial sediments.

During FY 78 and FY 79, Bell 8 and Hovem9 developed models of
2

acoustical propagation in sediments based on the work of Biot and
3

Stoll. The Biot and Stoll models were intended to be used for

propagation in natural sediment types with a wide range of parameter

variation. As a consequence, several of the parameters to be inserted

in those models have to be assumed from measurements in real sediments.

The efforts of Bell and Hovem were directed at developing a specialized

model with simple geometry and little variation in parameters. Such a

model would have little utility for application to a real sediment, but

if the parameters of the model are selected so that they can be easily

duplicated in a controlled laboratory environment then predictions and

behavior of the specialized model can be more easily understood and

evaluated than those of the general model.

During FY 80, the specialized model was used to investigate the

acoustical behavior of a sand-type sediment with a single size of

spherical grains and a pore fluid of variable viscosity. The work is

described in the next section.
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B. Background

9

Hovem and Ingram previously set up a model based on the Biot

theory to examine the frequency response of compressional waves in a

spherical grain sand sediment. Hovem showed that the coupled

differential equations describing'wave propagation could be written in

the form

2 a2

?2(He-Cs) I- (pe-pf)
at

2

and

2 a2
V2 (Ce-ME) a i(Pfe-p ) - B Fr(K) (2)

at 2  a B2)

where

e = dilation of the skeletal frame,

= relative dilation between frame and fluid,

Pf = bulk density of the pore fluid,

P = bulk density of the solid grains,

Pc = effective density parameter, and

p= bulk density of the aggregrate.

In turn, P is related to the solid and fluid densities by the porosity

4 in the following equation:

p = (I-)P s + *Of (3)

The coefficients H, C, and M in Eqs. (1) and (2) are elastic coefficients

related to the bulk modulus of the grains Kr, the shear modulus of the

frame pb' the bulk modulus of the frame Kb, and the porosity 0

as follows:

H K + 4/3 pb (4)
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where

K Kr(Kb+Q)/(Kr+Q) , (5)

Q (Kf/0) (Kr-K)(K r-Kf) (6)

C = QKr/(Kr+Q) , (7)

and

M = CKr/(KKr-b ) (8)

Hovem also showed that for this particular type of sediment the

effective density parameter 0 could be described in terms of fluid
C

"* density, porosity, and a structure constant, y, by the following equation:

Pf SPC  (l+10 (9)

where

y = 1+ (nr/BP [f) [F(K)/W] (10)

Here B is the permeability of the sediment and n is the absolute

viscosity of the pore fluid. The permeability can be related to grain

size dm, porosity 0, and a pore size parameter k by the following

equation:

Bo = (d2/36 k)[3/(-) 2 1 (11)

The coefficient k is a function of the pore shape and tortuosity of the

pores and, for a spherical grain sediment, has a value between 4 and 5.

Thus, Hovem was able to set up a model for wave propagation in

a spherical grain sediment which required only grain size, grain density,

porosity, fluid density, fluid viscosity, and the wave propagation

frequency as inputs. In preliminary work, model predictions as a

function of frequency were investigated and confirmed.
9
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In order to further test the model, investigation of the model

predictions as functions of other variable parameters was required.

Pore fluid viscosity was decided upon as the parameter to be studied

since the viscosity of the fluid could be varied by changing the

concentration of an aqueous solution of a material such as alcohol or

glycerin. The results of that experiment are discussed in the next

section.

C. Experimental Results

In order to vary the viscosity of the pore fluid in a sediment,

It was decided to examine the feasibility of changing the concentration

of an aqueous solution of a substance to produce a measurable change

in viscosity with concentration. Both ethyl alcohol and glycerin have

well known characteristics of viscosity and both are soluble in water.
10Handbook values are available for viscosity as a function of both

concentration and temperature for ethyl alcohol and glycerin. Figure 16

shows the variation of viscosity with concentration for both materials

at a temperature of 20*C. Glycerin was selected over alcohol due to

the fact that glycerin is less volatile than alcohol and would thus

provide a more stable pore fluid over a period of time.

Although a variation of viscosity was the object of the experiment,

other properties of the fluid such as bulk modulus and density will also

be a function of concentration and will affect the acoustical properties

of the fluid and of the sediment. Compressional wave velocity and

attenuation data were obtained for the pore fluid alone to measure the

change in acoustical properties as the concentration and viscosity were

varied. Figure 17 shows the velocity data plotted against glycerin

concentration while Fig. 18 shows the same data plotted as a function

of viscosity. The measurements were made at a frequency of 114 kHz and no

extra attenuation due to the presence of glycerin in the solution was

observed.
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The velocity data were used in conjunction with handbook values for

density of the solutions to calculate the bulk modulus for the material.

The bulk modulus data are shown in Figs. 19 and 20 plotted as functions

of concentration and viscosity. In each of the figures where data are

plotted as a function of concentration, the data points are shown and

the solid line is a least squares fit to the data. In the figures

showing data plotted versus viscosity, the points are measured data

, while the solid lines are calculated from the least squares fit from

the other figures. The bulk modulus obtained from the above data,

as well as density and viscosity, is used in the analytical model to

enable predictions of wave velocities and attenuations in a sediment

with a pore fluid having the above properties.

A sediment consisting of spherical glass beads mixed with the

above pore fluid was selected for study. Various physical properties

of the sediment are listed in Table II. Calculations based on the

work of Hovem9 and Bell 8 were made of compressional wave velocity

and attenuation and shear wave velocity and attenuation for the glass

bead sand with variations in viscosity, saturated bulk density, and

bulk modulus due to the changing properties of the pore fluid as the

concentration of glycerin increased.

Measurements of compressional wave velocity and attenuation and

shear wave velocity and attenuation were made in a small sediment tank

16 cm x 30 cm x 20 cm deep. The sediment sample was carefully prepared by

adding demineralized water to the initially dry material, boiling the

mixture, and then subjecting the cooled sediment to a vacuum for 24 hours.

Once the sediment was ready for measurement, the transducers were inserted

into the material and the apparatus allowed to remain undisturbed for

another 24 hours. Acoustical measurements were then made and again the

sediment was allowed to sit undisturbed for another 24 hours, after which

the acoustical measurements were repeated. The above procedure was

repeated until successive shear wave measurements were essentially

identical. It was found that the sediment usually stabilized by the third

or fourth 24 hour interval.
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TABLE II

PHYSICAL PROPERTIES OF A GLASS BEAD SEDIMENT USED IN ANALYTICAL MODEL

CALCULATIONS
4

Bead Type M11

"' Grain Diameter 1.8 x 102 cm

Grain Density 2.50 g/cm3

Grain Bulk Modulus I x 1012 dyn/cm2

Porosity 0.365

Permeability 2.713 x 10- 7 cm2
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Once a set of acoustical measurements had been made, the sediment

was removed from the tank, approximately 400 ml of glycerin was added,

and the new mixture was thoroughly stirred. The sediment was again

evacuated to remove entrained air and the acoustical measurement

procedure described above was repeated. After acoustical measurements

were completed for a particular concentration of glycerin, a sample of

the pore fluid was removed from the tank for viscosity and density

measurements. Viscosity was measured at 20*C with a modified Oatwalt

vipcometer and density was measured at 200 C with a calibrated 50 ml

pycnometer. The viscosity and density measurements were used to

determine concentration. After successive measurements to a concentration

of approximately 25% glycerin, the sediment waq discarded and the whole

procedure repeated as a check with freshly prepared sediment.

Transducers used to make the compressional and shear wave
11

measurements were similar to those described previously, and consisted

of a shear wave bender element mounted so that the plane of the bender

was vertical, and a small compressional wave element near the bender

element. One projector was used with two receivers at different

distances so that attenuation could be calculated from the difference

in amplitude between the signals at the two receivers. Compressional

wave data were obtained at a frequency of 114 kHz and shear wave data

at a frequency of 2.8 kHz. Depth of the transducers in the sediment

was approximately 10 cm.

Figure 21 shows the response of compressional wave velocity in the

sediment to changes in the concentration of glycerin in the pore fLuid.

These changes in velocity are due mainly to changes in the sediment bulk

modulus rather than to any dependence on viscosity. In any event, the

predicted curve shows a greater slope than the data. Figure 22 shows

that the same relationship holds true for shear wave velocity except

that the difference in slope Is slightly smaller.
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Differences between the theoretical predictions and the data also

appear in the compressional wave and shear wave attenuations. Figures 23

and 24 show the compressional wave and shear wave data, respectively,

compared to the model predictions. In these cases, the attenuations

are larger than predicted for both wave types and also have larger slopes

than predicted. It could be conjectured here that the viscous loss

model does not accurately describe the situation where frame losses due to

the lubricating action of the added glycerin can contribute significantly.

For whatever reason, the model did not accurately predict acoustical

parameters of a sediment for other than plain water as pore fluid.

Since the purpose of the experiment was to examine the effects of

*! viscosity of the pore fluid, the attenuation data have also been plotted

as a function of viscosity and are shown in Figs. 25 and 26. The least

squares fit to the data from Figs. 23 and 24 have also been included for

comparison, replotted for viscosity. It is not proposed here that a

linear fit to the data as a function of glycerin concentration or of

viscosity is appropriate since the scatter in the data is too large for

an accurate determination.
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IV. SUMMARY

During the past year, the ARL:UT sediment acoustics program has

been involved in two areas of work.

1. The in situ acoustic measuring system has been reconfigured to

enable concurrent measurement of compressional wave velocity and

attenuation, shear wave velocity and attenuation, and acoustic impedance.

The recording instrument and transducers have been successfully tested

in the laboratory and are being prepared for extensive field testing.

2. A laboratory experiment has been concluded to test predictions

of the analytical model developed by Hovem. Viscosity of the pore fluid

in an artificial sediment of spherical glass beads was varied by mixing

various concentrations of glycerin with water. Results of the experiment

indicate that predictions of the model do not match measured data.

Further examination and modification of the model, plus repeat of the

measurements, are indicated.

Future work under the program will continue to emphasize a balance

between analytical modeling, laboratory measurements, and in situ

measurements to ensure accurate results. Topics to be investigated

include:

1. theoretical model development,

2. physical scale model development,

3. investigation of interface waves,

4. investigation of nonlinear acoustical parameters of sediments,

5. examination of Biot's second type compressional wave,

6. investigation of the effects of salinity on sediment acoustical

properties,

7. investigation of the relationship between engineering properties

and acoustical properties of sediments,
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8. investigation of the density profile and compressional wave/

shear wave velocity ratio in situ,

9. development of a free-fall sediment acoustic measuring system,

and

10. development of a shear wave acoustic reflection profiler

system.

t.
A-

54



REFERENCES

1. D. J. Shirley, D. W. Bell, and J. M. Hovem, "Laboratory and Field
Studies of Sediment Acoustics," Applied Research Laboratories
Technical Report No. 79-26 (ARL-TR-79-26), Applied Research Laboratories

-4 The University of Texas at Austin, 12 June 1979.

2. M. A. Biot, "Theory of Propagation of Elastic Waves in a Fluid
Saturated Porous Solid, I and II," J. Acoust. Soc. Am. 28, 168-191
(1956).

3. R. D. Stoll and G. M. Bryan, "Wave Attenuation in Saturated
Sediments," J. Acoust. Soc. Am. 47, 1440-1447 (1970).

4. D. J. Shirley, J. M. Hovem, G. D. Ingram, and D. W. Bell, "Sediment
Acoustics," Applied Research Laboratories Technical Report No. 80-17
(ARL-TR-80-17), Applied Research Laboratories, The University of
Texas at Austin, 2 April 1980.

5. D. J. Shirley, "A Subseafloor Environmental Simulator," Applied
Research Laboratories Invention Disclosure, Navy Case No. 65,339,

10 November 1980.

6. D. J. Shirley and A. L. Anderson, "Compressional Wave Profilometer
for Deep Water Measurements," Applied Research Laboratories Technical
Report No. 74-51 (ARL-TR-74-51), Applied Research Laboratories,
The University of Texas at Austin, 6 December 1974.

7. D. J. Shirley, "Method for Measuring in situ Acoustic Impedance

of Marine Sediments," J. Acoust. Soc. Am. 62, 1028-1032 (1977).

8. D. W. Bell, "Shear Wave Propagation in Unconsolidated Fluid

Saturated Porous Media," Applied Research Laboratories Technical
Report No. 79-31 (ARL-TR-79-31), Applied Research Laboratories,
The University of Texas at Austin, 15 May 1979.

9. J. M. Hovem and G. D. Ingram, "Viscous Attenuation of Sound in
Saturated Sand," J. Acoust. Soc. Am. 66, 1807-1812 (1979).

10. A. N. Lange, Handbook of Chemistry (Handbook Publishers, Inc.,

Sandusky, Ohio, 1949).

11. D. J. Shirley, "An Improved Shear Wave Transducer," J. Acoust. Soc.
Am. 63, 1643-1645 (1978).

55

5, " _ .... .. . .
l ! I ' -*...



----- ----

APPENDIX A

57 mm *3U~-um
S. LAOM lu



Introduction

The purpose of this appendix is to provide detailed circuit

descriptions and schematics of the new or revised analog measuring

circuits of the profilometer and the new solid state memory which was

developed to replace the FM magnetic tape recording system. Included

in the analog circuits are (1) a revised pulse generator circuit,

(2) a circuit to measure acoustic impedance, and (3) a circuit to

measure shear strength. In the digital category are (1) a controller

and digitizer for the solid state memory, (2) the memory circuits, and

(3) a computer interface to couple stored digital data into the

microcomputer.

Pulse Generator

Figure 27 is a schematic diagram of the revised pulse generator

circuit used to drive the acoustic transducers to make both compressional

and shear wave measurements in the profilometer. The original circuit

operated at its own repetition (200 pps) rate to generate a positive

going square pulse of the proper length (2.5 psec for compressional

waves, 250 psec for shear waves). The new circuit described here is

almost identical except that the repetition rate is controlled by a

trigger input from the solid state memory circuits and generates the

pulse at a controlled time interval following the trigger. Compressional

wave and shear wave circuits are identical except for the RC network used

to control pulse width.

Referring to Fig. 27, Ul is a CD4098 dual monostable integrated

circuit, part of which is used to generate a constant delay after the

trigger, and the other, to generate the driving pulse. The trigger
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input to pin 5 of Ul triggers the monostable o1 Lhe trailing edge of

the trigger pulse. A positive going pulse is generated at the Q output

of the monostable, pin 6. The length of the pulse and consequently the

delay is controlled by RI and Cl. If no delay is desired, Cl is removed

and pin 2 of Ul is connected directly to +5 V. The delay pulse from

pin 6 of Ul is coupled into the negative trigger input of the second

monostable at pin 11 so that the second monostable is triggered on the

trailing edge of the delay pulse. Complementary pulses are generated

at the Q and Q outputs of Ul and are provided to the card edge connector

S for triggering other circuits in the profilometer. Pulse width of the

second pulse is controlled by the time constant of R2 and C2. Values

shown in Fig. 27 are for a 2.5 psec pulse for compressional wave measure-

ments. Changing C2 to a value of 0.01 pF will provide a 250 psec pulse

appropriate for shear wave measurements.

The Q output from the second monostable is applied to the base of

transistor Ql, which is configured as a common emitter amplifier. The

negative going pulse is inverted and amplified from the nominal 5 V

level to a 10 V level and applied to transistor Q2 which is a VMOS power

FET arranged in a source-follower circuit to drive the output. Q3 is

an identical power FET used as a switch to connect the output line to

ground when the driving pulse is not applied. Operation in this manner

reduces ringing in the acoustic transducer.

Acoustic Impedance Measurement Circuit

The purpose of the acoustic impedance measuring circuit is to

provide a continuous wave (cw) signal to the acoustic impedance trans-

ducer at the resonance frequency of that transducer when it is immersed

in water, and to detect and amplify the analog voltage from the circuits

associated with the transducer which detect the current through the

transducer.
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Figure 28 is the schematic diagram of the part of the acoustic

impedance circuit which is in the pressure case while Fig. 29 shows the

schematic diagram for the circuits associated with the transducer.

Referring to Fig. 28, Ul is an NE566 function generator integrated

circuit configured to generate a constant frequency, constant amplitude

triangular wave signal at pin 4. The frequency of oscillation is

controlled by the time constant of R3 and C2 and the frequency can be

varied by adjusting R3. The signal is coupled to U2 where it is

amplified and then applied to the transducer cable through R7. The series

resistance of R7 is used to decouple the cable capacitance from the

operational amplifier U2 and thus maintain stability. The analog signal

which is proportional to the transducer impedance is filtered by R8,

R9, and C4 and applied to the operational amplifier U3 which amplifies

the signal by a factor of 10.

In Fig. 29, U4A is used to buffer the signal coming through the

cable from the generating circuit and to drive the transducer elenent

at a constant voltage level. Rl senses the current through the element

and develops an ac voltage inversely proportional to the impedance of

the eJement. The ac signal from RI is rectified by U4B which is an

operational amplifier configured as a half-wave rectifier circuit. The

rectified signal then goes back up the cable to be filtered and

amplified and applied to the recording circuits.

Shear Strength Measuring Circuit

The purpose of the shear strength measuring circuits is to provide

a dc excitation voltage to the strain gauge bridge elements on the

transducer and to measure the resulting bridge output voltage, amplify it,

and provide it to the recording circuits. Figure 30 shows the

schematic diagram of the circuit. SCI and SG2 are metal strain gauges

mounted on opposite sides of a cantilever bar (see Section II.C) used
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to sense the force exerted on a penetrometer body attached to the end ot

the bar. The strain gauges are arranged such that forces on the pene-

trometer bend the bar and cause one strain gauge to increase in resist-

ance and the other to decrease in resistance by the same amount. The

two strain gauges form a bridge network with R1 and R2 to detect the strain

gauge resistance changes. The output of the bridge is connected to Ul

which is an operational amplifier connected as a differential input ampli-

Hfer with a voltage gain of 100. The output of the amplifier is provided

through the card edge connector to the recorder circuits.

Solid State Memory Controller

The solid state memory controller includes circuits to multiplex

six data channels, digitize the analog data, provide chip selects and 4

address signals to the memory, and provide appropriate timing signals to

control the operation sequence of all the circuit units in the profilometer.

Figure 31 is the schematic diagram of the control and digitizing

circuits. Figure 32 provides a timing diagram of those circuits. The

circuits comprise the following individual sections:

(1) recorder on-off control,

(2) clock generator and divider,

(3) input channel multiplexer,

(4) sample-and-hold amplifier,

(5) channel select counter,

(6) A/D converter,

(7) address counter, and

(8) chip select control.

The four sections of U15 constitute the recorder on-off control

circuit. A free-fall sensing switch located exterior to the pressure

case is connected to the input (pins 1 and 2) of NOR gate U15A connected
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as an inverter. The switch is a normally closed magnetic reed switch

which is caused to open when the corer is triggered at the ocean bottom.

While the switch is closed, the input to U15A is low so the output will

be high. The output line is connected to the reset inputs of counters

U16 and U13 which causes their outputs to be low. The output of U15A is

also connected to one input (pin 8) of an R-S flip-flop composed of

U15C and UI5D. Since the other input (pin 13) is connected to an output

of counter U13, which is held low by the high reset input, the output of

the R-S flip-flop (pin 10) is high. The output of the R-S flip-flop

and the reset line are NOR'ed in U15B and with both inputs high the

output of U15B is held low. The output from U15B is used to control a

gated 3.2 kHz oscillator composed of U14C and U14D and associated RC

networks. When the output from U15B is low, the oscillator is off and

digitizing and storage of data is inhibited. When the free-fall reed

switch is opened at the start of corer free-fall, the reset line is

caused to go low, which enables counters U16 and U13 and brings the

outputs of U15B high to enable the 3.2 kHz oscillator. The R-S flip-flop

remains in its initial state. Counter U16 divides the 3.2 kHz from the

oscillator and provides the 2 and 116 signals as outputs. These clock

signals are shown at the top of the timing diagram, Fig. 32. The 116

clock pulse is input to the pulse generator in the analog measuring

circuits where the falling edge of the 116 clock pulse initiates the

generation of an acoustic pulse and the resultant measurement of the

acoustic velocities. The 116 pulse is also input to the clock of

14-stage counter U13. The first 10 outputs of U13 are used as the address

4d bus for the digital memory circuits. As a result, each time an acoustical

measurement is initiated by the *zl6 clock pulse, the digital memory is

advanced to the next location for storage of the six data bytes associated

with each measurement.

The 2 clock pulse from U16 is inverted by U18C and supplied as

the clock pulse to decimal counter U3. The outputs of counter U3 are

decoded to provide a single positive going pulse at one of its 10

outputs, starting at QO and going to Q9 each time the counter is clocked.

During reset, QO goes high. Six of the outputs of U3 (Ql through Q6)

69



are used as the channel select signals and are shown in Fig. 32. The

inverted i2 clock pulse going to U3 is also AND'ed with the 3.2 kHz

main clock signal by NAND gates U14A and U14B to produce the sample-

and-hold enable pulse. When this pulse is high, the sample-and-hold

amplifier samples the level of the selected analog signal and when the

pulse goes low the analog level is held constant by the amplifier.

The analog multiplexer and the sample-and-hold gate are implemented

in the two CD4016 analog gate IC's, U1 and U2. The gates operate as

single-pole/single-throw switches controlled by the outputs of U3 and

of the six inputs to the sample-and-hold switch. Immediately after

each input is connected, the sample-and-hold switch is closed and allows

sampling capacitor C4 to charge to the analog voltage level. U7 is an

operational amplifier connected as a X1 gain buffer to keep the load of

following circuits from discharging C4.

As each of the six analog inputs is selected by the outputs of

counter U3, one of six digital memory chips must be selected for storage

of that datum. There are a total of 12 memory chips, two for each of

the analog channels. The data from each channel is stored in each chip

by selecting that chip through a low level CHIP ENABLE (CE) input.

After cycling through the six inputs and six chips, the addresses for

all memory chips are advanced by clocking address counter U13. After

a set of six chips are filled with data (1024 bytes) all 10 address lines

(Ql through Q10 of U13) will be high. The next clock pulse into U13 will

set all address lines low again and set Q11 of U13 high. This action

will select the next bank of six memory chips for storage.

The low going CE pulses are generated from the high going channel

select signals by first NOR'ing the Q11 output from U13 in NOR gates

U18B and U18D with the WRITE ENABLE (WE) pulse from the A/D converter

and NAND'ing the result with the channel select signals in NAND gates

U4, U5, and U6. Both the noninverted and inverted versions of the Q11
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output of U13 are used in this way so that when QI is low, the first

six CE signals are enabled and when QIl is high, the other six CE signals

are enabled and the first six are disabled.

After each of the six input channels is selected, a short, low

going pulse is generated which is used to initiate the analog-to-digital

conversion. The leading edge of the sample-and-hold enable pulse is

applied to the trigger input of monostable multivibrator U17. The Q
l output of U17 is a low going pulse whose duration is controlled by the

RC time constant of R4 and C3. The output pulse is applied to the

reset input of the analog-to-digital converter (ADC) chip U9 which sets

all eight bits of its output low. The start pulse is also applied to

one input of R-S flip-flop formed by U12A and U12B and sets the output

of the flip-flop high. This output is used as the END OF CONVERSION

(EOC) signal and also as the WRITE ENABLE (WE) signal. When EOC is high,

the ADC is busy converting and output data are not valid.

The input of the ADC is connected through resistance R7 and R8

to the output of the sample-and-hold amplifier. R7 and R8 are used to

set the calibration of the unit so that 5 V input will produce a digital

output from the ADC with all bits high. With zero input, all bits from

the ADC will be low. The input voltage is connected to the noninverting

input of operational amplifier U9 which is configured as a voltage

comparator. The inverting input of the comparator is connected to the

analog output of the ADC chip.

At the start of conversion when EOC goes high, a 500 kHz clock

generator formed by U12C and U12D is enabled and provides a 500 kHz

pulse string to the strobe input (pin 4 of U9) of the ADC. As the

counters internal to the ADC are incremented by the strobe input, an

internal digital-to-analog converter (DAC) circuit provides a linearly

increasing voltage at the analog output, pin 14. When the ADC output

voltage reaches the same level as the input voltage, voltage comparator

U8 switches its output low which resets the RS flip-flop (UI2A and B)

which in turn disables the ADC clock circuit, stops the ADC counters, and
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sets EOC and WE low. The result is that the digital output of the ADC

counters available on the eight data lines is directly proportional to

the analog input voltage. The WE pulse is then used to store the data

word in an appropriate space in the digital memory.

After 2048 samples of data have been obtained for each of the six

inputs, Q12 of address counter U13 will go high. Q12 is connected to

the reset input of RS flip-flop U15C and UI5D. Pin 10 of U15 will

return to a high level bringing pin 4 low and thus turning off the

3.2 kHz oscillator. With the oscillator disabled, the profilometer

circuits cannot function and operation is effectively halted.

Solid State Memory Circuit

Figure 33 shows the schematic diagram of one of three identical

memory boards used in the profilometer recorder. Each board carries

four memory chips, which is sufficient for two channels of data. The

data line3 (DO through D7) and the address lines (AO through A9) are

connected in parallel to all 12 chips in the memory circuit. The 12 CE

lines are connected to the 12 outputs of the control circuit and to the

CE inputs of the memory chips. The WE line is connected to all 12 chips

and in conjunction with the CE signals determines where each digital

datum will be stored.

.f; Memory Power Supply

Power for most of the control and digitizing operations is supplied

by the profilometer power unit. However, the operating time for the

profilometer main battery is limited to about 18 h; it will also be

disconnected when the unit is lifted out of the water upon retrieval.

If power is lost, all data stored in the memory will also be lost. For

this reason, the memory chips and selected portions of the control

circuitry are operated from a separate battery system.

72

-



c44

0

4n 4

UI.
110

r44

'P.4

44

00 4

- 19WW " '

ARL:UT
73 98414=a

DJS -GA
5*5-S1



Figure 34 is the schematic of the memory power supply. Power is

supplied by a 7.2 V, 1.8 A-hNiCad battery pack. Qi is a silicon

controlled rectifier (SCR) which acts as a power switch and keeps power

"= to the memory circuits turned off until the unit is deployed. As the

profilometer unit is immersed in the ocean, a saltwater sensor turns on

the main power supply in the profilometer. The +5 V level on the main

power bus turns on the SCR and thus applies power to the memory circuits.

Once turned on, the SCR will remain on regardless of whether the main

supply remains on or not. The battery pack is able to supply power to

4the memory for a period of 70 h.

The circuit composed of Q2, R3, Dl, D2, Cl, and C2 is a low power

voltage regulator to regulate the battery voltage to the +5 V level

required by the memory chips.

To ensure that data are retained in memory and that minimum power

is used, the CE inputs to all the memory chips must be kept at a high

level at all times except during the actual storage time interval. R4

through R15 are used to ensure that all CE inputs are pulled up to the

+5 V supply rail even if other parts of the control circuit are disabled.

For the same reason, the memory power supply is used to supply power

to the board that contains the chip enable gates U4, U5, and U6.

Computer Interface

Once the profilometer has been deployed, and has recorded data

and been retrieved, the data must be removed from the digital memory cir-

cuits inside the profilometer and stored in riemory inside the minicomputer

unit. To accomplish the transfer of digital data, the two printed

circuit cards containing the multiplexer-A/D converter circuit and the

address counter/channel select counter circuits are removed from the card

cage of the profilometer recording unit, and two other printed circuit

cards, which are attached by electrical cable to the microcomputer playback

unit, are inserted in their place. The new cards generate address and
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., chip enable signals under control of the computer to enable the computer

to read the data from the memory chips.

Figure 35 is a diagram of the interface unit. An 18-conductor

flat ribbon cable is connected to the input-output connector of the

MPU board of the microcomputer. The interface part of the microcomputer

consists of a peripheral interface adapter (PIA) chip which has two

programmable 8-bit data buses and four control lines. The data buses

are labeled PAO through PA7 and PBO through PB7 and the control lines

are CAl, CBl, CA2, and CB2. The buses and control lines can be programmed

by the computer as either inputs or outputs. In this case, the PA bus

is programmed as inputs to read the memory data bus in the profilometer

and the PB bus is programmed as outputs to generate the chip enable

signals for the profilometer memory chips. Since there are not enough

data lines available to also generate the address signals, a CD4040

counter controlled by the CA2 and CB2 lines is used.

Operation of the microcomputer is explained in more detail in

Appendix B.
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Introduction

The microcomputer unit used with the profilometer acoustical

measurement system is built around a Motorola MEK6800D2 evaluation kit.

The kit consists of a complete microprocessor unit (MPU) on a finished

printed circuit board with a hexidecimal keyboard and associated

readout. The microcomputer unit was completed by adding a power supply,

a 16-kilobyte static memory board, and an input-output board. The

input-output board enables the computer to digitize 8 channels of data

and to provide signals to an X-Y plotter so that data stored in memory

can be plotted. Only the memory board and the input-output board will

be explained in detail. A detailed explanation and schematic for the

MPU board can be obtained from the Motorola MEK6800D2 manual.

Figure 36 shows a photograph of the complete microcomputer unit

with the top cover removed and the card cage raised to the test position.

Memory Board

Figure 37 is the schematic diagram of the microcomputer memory board

which implements a 16-kilobyte static memory. U1 through U32 are type

2142 static memory chips comprising 4098 bits organized as 1024 4-bit

words each. A total of 32 chips are used to implement the 16 kilobytes

of memory.

The 8 data lines (DO through D7) and the first 10 address lines

(AO through A9) from the MPU board are connected in parallel to all 32

of the memory chips to form an 8-bit data bus and a 10-bit address bus.

The next 3 address lines (AlO, All, and A12) are decoded by a

3 line-to-8 line decoder, U33, to enable the selection of appropriate

chips. The top 3 address lines (A13, A14, and A15) are decoded on

the MPU board and provide the 2/3 and 4/5 selection signals to select

81

I W=2 PAMl BLAIOf n



Is-

cr)

00

0

LU

L -

LL

0

3429-18



i0 'o f. 4 - C

co C~ C4 4 C4 m m

I- '-~NfM

N 2 -

0 6n

N 0-

4r-4

q% 40n 
0

4 4.0

C4C,0

M C4 C

000o%%00000-x C u0 444 4444.

a- 0- a- X

oro 00- r,>L

a >FZO 4JS 
I-9L

5-5-8

83o



either of the two 8K pages of memory. The READ/WRITE (R/W) signal

controls the writing of data into the memory chips and is connected to

the WRITE ENABLE (WE) inputs.

Input-Output Board

Figure 38 is the schematic diagram of the microcomputer input-output

board which is used to input analog data to the microcomputer and to output

analog data to an X-Y plotter from the computer.

The MPU board of the microcomputer has two 16-bit parallel interface

* connections implemented with MC6821 peripheral interface adapters (PIA).

One of the ports is dedicated to the keyboard/display circuits and the

other is available for user access. This second port is used for connection

to either the interface circuit (see description in Appendix A) or to the

input-output board. The port connections of the PIA can be controlled by

the MPU to be either an input or an output. For use with the input-

output board, 8 of the parallel lines (PAO through PA7) are programmed to

be the data port and are set up to be inputs or outputs, depending on

direction of data flow. The other 8 lines (PBO through PB7) are set up

as outputs to control the various circuits on the input-output board.

U1 is an 8-input multiplexer under program control through PB5,

PB6, and PB7, which select the analog input channel to be digitized.

U2 is an operational amplifier which, in conjunction with C3 and the

multiplexer, operates as a sample-and-hold amplifier to hold theUL
analog signal constant during the digitization process. U3 is an 8-bit

analog-to-digital converter module with an internal clock. The A/D

process is started under program control through PB4. After the input

signal has been digitized and the digital output of U3 is stable, the

MPU is signaled through the end of conversion line (EOC) CBI which

serves as an interrupt line to the MPU. U4 and U5 serve as interface

buffers with 3-state outputs to enable bus operation on the board. The

data output to the data bus from the ADC is enabled under program control
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through PBO. U9C is an inverter for the most significant data bit

(MSB) to change the straight binary output of the ADC to a 2's complement

output which is compatible with arithmetic operations of the MPU.

When the board is used for an output, the data are routed to the

digital-to-analog converter module U6. The sample-and-hold amplifiers

are used to store the X and Y coordinates for the X-Y plotter during

the pen relocation time of the plotter. The sample-and-hold amplifiers

are under program control through PBl and PB2.

There are two direct digital lines from the MPU through PB3 and CAl.

The CAI line is used as an interrupt line from a front panel switch to

control the time the MPU starts digitizing data from the inputs. The

PB3 signal allows the MPU to control pen up or pen down positions on the

X-Y plotter.
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I. Introduction

The software to enable the microcomputer to operate in the appropriate

modes to digitize data, to plot data, or to extract digital data directly

from the profilometer is contained on 2 ultraviolet erasable programmable

read only memories (EPROM) on the MPU board. Computer printouts and flow

diagrams of the programs are included in this Appendix. Section 11 contains

q instructions for setting up and running the programs.

II. Profilometer Microcomputer Unit Programs

A. Use with magnetic tape system

1. Attach BNC cable from Profilometer Playback Unit

acceleration channel to input channel I on microprocessor

-t front panel; from time delay channel to input 2; and from

amplitude channel to input 3.

2. Connect cable from X-Y plotter output on back panel of

microprocessor to plotter input.

3. OPTIONAL: To monitor X and Y outputs from microprocessor,

4

.4 connect BNC cables from microprocessor output channel 1 (Y)

and channel 2 (X) to storage oscilloscope.

4. Turn on microprocessor. DASH prompt will appear on left

side of display.

5. Enter program constants:

(1) Enter 0000. Punch 11M11.

Now enter desired x axis parameter according to the

following table.

01 - Acceleration

02 - Time Delay

03 - Amplitude

04 - Velocity
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05 - Depth

06 - Time

07 - Sound Speed

(2) Punch "G". Address "0001" appears. Enter y-axis

parameter as in Step 5(1).

(3) Punch "G". Enter A/D sample period (16-bit hexadecimal

number greater than zero). At address "0002" enter most

significant 2 digits of sample period.

(4) Punch "G". Enter least significant 2 digits of sample

period. A/D sample period is found by the following

formula:

Sample period = (13 psec x Nl) + 295 psec,

where NI is the hexadecimal number entered into 0002

and 0003. Total A/D time is given by:

A/D time = (13 Psec x Nl) + 295 psec x 2048 bytes.

Solving for Nl yields:

Ni = [A/D time (sec)/2048] - 295 psec
13 psec

This gives Nl in decimal, which must be converted to

hexadecimal before entering into memory.

(5) Enter D/A sample period into locations 0004 (most

significant byte) and 0005 (least significant byte).

D/A sample period is given by:

Sample period = 13 psec x N2 + 255 psec.

D/A time varies depending on whether or not the

x axis represerts time.

A good value for N2 is 1500.

6. Program is now ready to run.

(1) Punch escape "E".

(2) Enter "6000".

(3) Punch "G".
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Program is now initialized and waiting for an interrupt

to start digitizing. Just before the area of tape to be

analyzed passes by the read head of the playback unit,

punch MANUAL INTERRUPT on front panel. Program will stop

at 603D when it is through digitizing. Memory changes

made:

1. Locations 2000 - 27FF: Acceleration

2. Locations 2800 - 2FFF: Time Delay

3. Locations 3000 - 37FF: Amplitude

Acceleration is normalized by taking the average of the

last 64 bytes = 0.

To check the contents of these locations.

(1) Punch ESCAPE.

(2) Enter address to be examined (2000 above, e.g.).

(3) Punch "M". Contents of that particular memory

location will be displayed.

7. (1) Punch ESCAPE.

(2) Enter 603E. Punch "G". Program will now integrate

acceleration to get velocity, integrate velocity to get

depth, and invert time delay to get sound speed. Memory

changes:

1. 3800 - 3FFF: Velocity

2. 4000 - 47FF: Depth

3. 4800 - 4FFF: Sound Speed

4. 0006 - DVCNTl: Number of times acceleration was divided

by 2 to get velocity.

5. 0007 - DVCNLT2: Number of times velocity was divided

by 2 to get depth.

6. 0008 - SCNT: Number of times sound speed was multiplied

by 2 before plotting. Scale on the sound speed plot

is found from

SS = ($FFFF/td) x 2N
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where

SS - Sound Speed,

td = Time Delay, and

N = Shift Count (SCNT).

The last 3 values above (DVCNT1, DVCNT2, SCNT) should be

noted on the plots. These are necessary to determine

scale and will usually be different for each profile.

8. Data can be plotted now.

(1) Punch ESCAPE.

(2) Enter 607B. Punch "G". Program will stop at 60AA.

9. Any other parameters can be plotted now by punching ESCAPE,

entering new values into location $0000 and $0001 (Steps 5(1)

and 5(2) and repeating Step 8.

B. Use with solid state memory system

1. After data have been recorded in the recording unit, be sure

that during retrieval of the unit from the corer that the

switch cable is unplugged and that a blank cover is installed

on the waterproof connector.

2. Remove recorder unit from the pressure case and place on a

workbench near the microprocessor unit. Attach bench test

switch cable with switch in the OFF or center position.

Check that main battery voltage is at least 12 V.

3. Attach the interface cable to the 10 port on the MPU board

in the microprocessor unit.

4. Remove board 2 (address generator board) and board 3

(ADC board) and plug the interface into the two open slots

of the profilometer unit.

5. Turn on power to the microprocessor unit and wait for "DASH"

prompt signal to appear on the microprocessor readout.

6. Turn switch on profilometer recorder to P/S.

7. Enter CON into address space of microprocessor and

push the "G" button.
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8. Data will then be extracted from the profilometer recorder

unit and C048 will appear on readout. The following address

spaces will contain the listed blocks of data:

2000-27FF Channel 1 data

2800-2FFF Channel 2 data

3000-37FF Channel 3 data

3800-3FFF Channel 4 data

4000-47FF Channel 5 data

4800-4FFF Empty

9. The data blocks should be stored on a magnetic tape via the

MPU cassette interface to ensure that the data are not lost.

10. Next enter CO7B and push "G" button. The acceleration data will

be normalized (last 64 bytes averaged and the average value

subtracted from all the data to ensure that the acceleration

at rest is zero), then integrated twice to get depth. This

process is similar to that in Section II.A. The address of

DVCNT1 is 0007 and of DVCNT2 is 0008. Data are stored in

memory as follows:

2000-27FF CH 1 Acceleration

2800-2FFF Ch 2

3000-37FF Ch 3

* 3800-3FFF Ch 4

V 4000-47FF Ch 5

4800-4FFF Velocity

5000-57FF Depth

11. Data can now be plotted as in Section II.A except that the

address of the beginning byte of data to be plotted on each

coordinate must be entered directly in memory as follows:

(1) Enter 001C and push "M".

(2) Enter MSB of x axis starting data address (for example,

to plot with depth as x axis the starting address would

be 5000, so 50 would be entered in O01C).

(3) Push "G"; address 001D will appear in readout.
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(4) Enter LSB of x axis starting data address (for above

example, 00).

= (5) Push "G"; address O0E will appear in readout.

(6) Enter MSB of y axis address.

(7) Push "G"; address O01F will appear in readout.

(8) Enter LSB of y axis address.

(9) If data are to be plotted with time as the x axis,

enter 0000 in steps 2 and 4.

(10) Push "E" and enter CIOE in address after prompt dash

appears.

(11) Push "G"; data will be plotted on X-Y plotter.

'I
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00435 bIng 2n FC HLT HHJ

q0437
* 00D43R

* no)439
RTI MOTOROLA kM68TAA4i CP(SSSSMLH
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00441
0044? * **IIHUIJTTtI". TO' S&T PrA l)'lTfP ITS.
00443 61rh TF R005 O'TSF7 Cl.P CNA
00444 6lnE 7F R007 CLW Cw"

00445 61IW 86 FF LI)A A -$FF
00446 6IF3 T A004 STA A I0I)RA

00447 61'6 87 8006 STA A *)URH
00448 61F9 86 17 LDA A -$17
00449 61rFB 7 P005 STA A CRA
00450 61rF 96 14 LA A =_$14
00451 61F0 R7 8007 STA A CHR

0045? 61F3 86 0 LA A $A0

00453 6lFS q7 18 STA A Xl0I;T iNITIAl IIM " VALoIF,

10454 61r7 3Q Prs

00455

00456
00457 *
110458
0045q * **s il'Hi l Il I i'- O, T10 IJI; r 1 ly T
00460 * ** POM HIo A It) A-ATS wITr'

00461 4t*PF'N I)O'MN.
00462 61FS 96 IC oI'rx LOAn xSRCH
00463 6lrA 27 09 HEW OUTI
00464 61FC DE IC LI)K XSCRCH
00465 61rE A6 00 LDA A 0,Y
00466 62nO 08 INX
n 00467 62AI OF )C 5TX XSCRC
00468 623 20 05 dAR OUTIX
00469 62n.S 96 18 011T] LOA A Xlflhtl
00470 6207 7r 0018 INC XIn1If
00471 Now OUIPI.] ONE MYTF FROM H',-, A

0047? T o X-AXIS WITH tENI IOw(q.,
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n0471 tb?n'A R7 83G0% MOldI 'ST"
M04746 E2n F, 8h n LlA A n
n 0n047' 6?nF R7 4006 STi -H
00476 6212 6:i 00 C(" 0 fi X'tt',

00477 aP14 61 00 ( im ,'Y M11 I tAI
PT1 r't ')-OLA MhHSAP, " k$ S-M MiL l

0047H 6?16 63 (10 CO)W , x.I n I o \v
00479 6218 63 00 clj 14 , X 4L I ') T r.F.
0(1480 621 A 86 OF LOA A Of
n04AI 621C H7 A0(16 ri L

.1482 6?1 F iQ tNp[S

(10484
0048%() 04A6.€

n0486

00490 87 -t -I ,0O488 *

01)492 6?-,t I)F IE L~ . ) A  rr, r C ' 'i , , T" . 1 F

00495 62'2h P6 16 HI k 7 y

00496 62,P Ch OC hA v H IS 0A- I4U W0)
0)497 .?-'A PR IH A)11 1 1 l . I' fHt. [ ., I x
00498 6p'C n7 IH Sl'k .At xITll.

t.f7 n 4QY 62)F ?4 03 H'CC T,'
nnl0o 6210 7C n 0017 INC I 'A

n]OSO I A?-3 C6 fIH 01)JIY,' 1I0A 1i -,R
0Cr02 62,2 , m4 iF AIM 04 )SC '1+, I  1. lKtWI ' r T1
OnSO3 6217 n? IF TA " P cCCo y IO 1,0f

olr'04 A2Q ?'4 03 -CC T Y1

i iii



0 0 90 S~ 62-;H 7r nniE I NC

O'S07 621F PF IL OIITY3 LOX' Y scpc H
fl0S08 6240 0 A INX
O0rI09 6241 nF 1E STX
() OO0 r, 10 (IplIF I HYrF rt(OIM HIg.A
010511 4'10 V' AAIS*PLN [1t1Wfi.
n0912 6,2A. R7 A0(J4 OIiljy STA A PHA
00513 6266 96 00 LUA A Z~rnI
10514 624H 87? 006 STA A HRR

RTI FI'OrOR0LA MW~S4A4 CQ0SS-ASSI'itLP

005'15 624Hi 63 00co CO (Ix IvAIT1I .ILRF FORL
00516 624D 61 00 CO)M 0) 10 A A'40S-
orl 626F 63 (00 CI)m (19 l SFITLt.e
0051A 6?cqI si 00 CO1 1)m (19X
n0519 f,2cl R6 oF I D AZ*)
0(1120 62c; H7 SON)t ;TA A PVR
n f0521 62q8 3q14T
00522

r~c;23

nOS?4
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RTI OTOROLA M68SA14 CW(SS-ASS;MLkW

it~~~~* *0 ** * iii *** * ****** *4*

()O ;?7** tgH (.O II t To ITP111 HE.Ii. A

n0529 62qt 8 A 004 M II I X1.1 ~TA A pI4I

00S30 6?rC A 03 L)

0051 62rE R? RO(J6 STA A ~

00532 62AI 63 00 Com &)Y I ImF K I L1I. 1Nk iEWi.e

00533 6263 63 00 CflM OX

ACS34 62A5 63 00 Com q

0c3S 6267 63 00 COM fg

00536 626Q 86 07 PENIIP LDA A =%)7 ftWF 10 LLFT PFN.

003 62A14 A? A00
6  SrA A PH

00538 62of 3q T

(10540
00r,41 0i 0*

00542RHO 
I~T TO 0' ITV11 WI I. 1i

00543 
**I() Y-AX1JS' Pti~ 110.

OO544 62AF R? A004 ouTrLyt STA APR

nor.45 6272 Rh 05 LDA A :l0 );

OgS46 6274 H47 R8f0b STA A Ik

00547 6277 61 00 tom 'IL1 I( ir) II Mf

flg54A 6 27q 63 00 C ) i 0

PO4 62714 63 00 Com ()%X

00550 6270 63 00) cO f. P 4

00551 627F 86 0? LOA ok ) 7

00552 62PI R7 A00b STA A PWR~

00553 62A4 IQ ~ )TS

*009546

00557 * 
*S~jkUtI1Tt - TO' TrIT1IALli/ PFr
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00560 62P7 P6 04 HNE P)
00561 62a9 A6 80 LOlA A Z-*PO
00%62 62aH ?O 04 HRA P
PTI tNOTI)POL4 M69SAII C',fSS-A%%lll4L .P

00563 A2aI) nF IC PI LI)X KSCH~C"i*00564 62aF~ A6 00 LOA A 04,X
oog;69S 6?QI 8an r6 P? HSW otirTI X1.
005,66 62QI flF IE LOX (Sr.cNiI
00567 62QS A6 p0 LI)A A (. 0
lOr.69 62o7 POl Dfl HSk 0T t

noS069 62og CE FFFF~ Lfl -$F
00570 62QC Rfl FUEU ism I)FLAY
005.71 6?QF 39 PTS
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'00572
00573

P TI IvUT01fit A Mol'A (iq0 Sr- c,'tij P

t0576 ***bIIH4WUUflNh TI' INITTAL.IZF ICSiFit
00577 * *U~LFPhNI,1Nc fN IJF&,TREjP miujtir
00)578 **tOI0(A. PF(,A ('.(Wi!ATN'l LITHlek
00579 " ~ASEL (Jk YhFt
00580 6240 CF 62A9 5ELHI.K LO)X zLnTHL-?
o0581 62a3 oR Sl INX
00%82 6244 08 Tfj X
00S83 624S 4A nF~C A
0fl584 62A6 26 FB NE ;

00585 621S EE 00 L 1) x (q
00%86 62AA 39 RrS
00587 62AB 2000 LDlHiL FDHt 4.200()

0058R 62an 2800 Ff)8 $?Roo
00589 62aF 30u01 H .01
00590 62m1 3R9i0 Ff) IAO
00591 62q3 4000 V1, 4000
00592 62PS 0000 FDH o
O0593 62n7 4800 FfH %4801)
00594*

* 00595
00596
n00597
00598 *SMmROUT TIOL TO- OInVI I AN' II141WLI U ' P 1T Y
00599c * FsA IJIJNAH (lo HIT HI NARYI f3Y AN 1INSIOP41)
00600 P ? I)IGT HLX NUMHMEP (S t1TT HIN'kl4Y).
00601 *THt IlyV150P ANI) THE 1 VII)[ NI) MUSbT HE
(10602 LIAL2EL) 114 10 )dKgiWSR AN'I' I /~t,~IEUI1
00603 NiPFP ;C TT V L I THEN -JjV TO XKIIlei'
00604 *Trit. R -MATNPFH WILL HP. IN xtKfVN09
00605 SHIP ITE LLPT 1k, Of HI1T- TNIhICATt) It,
o0606 *YKISIL , II F:1 I'i T SOR 'AAI. I !-E
00607 * I4NAPILy LFFI JHiST1FTtL)
n060.A
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00609 62R9 C6 08 XKIlTVII lI 1A 14 ~(1 F 1NlT4L SfrI.
00610 62RH 7F 0U2b CLH XK'(1tlI /t.N IJII IkF PT HI Itl
00611 6?Rtf 7F 0027 cl.Q 9Q 0 .
RTl w.OT0MI. A~M*~Si R.SM~H

00612 62rl sr rOl/LLP0 INC H
-aa061 62 r2 C1 10 PH$ '1H-) ~ O )6

00614 62r4 ?F 14 iiry I1VfE~ 1 4 1.)VfFI~
- ~ 00615 62r6 79 00?3 ASL XKflvSH s< S16 1LF T SH 11- T iVI(f
* 0616 62r9 24 F6 HCC l)vniPuj It. rCU.C"NT. l0OP

fl(t617 f,?'F 07 28 ST 1, TK'P 1C NJt fI 'i
I00619 62efl 76 0023 RON X0V SH *,HIFr fllvLso)P liA(>. Hlt

n0619 r* COUNT NOW ( AC4 4
00620 LD A OVI ivISOP 01-T lI1ST. yr." X

00622 62n? 91 p3 PVL)I~pk cmp A K~n(,S it. pIVTI-ND < !J3SI
00623 62r)4 2c; OD tICS 'I)\jS4;t L5uN+T Sl4elRArI.
00824 62n6 Of) )VDLP2 SEC Ii- THt MI)JFNO W lVIU
006253 62m? 79 0027 ROL xKl(IOI. SHIuT LLFT 1 1411.

- ,00626 62nA 74 0026 Ro P01 AWiO IIH 1-4H Z I

*00627 62nD' 9 0 ?3 SU'I a XKIIVSP Y(m)=Y(I 4?-E
0062A 62nF 97 P4 STA A XZ'0Vf41i
00629 62FI 20 ()7 BA .VsHi I
00630 62r3 0 C 1;S~~ f)Y Sh.1 0(( I LSHZGltn0631 62F4 7q 0027 io. K~l(I1 LH
q)063? 62F7 79 0026 ,-1ASIII
00633 62CA SA flvSi-FTIDI ffl)F 'c1 it =o 11
n0634 62FH 27 12 HFIU 4'~lfj 1~ S:() fill

nn,636 62FF 79 0025 pot- %XIVNV.+) I FFT I hTTLYk Ve
00637 62rl 7q 0024 Pot YrvtflU MSt4 INTO) LAIPY9
p 0639 62r4 96 ?4 LIIA A xflVrjl
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00639 62F6 25 0 E IIC) doP? )I- 17=1 W; T" [)1?

00640 62FS 20 1118 HWiA OIl P I
00641 62FA rF FFFF t)V\JRHEI 1. 1)K -:'FFI
nO642 62FD nF ;)6 sr , 1(

* 00643 62FF nl6 ?8 OVOEtIO 1. 1)A Ii XK)fL 01 r I TF~ I ch I TI'

=00644 63p] CO 1119 S11L4 i ACCR. XKIJhPI X~~P.4

f064S 6303 CI 04 CM R < K)iL- 4"'

fl0646 6 3 S 2 r 02 nc fnLPJ Yt S. , WF I URfi

00647 63n7 CO 04 Y14 14:4M='0,,LXo~.'

00648 63;9 17 28 DV~l).P3 STA Ij xriSPL uij%-PI ArFiLfNT OF

PTI N.OT04ThjA K18I- CrO(SS-ASSI'WLI

*00649 * lFMUWSIflRIiJ TN XK)1

00b50 631)8 3Q P T S
00651

* 00652
-l n0653

1,10654

n0656
00657
00658 SltI1kOLrT Tilt N INVFN) t"TTRF 1 I- 4.

1,10659 * IFLAY flAJA RILLILK ANP) I-OT TI IN
00660 SOW) SPFJI) HLOCK ISSI'ILK)* LtAVIIr'

* o0661 JIME r.FLAv n'AIA INTACIs
* 0066?

00663 63n-C CE ?800 INvFR7 I.Dx -;T;DHLr,
o0664 63 rF DF 08 STX wfOJx
0669 6311 CF '000 LCIX :iSCR~h

v 0666 *A0)Tj~v =sko4( IMAtS AUL VAL''I-"
o0667 lIJNST(,NI!I) IN Pl~kPAPATIITO POW
M111668 O[UVTqUUN*

nO669 6314 nF )5 I'iVI STr)x I X 16

00670 6316 nF ob LO) I iI IJ
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00671 631R A6 00 LIA A 0IX
00672 631A 99 AU AI)i) A -$RO
00673 63 1C OR INX
00674 631D 1F Q8 STX 1IUTX
00675 63!F 07 73 STA A XKnV,H
00676 6371 CE FFFF I. 'X $FFF "
0677 6314 DF 24 SrX XItDVNU

00678 63*6 Rfl 6 29 Js xKDfIVI
00679 6 3,q DE IS L.r)X TP16

00680 63, 4 96 P6 LPIA A X<(QtIOI
00681 63'>[ A7 00 SrA A OX

00682 637F OR INW

00683 6310 96 27 L)A A XKQLI()I+I
006R4 6312 A7 00 STA A toX
00ei 6314 0 INX

RTI ivOTOROL' M681,.j"i ClSS--SSMiLtQ

: 00686 631S 8C 6000 CPX =FIN
00687 6318 2D fA HLT Tfl\V
00688

00689 * LOOK I-L FNT!'GH; I I-il T,

00690 63A CF 0O0U LOX -SClqIb
00691 631nm F 15 STX IX16

00692 631F EE 00 LOX tX IST VAI Ie T NTO l,

n0693 6341 fnF ?1H STX ,I 16(5,1
- n0694

00695 * 1tT OIHFl VALt.1tS.
00696 6343 [F 15 INV? L DX I Xlf
00697 6345 RC AO00 CPX ZXIN

00698 6348 2E OE HGT t'.v3
00699 634A OR TNX
00700 63&R 0 TNX
00701 634C DF 15 STX IX]6

00702 634E FF 00 LUX
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00703 63q0 QC ;8 Cp X -I jbSI
00704 63r2 20 FF HL.I T;V?
0070S 63C;4 nF '18 ',TX G,6
00706 63F 6 20 F8 HI'A IJ\V?
00707 *

00708 I) IFtM1NI-. SHIP I COLINi (L .I) FIP(,M
(10709 * M.l. ilI SF I ItN si,'Sl;
00710 63qR C6 FF ]NV3 L.I 5 -FF
00711 63 qA OC rLC:
00712 63rH Q 6 L A A 1( 'Sl
00713 63RO SC I N %f I4NC H
00714 63c;E 4 ASI A
00715 63RF 24 FC HiC lNV4
00716 63AI D7 08 STA H ;(C -P I
00717
00718 63A3 CE SOCO tlI) -srpI
00719
00720 * StJF T MLI. Pt %IIL I. I FF T.
00721 63A6 06 08 INV9 LfDA H SCNT
00722 63.8 27 07 10V),. -Eu IlkV7
RY I tPT0)I-OI A MhP",#%PM Cl-CS5-AY .fltLl-F

00723 63AA 6A 01 SLjI,
00724 63,AC 6Q 00 Rpt ,iqX
00725 63AE SA PEr -
110726 63AF 20 F7 HRA TrNV61)0727

00728 6371 O l'V7 I'Nx
00729 63'? OR IN)
00730 6373 8C 6000 CPX -lIN
00731 6376 2fl FE HL!
00732
00733 * AI)11,J(, -'h8O - S V".ha
()07' F'" n LJHI,' ,
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vp ~ ~ ~ 11~ 1 ~ ..

00735 637A CF 4000LOUCH
S. 0736 63714 Rn 61sF ')rse ,C Ih

00737 637E C6 AO LOAt H -480
o0738 63Ro CF 489011X ;sC p1.1
o0739 63513 A6 00 IIVM LOlA A lo
00740 63PS 1AAH
00741 63a6 A7 01' Sri, d'x
00742 63Pa OR w

n0743 63aq AC S'00cx -%~j
00744 63aC 2nl F5 H1_ I r AvH
00745 63nE 3Q HIS
OcIl746
n0747
P0748
n0749

n0751 *

0075? It slrj'', 1 L "(-AI '(F kLSlil IS L"~ '( I TV
nu~753 *N E 1A 1 . ') t-A I H11IN UO)S* A1411 'IF(- lfltIF -is
00754 *ARE 0It. TP1J . 1 "I-iS ALLO~ H4F VItr d~ s4N I/0KT~ I'I. P
00755 *(914TuO' 'wMFr 1~--H rs3 WSff AS A-AXIC . FAflt-i s'lt
11"0756 IS 5H-IFTFI) lfe. AND~ ALI P4 t4Yr - 'A-Pc
00757 1 1 ~ TI- LAfdlhl P()'S. W1I(IFe I tij-, Vft i'r It Ttit
nfl75A H kJ .k,o IS SImb1NAC'1.ji t- Hn ALL. 0 14rN R .'i)cI;j

00759 *nUE'l To At I
flTJ MO~4OAI6MAP ClC(SS-ASS,' 1hLI-k

* 00760 6 3cif SF F.I(( 104 r 14 i
09)761 6310 CF q0U I O~x ~~
W 06? 6303 69 01 F1II)1 ASI. I X
n1 0763 63Q5 69) 00 Rol. 0,x
n0764 6307 El oU (>' .4 V',
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00765 63Q9 2A 02 fP1 -ip
00766 6t1oH F6 00 Li)A ti flx

00767 63aD) OA I I)? ItJX
00768 63nE OR TNX

n0769 63QF RC 6000 cIX -IN k 0I) 14160FST Ye t4
00770 6342 2n' FF SLI Foln I
00771 63a4 CF 5 00o 1. nx SCR1b

Sno772 63A7 A 6 00 FI().3 LI)A A iy
00773 63A9 10 SHa

S00774 63AA 8 7F AflI) A i7 F AUI) oFtt I.
A0775 63.C A 7 00 STA A 0 X

00776 63aE OR 7NX
00777 63AF OR KI x

00778 63RO 8C 6000 c~dit -F4N

n0779 63143 Pr) F? 2AL" T 0r)3

' 007812
00780 63RS 39

n0783
00784

n078SF Ni)

12
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pF r oTOROLA M614SAM CP-OSS-ASI'IbLI F

* qyMHvL TABLE

* rFLAY ErPE0 ACCOL( 2?000 Tf)HLK ?F 00 A MPtLLK 3 0)00 VFLIILI 3.1 (1 C
* fFPRLK 4'nO0 SS31K 480t sCwi1A c0ooo Tlmt 000nf FIN eUjof

WSFL OrmO( VSEL Dual1 TNIF 1H dO? r1ULL 0004 PVCN 1i OJ 0 h

nVCNT2 0 n07 F) IVCNT 0050 S('NI U')flR ACLIX OU09 TII A 0I t
6MPIX OnOfl VFLIX OJOF IJEPTX 0011 SqIA 00111 TI1E' 00IN
iX? Oil A VGVSH 0)019 AV('i rtj 0(1 A X70UI 0OJ1M XSCRCH l J (C

*YSCRCH OnIlE X 3 0 1?2U NECF*LU b 1 ??) X K k'no Q ( 0 0 3. XOIlVM!) flj4
vI(OunT 6i,26 XKDSPL 0 u L)8  11,1 x A 0.? 9 It.)j Iy 002?A H I ;U~sf o'jA4

'IA 8i04 flORA 8'004 CRA mOfl or" po, pr 00 Wlpi e

* RR 8507 IT VEr 601A A2UF NO '0034 IV A I r, 60 I MAIN? t- o~

~A N3 6nl5Q ~'AI K 4 646E NIAt5 I! r t01 Mo I Nh IU77 0-ITI) TA rb

NSFT 6nAI CLRIEM ISOE4 71-1IMP hO(F8 A?'JI huF I A?0? t,1416
:?n3 6-IM AVG '130) AV61,Pl f, 'IR M C N1N h14.7 AVGLIJ? 014C
ORm 6jS 1-5 ORIj I itY MOVlIth h167 Oil 6 16F M? t) I l
I 6j0n M4 6184 MSi b189~ IN 1bWT 61914 11 (1.

p 61133 13 61 ('IF 1"1, 1 omI M4A1 1 (6 011 SE I o 1I)DH
JTX 61 FA OIJTI 6?0Ci 01111 x h,,flA ()I IIY bed?U 0'rY2 h233
ITY3 6,3E O)IJT 1Y 62-43 01,11 1 U ec9 pvf~iUp 620?4 nAIT I YI t,?c"17

NSTRT 6,95 III 4,28Di P? -?91 cFLHLK b"A0 (I s ,?
)THL 6?AFR XKDIV P9 ,4) VUI 0.1 ?~C1 M'IUL P 1 6 E!eD e.) MLPt' n? )o
INSIIR 67E3 rIVSI-F T 62FA DOIPH t,;Ii e'F A P)L) L~ P41j 2 1 uL P 3 hJi

NVERT 61oC T 1 jV 1 3 14 1 r\J? f-3 43 I ?IV j tJr RA~ I V4 h 5,111

NV5 6166 INO '63hH I NV 1 "371 INVhi 6393 Fl I-)6F h
JI 6193 rl 102 63-11b F 01)3 ,3A 7

*OO.18.,,CI P, AA31. l.OORKLINS.
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6Q0
JUMP TO SUBROUTINE SR INSET TO SET

PIA INPUTS

JSR CLRMEM

STORE INTERRUPT VECTOR
AT $AOOO

CLEAR INTEGRATION
OVE R FLOW COU NTS

DVCNT1, DVCNT2

CLEAR 1X2

CLEAR INTERRUPT FLAG
WAIT FOR INTERRUPT

JSR TO DIGITIZE
SUBROUTINES

[7~LDX nX2

INX

STX IX2

THROUGH YES

DIGITIZING?
I X = $4W0?

'4XNO

LD NE, S EA

6034

JSR AVG

FJSR NORM (NORMALIZE
ACCELERATION)

SWI

ARL:UT
AS-8I1-855
RTT -GA

MAIN PROGRAM 6-3-81
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JSR MOV16 TO GET
ACCELERATION DATA

INTO WORK AREA

INTEGRATE
ACCELERATION

LDOVELBLK

JSRMO 18NO MOVE DVCNTl T DIVIDE

INTEGRATED ACCELERATION
INTO VELOCITY

LD #ELL

JS MV1

MAERAEVEOINTRGAYCot)838

?4



r6O7

6078

*1 SET PIA OUTPUTS

F LDA A XSEL

JSR SELBLK TO SELECT
X COORDINATE

FSTORE RESULT IN XSCRCH

CHOOSE Y COORDINATE
SIMILARLY

6089

INITIALIZE PEN
POSITION

CLR IX

STX IX2

6091 f

OUTPUT 1 X VALUE

F OUTPUT 1 Y VALUE

DELAY

INC IX2

I X2 <$400 YES

NO0

LIFT PEN

SWI

ARL:UT
AS-81-857RTT - GA

MAIN PROGRAM (Cont'd) T-3-81
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CLR CONTROL REGISTER B
IN PIA

J STORE $FF IN DATA
N DIRECTION REGISTER B PIA 8 OUTPUT

$14-"CRB

CLR CRAI

CLR ODRA PIA A INPUT

$15"- CRA

INITIALIZE ALL
SOFTWARE INDEX

REGISTERS

RETURN

SUBROUTINE INSET

ARL'UT
AS-81 -858
RTT-GA
8-3-81,. 126



LDX #$2000

* CLR A

STA A0, X

F INX

4

'4 SUBROUTINE CLRMEM

ARL:UT
AS-81-MB
ATT -GA
8-3-81
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LDX ACCIX
ISSIX)

[AMPIX)

LDA A #$I E
4 (#$3 E), j#$5 E)

STA A PERIPHERAL
REGISTER 8

* LDA A # $06
(#$26), [#$461

STA A PRB

LDA APRA

STA A 0, X

INX

STX ACCIX
(SSI X)

[AMPIX]

CRETURN

SUBROUTINES A211
(A2132). (A21331

ARL:UT
AS-8t1-960
RTT- GA
8-3-81
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] CLR AVGLSB, MSB

LDX WITH END OF
ACCELERATION DATA +1

ADD TO AVG LSB ADD
STOGETHER

LAST 64
IACCELERATION

ICAR Y NODATA

aYE

LSR AVGMSB

ROR AVGLSB DIVIDE

BY 84

4- DEC B

=0 NO

;YES

LDA B AVG LSB

RETURN

ARL:UT
^8-81 -Sit
RTT -GA

SUBROUTINE AVG 8-3-St
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LDX #ACCBLK

LDA A 0, X

SUBTRACT AVERAGE

FROM REGISTER A

STA A 0, X

INX

*FINISHED 
N

YES

RETURN

SUBROUTINE NORM

ARL:UT
AS-81-.662
RTT -GA
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STX 1X2

LD DIIVcNT
LDX 1X2

-iSHIFT REGISTEA
LDA A0, XRIGHT

4 SINIFCANT YTE O

INX

STA A 0, X (MOAST
4 F SIGNIFICANT BYTE)

F INX

ARL:UT
A841-9.63

FIT-GA
SUBROUTINE MOV16 8-3-9l
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4N 0

SUBROUTINE MOV1S (Cont'd)

ARL:UT
AS-l -664
RTT -GA
8-3-81
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LDX #$6000

STX IX16

F - DEX 4

CLR B

LDA A 3, X IFIRST LEAST

SIGNIFICANT BYTE)

ADD A 1, X (NEXT LEAST
SIGNIFICANT BYTE)

STA A 1, X

LDA A 2, X (FIRST MOST
SIGNIFICANT BYTE)

ADC A 0, X (NEXT MOST

SIGNIFICANT BYTE)

YES

OVERFLOW
NO

STA A 0, X F LDA B #SFF

F DEX 2

NO I X <$5000

2YES

CRETURN

ARL:UT
AS-8i1-865SUBROUTINE INTORT RT-GA
8-3-Si
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STX 1X2

# $5000 - IX -* lXi6

LDA A 0,)X

INX 2

*1 STX IX16 (ORIGIN)

FLDX 1X2 (DESTINATION

F STA A 0,)

INX

STX IX2

SUBROUTINE MOVIG6B

ARL:UT
AS-81 -86
RT -GA
8-3-81
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r-3

CLEAR PIA CONTROL
REGISTERS

]EI

#$FF-DDRA, DDRB

# $17 - CRA

#$14-CRB

F # $8O- XTOUT

SUBROUTINE OUTSET

ARL;UT
AS-81 -867
RTT - GA
8-3-81
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OLITX

STA A PECRCIPHERA

CO 0 YESIESDLY2CCE
X-AXI =TM6?

SURUINSOTXXUi

TR:U

RU-G

9-3-81
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6215 OUTY

LDX YSCRCH

LDA A 0, X

LDA B XSCRCH (MOST7-SIGNIFICANT BYTE)T

B -0? NO
(X-AXIS = TIME?)

YES>

IX2 = 1X2 +8

YSCRCH = YSCRCH + 8

YSCRCH = YSCRCH + 1

6238 OUTlY

F STA A PRA

#$OD - PR B

F COM 0, X 4 TIMES (DELAY 46pusec)

F #$OF -PR13

RTS

SUBROUTINES OUTY, OUTlY

AR L:UT
AS-81-869
RTT -GA
8-3 -81

137



OUT1XU

STA APRA

#03-,-PRB

PENUP

COMO0. X 4 TIMES

#07-PB

RTS

OUTIYU

* STA APRA

#O6-~pRB

COMO, X 4 TIMES

#O7-PRB

RTS

SUBROUTINES OUTIXU, PENUP, OUTIYU

ARL:UT
AW84-70

A - GA
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LDX YSCRCH

* IDA A 0, X

BSR OUTIXU

LDX #$FFFF

:1 JSR DELAY

C RETURN

SUBROUTINE PNSTRT

ARt :UT
AS-61-671
RT-GA
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LDX LDTBL-2 FRXDV

F LOWCHARTS,
SEE MOTOROLA

INX 2APPLICATIONS
INX2 MANUAL

DECREMENT A

A=O NO

YES

LDX 0, X

RETURN

LDTBL 2000
2800
3000
3800
4000
0000
4800

SUBROUTINE SELBLK

ARL:UT
AS-81-87
RTT- G
8-3-81

140



#$280-SSIX

STX IX16

LOX SSIX

LOA AU0, X

F ADD A #5$80

INX

SIX SSIX

STA A XKDVSR

#SFFFF-XKDVND

JSR XKDIVD

LOX IX16

LDA A XKGUOT (MOST
* SIGNIFICANT BYTE)

STA A0, X

INX

LOA A XKOUIOT + I (LEAST
SIGNIFICANT BYTE)

AN L:UT
A81-8673
RTT -GA

SUBROUTINE INVERT 038j 141



LDX #$5000

# $5000-IX 16

LDX 0, X (FIRST
RESULT)

STX BIGGST

No LDA B#$FF

INX 2

CLEAR CARRY

STX IX16

=LDA A BIGGST

F LDX 0, X

INC B

YS IX<BIGGST
? ARITHMETIC

NO SHIFT LEFT A

STX BIGGST

-TCARRY -NO

SET

YES

STA 8 SCNT
(SHIFT COUNT)

4R:U

SUBROUTINE INVERT (Cowt'd) A4-7
RTI - GA
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LOA B SCNT

13B=O NO

j 4 NX 2ASL 1,X

YES ROL 0, X

LIX <#$6800

DEC B

JSR MOV168

F LDA B #$80

F LDX #$4800

FLDA A 0, X

[REGISTER A = REGISTER A +$#8d

F STA 0, X

INX

YES I X<#$5000

NO

RETURN

ARL:UT
AS-81-875
PiTT -GA
8-3-61

SUBROUTINE INVERT (Cont'd)
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F - CLR B

LDX #SCR16 ($50)

FASL 1, X (LEAST
'SIGNIFICANT BYTE7)

ROL 0, X (MOST
SIGNIFICANT BYTE)

-4,X N LAB0

YESS

NO

LDX #SCR16

LDA A 0, X

SUB B FROM A

A7DD $7F TO A

S777TA A 0. X

INX 2

IX<6000 YES

? NO

RETURN

ARL:UT
AS-8 1-876

RT GA
8-3-81

SUBROUTINE FUDGE
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SET UP PIA'S
PIA A - INPUT
PIA B - OUTPUT
CA2. CB2 = OUTPUT

STORE
IN REGISTER A

STORE #$2000 IN INTO INDEXED
INDEX REGISTER MEMORY

STORE #01 IN IINCREMENTREGISTER 8 INDEX
R E REGISTER

CLEAR COUNT CLEAR
REGISTER C

CLEAR COUNT Y
REGISTERS 1OREGISTER - #SP

A AND B NO
SET CB2 I

HIGH INCREMENT

-4 DELAY 2J~sec

COUNTCOU

(p REGISTER A

SET CB2
LOW

YESIN

SUBTRACTSCOUNT SUBTRACT

LOAD REGISTER B. #140 FROM

REGISTER 8 REGISTER B

COUNT NO SHIFT
LOADREGSTER8 -#04REGISTER BPIA A INTO SET CA2 HIGH LEFT

<AD 

#Y40 TON
EREGISTER A

ADD COUNTT REGISTER B
REISTER A REGSTERr

ROUTINE EXTRCT
ARL:UT145 AS-6-877
RTT - GA
1-3-1



INTMAI 7

AVERAGE LAST
64 BYTES OF SUBROUTINE AVG

ACCELEROMETER

DATA (CHANNEL 1)

NORMALIZE UIENR
ACCELEROMETER SUBROUIENR

DATA

PUT #$47FF IN
BEGADR

PUT #$27FF IN
ENDADI

PUT #4FFF IN
ENDADO

PUT #7F IN
INTSCH

INTEGRATE DATA
IN $2000-$27FF SUBROUTINE INT
AND STORE IN
S4800-S4FFF

STORE DVCNT1
IN DVCNT2

$0006 DVCNT
8007 DVCNT1 PUT #$4FFF IN

$0008 VCNT2BEGAOR
$0009 INT PUT #4FFFIN

$0009 NTSCHENDADI
$"0A, 0008 BEGADR PUT #SB7FF IN
$ OOOC, OOOD ENDADO ENDADO

$000E, OOOF ENOADO PUT #7FIN
$0010,0011 IXSCH1 I T Cu

$0012.,0013 IXSC142

BEGAOR 4 1 -BEGINNING ADDRESS INTEGRATE DATA
OF OUTPUT BLOCK fN $4800-$4FFF SUBROUTINE INT

ENDADI =ENDING ADDRESS $5000-867FF
OF INPUT BLOCK

ENDADO - ENDING ADDRESS OF
OUTPUT BLOCK

INTSC4 -TEMPORARY STORAGE FOR STOP
INTEGRATED DATA BYTE

ROUTINE INTMAI
ARL:UT
AS-Si -878
ART-GA
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14 1

REGSTE TORGSEBABT 06 

YROM 

IND XE

FDVCNTI YES0YE

REGISTER A9O -00i ERMN

>DECREMEC 
EMET

SIGIFIAN

SUBROUTINE INT TT-G
INT-3.3I

LOAD t ECREM4N
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DOCUMENTATION

S. R. Addy, F. W. Behrens, T. R. Haines, D. J. Shirley and J. L. Worzel,
"Correlation of Some Lithologic and Physical Characteristics of Sediments
with High Frequency Subbottom Reflection Types," Proceedings of the llth
Annual Offshore Technology Conference, Houston, Texas, 30 April -

3 May 1979.

A. L. Anderson, "Acoustics of Gas-Bearing Sediments," Applied Research
Laboratories Technical Report No. 74-19 (ARL-TR-74-19), Applied Research
Laboratories, The University of Texas at Austin, May 1974.

A. L. Anderson and L. D. Hampton, "In Situ Measurement of Sediment

Acoustic Properties During Coring," presented at the ONR Symposium on
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Airlie, Virginia, 24-27 April 1973.
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8-10 May 1973.
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Properties of Laboratory Sediments," J. Acoust. Soc. Am. 68, 227-231
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J. M. Hovem, "Some Aspects of Sound Propagation in Saturated Sand,"
presented at the Seminar on Bottom Effects in Underwater Sound Propagation,
Miami, Florida, 26-28 April 1979.

J. M. Hovem, "Finite Amplitude Effects in Marine Sediments," presented
at the Conference on Underwater Applications of Nonlinear Acoustics,
University of Bath, Bath, England, September 1979. (ARL-TP-79-41,
June 1979) (ARL-TO-79-7, September 1979)

I. M. Hovem, "Viscous Attenuation of Sound in Suspensions and High
Porosity Marine Sediments," J. Acoust. Soc. Am., 67, No. 5, 1559-1563 (1980).
(ARL-TP-79-62, September 1979)
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1. Acoust. Soc. Am. 66, 1463-1467 (1979). (ARL-TP-79-17, rev.,
May 1979)

.1. M. Hovem and G. D. Ingram, "Viscous Attenuation of Sound in Saturated
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A. C. Kibblewhite, "Attenuation of Underwater Sound of Low Frequencies,"
Applied Research Laboratories Technical Report No. 76-1 (ARL-TR-76-1),
Applied Research Laboratories, The University of Texas at Austin,
December 1975.
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University of Texas at Austin, March 1974.
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D. J. Shirley, "Transducer for Generation .,nd Detection of Shear Waves,"
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Acoustical Society of America, San Diego, California, 16-19 November 1976.

D. J. Shirley, "Acoustic Impedance Measuring Device for Marine Sediments,"
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Sediments," J. Acoust. Soc. Am. 62, 1028-1032 (1977). (ARL-TP-77-19,
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D. J. Shirley and A. L. Anderson, "Compressional Wave Profilometer for
Deep Water Measurements," Applied Research Laboratories Technical Report
No. 74-51 (ARL-TR-74-51), Applied Research Laboratories, The University
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D. .1. Shirley, and A. L. Anderson, "Studies of Sediment Shear Waves,
Acoustical Impedance, and Engineering Properties," Applied Research
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