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ABSTRACT

The purpose of'thié;p:eject is to localize buried

~ objects in water-saturated sand by variable 5ncidenqe
acoustic pulse refleCtions. In partiéular; thin.aluminum
plates are used to model the-bdried objects. The sound

speed and the depth of ﬁﬁe overlying sand layer are predicted
by using ?ES&@Z“XZ and the ray paramefer4methods. The
experimentally computedbfesults have an average 3.5% depth

error. The calculated speed of sound in the water-saturated

,—/"‘\

2

sand layer differed by 8 1% between ch' -X and the ray

parameter methods. = ',y c q<t  bciucdie poooe [p_wf.m
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I. INTRODUCTION

A. OBJECTIVES

Identification of buried objects in the ocean bottom is
an impdrtant problem in many fields such as 611 explb:ation,
geophysical research, and ocean engineering. A éimpler
problem is the identification of-L#yers of infinite extent
and unknown properties in the ocean sediments. The objec-
tives of this thesis are:

1. to determine expefimentally the depth of burial
of a.thin plate in a simulated sedimentary bottom;

2. to determine the scund speed énd.the tnickness
of the overlying sand layer; and,

3. to determine the sound speed and thickness of
the thin plate.

It was the intent of this thesis to determine a’l of these
'-prOperties by remote sensing with acoustic pulses in order

to simulate an ocean measurement with a ship and- hear-

surface sensors.

The first objective could have béen accomplished by -

normal-incidence time-of-flight measurements; however,‘thén
'secondjobfective reqﬁirés‘more_informaéion taaﬁ'that so a
variable angie of,;ncidence.technique was usedf' This second
objective was actually fhe principal goal since the third’
obﬁective coulé'notvbg'achieved by uéing,the.technique
described herein. The technique failed because the pulse

‘could rot be made short enough to distinguish the reflection




from the plate's lower surfaée. This is primarily the

result of using very thin plates with respect to the acoustic
wavelength. Perhaps the ampl;tude of the reflection frbm

the top of the plate could be used to assist>in identifying
the plate material but the overiying sapd'léyer makes this

very difficult.

*B. APPROACH

The approaqh used is as follows:

1. short pulses consisting of several cycles of a
15CkHz 51nu001da1 wave were used as the source
. pulse.

2. A directional pro;ector was ueed tc minimize inter-
‘ference from surface and side-wall reflections.

3. 'The receiving hydrophone was mounted on a carrlage
so that the horizontal distance from source to
receiver could be easily varied.

4. Ezch of the thin plates were buried in the sand
bottom of a small water tank.'’

5. The plates were aluminum ranging in thickness. from
0.1 to 1.8 cm and weare buried at - depths from 1.8
to 5.0 cm. : .

'6. Two a2nalytical methods were used for reducing the
data. One method was based on the relationship
between the square of thne travel time (T) of the
reflections and the squdre of the source-to-receiver
horizontal range (X). The other method was based
~on maintaining a constant ray parameter (P) defined
as the sine of the incident angle d1v1ded by the
local sound speed.

C. BACKGROUND
Refzrence 1 gives an excellent historical development

of various seismological methods for determining properties

of sediment layers.  Tne.fol1bwing“is a brief summary of

that account.




Karcher and Haseman made the first successful seismiﬁ
reflection measurements in 1921. Techniques for accugtic
determination of sediment properties have advanced greatiy
sxnce then and generally fall into one of three categcrles.

normal incidence, wide-angle reflectlon, and refraction
methods. Most of the development has been done'by the
petroleum exploration industry; however, the georhysical
community has used these methods to study the earth's.crust
as early as the late ;930'5. Dix, Krey and Durbaum

refined the sound speed measurements for sediment layers
‘below the firgt layer by.prOperly accounting for the shapef 
of-the arrival time as a function of range curves. B&
1955, Dix had demonstrated the equivalence of T-=X methc.

and T2-X2 method and, in 1968, Le Pichon refined the

72-x% method until it became a standard analysis tool.

A major enhancement was introduced by Bryan (see Ref. 2) in '
1974 with the ray parameter method. Both the TZ-X2 method
and the ray parame ter method were used in the data analy515

" for this thesis.

11
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II. THEORY

A. T-X AND 'I.‘Z-X2 METHODS

A simple model of a layered sediment i€ shown in Fig.

2.1. The layers have thicknasses Hl' H2 and H3 and sound

speeds Vie Y, and V,. The T2—x2 method [Ref. 1] can be

3
appl.ied to thisisitpation as described in this section.

Figure 2.1. Geometry of Layers

For convenience, let the sound speed in the uppermost

layer (the water layer) be less than that in the first

12




sediment layer. The lenoth of the p.th that reflects from

the too cf the sedlment layer is given by,

2 2

N

Ry = X *'4(31 -s) (1)
To convert this to travel time squared, divide through
5 ,
by Vl:
. : 9 . ‘l
i = rRo) + (X (2)

V1
where T(X) is the.réflection travel time at horizontal range
X and T(0) is the iﬁfercept of the travel time curve at
=70; Since T2(0) is a éonstant, the reflection curve is
a hyperbola. The c&fresponding curve for the direct éath
from the source to thé receivér,is a straight line and this
hyperbola is asymptotic to‘that direct-path line.

Whén plotted in the 72-x2 pléhe, however, these lines
are both straight.-,Ih this way, the slope of the reflection
curves can be easily”dete*mined. As can be seen from the ,
‘equatlon for the reflectlon path, the slope in the TZ 2
'plane‘is ;% wpich, in this'thg51s work, is galculated by
"'lingaf regression of the Tzrxz data. 'This_rather simpie ..
Sut'acéurate method ig due}to Greeﬁ [Ref. 11 and is asso~
czated wzth the wzde-angle sezsmxc reflection technlque.

The paths that pass through one or more sedxment layers

before reflection (see, for example, Ry, in qu. 2.1) do not

‘lead exactly to hyperbolas but the départu:e is nct great

13
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and only a small amount of error is introduced by fitting

this data with straight lines in the Tz-x2 plane.

If the laYers werelextremely thick or had great differ-‘
ences in sound speed, then>the error might become apprecia-
ble. The reciprocal of the slope of the R, curve is equa.

to the average speed (squared) through both the water aﬁd

 the first sediment layer:

<
0

(H1+H'2)/( (Hl/vl.) + -(H?_/vz))

= (Vv +V T )/(T +T ) ' (3)

171
Representative T-X .curves for this case are shown in

Fig. 2.2.a. Curve D represents the direct path and ﬁll

represents the reflection curve for reflection from the top

of the sediment. For R the exact curve (solid lirne) is

12’
given as.well as the hyperbola approximation (aottéd curve)
to that curve. The eduivaipnt curves in TZ—X2 space are
showﬁ in Fig. 2.2;b. Herelthé inverse slopes give the sound
speed squared. The ihtercept T(0) gives the two-way |
vertical travel time through the layers.

~ The prlnc1pal llmltatlcn of the Tz-x2 method is shown

~in these figures. For any reflection other tpan the reflec-

tion from the top of the sediment,‘the curve is not
exactly a straight line in Tz-xz'coordinates but it falls
slightly below the equivalent'straight'line as range

increases.

15




B. THE RAY PARAMETER METHOD

In order to measure the properties of a layer without
knowiag the structure of the Qverlyiﬁg layers, the ray
parameter method can be used [Ref. Zl. Any ray path is

speéified by a fixed value of the ray parameter P defined

by,
P = sin €(z)/c(2) _ o (4)

where 2z is‘depth, c(z) is the sound séeed profilé and 6(z)
is the angle that the ray makes with the vertiéal at deéth'
z. Figure 2.3 shows the relationship between the incident-
angle and the ray parameter. |

Accordihg to the ray parameter method, the increment of
travel time along the ray path gives the corresponding
increments in depth gnd'range: '

L 2 2,1/2
dz = cdTcos 6§ = (1 -P°¢c”) cdT : (5)

. ' : ' -1/2 :
dX = ¢ dTcos 8 = P czdt = Pc(l —P_zc2 ' dz (6)

After integrating'over depth frdm‘the surface to depth '

2y, these éxpressiOns can be rewritten as follows,

2&2

, |
1l
1 )

rey = [ "t - piA T2

az M

16




WATER

SAND

" PLATE

Figurs 2.3. Geometry of Ray Parameter

31

-1/2
[ Pctl-p

2.2y g, (8

X(P)

' These equations give the.travel timé T and the hori-
zontal éistance X along the ray path givén'by P in terms of
integrals over depth; The equations must be solved for the
soﬁnd speed variatiop.c(z). ‘This can be done for some
spéCja' ¢-ras of‘léyer,struéture. | |

BPNE homogeneous'layer (sound speed cy) extending
 from Z, to z, +Az (Fig. 2.3). For the ray of a particular

fay parameter value, there are two (in this case) rays that

17




return from the bottom with that same parameter value
although'they arrive at the receiver at different ranges.
Note that these rays are parallel through the water column.
The travel time and horizontal distance for these two rays

are, according to Egs. (7) and (8),

-1/2
) dz , (9)

i
N
~——
0

AT (P) (1 -P%¢

-1/2 -
“pe(l -p%c?) 4z (10)

"
N
N

AX(P)

where the factor 2 accounts for the round trip of the ray.
If the sound speed is constant at < in the layer, these

equations can be integrated to give,

' _ -1/2

aT = 2c7t(1 -p%e?) Tz . 1
5 5 -1/2 | o -

AX = 2Pcl(l ~P cl) - Az (12)

' The expressions for sound speed and 1ayer'thickness are

‘then,

1/2 . .
- 1 AX X
Cl = (i _AT) . (13) :
, ' 1/2 . .
1 | 22 :
Az = gﬁiclA?(l ~P7cy) _(14)
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Fiéure 2.4. . T-X Curve and the Ray Parameter

The importaht feature'éf the ray parameter method is that
the structure above the layer has dropped out because of

the choice of ray path." .

| In order to apply this technique in practice, an initial
value of ray"parémetef was chosen based on a geéme;ry that
gives good clean reflection signals. 'After the T-X curves
are d;;wn, this valﬁe of fay parameter, which gives the
slopé of the T-X curves at the poinﬁs of interest, was used
to identify the two parallel return rays. The principal
difficuity of this metﬁod'is that the T-X curveg are not

straight lines and, therefore, curves must be fit to the

19




experimental.data. This introduces some uncertainty into

the process but, fortunafely, the values for layer thickness

is not very sensitive to the type of fit that ‘is done.




III. ZXPERIMENTAL PROCEDURES

A. ARRANGEMENT OF THE EXPERIMENT

The measurements were made in'a tagk which was 300 cm
long, 115 ca wide and 90 cm deep. The tank was filled with
care ully de-aerated (fresh) water and ﬁad a 55 cm deep
sand bottom (also de-aerated).

At first, an ITC 501 projector was used but the béam
pattern was fairly brcad leading to excessive reflections
from the:'surface and the side-walls: and, more importantly,
this projector was large enough so that it would ring for a
significant length of time éompared to the desired pulse
length. As a result,_the.output pulse'wés too long regard-
less of the lenggh of the puisg used as input.

These problems led to the selection of a USRF f-41
proiéctor, which is a directional laboratory standard trans-
ducer used in acoustic reciproéity calibratigns over the‘
frequean,range4froﬁ 15 to 150 kHz. This prbjector éonéists
o£~lead zi;éonate—tiﬁanate eleménts'cemenﬁed to a hiéh?
density'kennametal disks. Thebresultinq array of elements
is about 3.8 ém wide and S cm high. |

| The receiving'hyd:ophone‘uéed was?an anidirectional
LC-10 hydrophone mounted on a carriage that Qas'freé to roll
along tracks installed on the loﬁg sides of fﬁe tank; In

this way the horizontaleistance_(X) could be easily varied.

21




A block diagram of the electronicé used is shown in
Fig. 3.1. Thg digital oscilloscope was used to measure the
‘time differences between various pulses. 'In order to reject
unwanted noise, a filter was used to pass only 100 kHz to
200 kHz. |

The chcice of pulse length was governed by the criteria
thét it be (1) long enough to reach steady-state conditions
in the projector and (2) short enough to resolve the indi-
vidual reflections from the layers. The'best compromise
‘turned out to be four cycles of a 150 kdz sine wave, but,
unfortunately, this was not short enough to com@letely
define the thin plate. At 150 kHz, one cycle is 6.7 uS
so the four-cycle pulse was about 27 pS long. A typi¢a1
received signal using the four-cycie pulse is shown in
Fig. 3.2 while Fig. 3.3 shows the same situation with an
eight-cycle pulse. The four-cycle phlse gives much bettéf
definition of 'individual arrivals.. |

Béfore the.écﬁual measurements were made,.ﬁeveral tésts
were'perfofmed in order io insure that'side-wail'anﬁ.surface
reflections would nqt”interfcre with ﬁhe measurements. The
. depths of the projector and hydrophone were determined by
trial»and'érror noﬁ-oﬁly ﬁo minimize inteffering reflections
but also ﬁo optimize the séparation between the desired
Arrivals. lIn édditioh, this.set axpractical limit on the

_horizontal range.

R

An attempt was made to move the axis of the source-to-

receiver line toward the tank wall so that>éwo‘parallel

22
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ELECTRONIC COUNTER

NICOLET OSCILIO§COPE

‘ | 11
OSCTLLATOR ' § k
- VARIABLE ELECTRONIC FILTER
' |

P T

K 4654 AMPLIFIER A .
]
" POWER AMPLIFIER L ,
-
- WATER . i
1 - TR AN MMM l_ b x5 R . v ’
USRD F=41.TRANSMITTZR _ IC-10 HYDBOPPON‘-‘S WATER TANK
SAND'
',Figure' 3.1. Block Diagr,am'
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" Figure 3.2. 4 Cycle Pulse Signal

Figure'3.3. 8 Cycle Pulse Signal

measurements cquld‘be made without disturbing the sand to

bury each plate. This introduced unacceptable side-wall




35 cmTRANS TTER

x
6.5cm e
-HYROPHONE

WATER

PLATE :

SAND .

Figure 3.4.

Location of Projector, Hydrophone
and Plates




'Ireflections so, instead, three plates were buried in line

a;ong the long axis of the tank with the projector and
receiver position:! as shown in Fig. 3.4.

Here, the plates were buried at different depths and thev
projector and hydrophone were positioned as shown. (Notice
that in the third set-up on the right the source and receiver
are reversed to avoid refiections from the end-wall.)

Figu;e 3.5 shows the siderwall reflections that are
introduceéd when the sourée-to-recei&er'axis is displaced
only 15 cm toward 6ne side of the tank. This result shéuld
be comparable to Fig. 3.2 but only a pocition along the |

centerline of the tank turned out to be acceptable.

B. EXPERIMENTAL PROCEDURE

Once the.expériment was set up, the first step was to

'identify the individual arrivals from a partiéular‘buried

plate. By COnsidering the prqjector depth S, the hydrophone
depth h, the water dépth H, the major incident angle, and
thgvslant distance R, the time 6f arrival of, the varioﬁs
reflectiéns waévdetefmined by simple image‘theory‘[Rgf, 3,.

pp; 427-4291. A repféseﬁtativé diagram of the various

‘arrivals is shown in Fig. 3.6 for constant sound speed .in

the water layer.
Since a directional projec¢tor was used and was aimed

downward toward the sediment, the surface-reflected path

7 could be'negléc;ed. - For most of the measurements, paths 1,

"3 and 4 were used.




o

SAND

PLATE

. arrivals that only reflect fror the bottom.

Figure 3.6. Waves in the Isospeed Shallow
Water Channel

Basically, three methods were used to initially identify
the arrivals on the digital oscilloscope. Pirst' the
arrival tlmes predicted by the method of images were com-
pared to the measured arrival tlmes. The amplltude of

the arrivals also helps in the identification process since

"the pressure amplitude is reduced by the reflectioh coeffi-

1ent at each of the 1nterfaces of the layers. Plnally, a

_path that reflects from the surface can be readlly 1dent1-

fied by dlsturblng the water's surface wlth.a ruler, AnyA

‘surface-reflected.arrivals change greatly on the oscillo-

scope display and can easily-be'separated from those

27
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A typical display on the oscilldécope is shown in Fig.
3.7. Here, the projector is inclined so that the beam has
an incident angle of 55 degreés and the water depth is 35 cm.
The arrivals shown are: '
.l. direct wave, » ‘ ,
2. surface-reflected wave;A
3. bottom-reflected wave,; | o '
4, wave reflected from the top of the plate,
5

. wave reflected from the bottom of the plate after
passing through the plate, '

6. bottom—surfaée-reflected wave,

Figure 3.7. Different Kinds of Waves on Oscilloscope




Once the arrivals are identified for one source-to-receiver -
range, the signals can be followed by eye if the receiver
carriage is‘movea smoothly.

Next, the range X is varied by moving the carriage and
the arrival timeé f of the individual reflections are
recorded. 'These,measuréments fOrm the basis of the T-X and
TZ-X2 methods. When these measurements are plotted as
arrival time T as a function of range X, the direct arrivals
appear aS'sfraight lines and the reflected arrivals (either
Ifrém the top of the sand layer or from any of the layers
below) appéar as parébolas. (They are actually closer to
hyperbolas but, over the limited range available in this
.experimenﬁ,.parabolas were used as an approximation.)

The T and X measurements were also glotted as T2 as a
function og‘xz. On these coordinates, any of the lines are.
straight (or nearly so). From the slope of‘these_lines,

_ the sound speed either in'£he water or in the layers could
be calculated. A liﬁear'regre$sion method was used to
'coﬁpute the slope‘for7thg individual arrivals.

" ‘Next, the ray parameﬁer P was calculated. This value
is fixed for a given measurement. The'incident anglg'was
determined. from the soqrce—reqeivér geomééry and the T-X:
data were fi£ with parabolas. Then P could bg.célcﬁlated
directly from the parabola éduation: T = ax® + bX + c,
dT/dx =.P = 2aX + b. - | |

Once the parabolas héve'been.detérmined, the layer deﬁth

'9 found from the T-X measurements. vFor example, the

N 7 29
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The first value'of ci is from the TZ-X2 method and AT is

ariival from the wave that passed through the upper sand

layer would be described by a parabcla of the form

Tl = ale + lel + ¢y and .the reflection from the top of the
2

sand layer would bevglven by T2 = azx2 + b X2 + c,e. The

ray parameter P must be the same for each arrlval- there-

fore, for the wave pa551ng through the sand layer,

P = 2a1xl + bl or X1 = (P-b )/Zal, and, for the wave reflected -

from the top of the sand layer,.P = 2a2x2 + b2 or X2 = (Eabz)/Zag.

Since AX = xl-xz,

P-b P-b,

2a

P-b, b2

1)? + bl( 23, ) + cl} {a (—5— 2)2

+b (
a; 2

)+c }]

AT = [{al(

These two values (T and X) are necessary to calculate the

depth and the sound speed (to compare with the r2-x2 deter-

mination of souhd speed) of the layer. The values of layer

depth Az and sound speed ¢ are given by,

from the parabolic fit of the T-X data. The new value -Of
¢, can be compared to the old value as a check on the two

methods.

C. SUMMARY OF EXPERIMENTAL PROCEDURE
1. Bury the thin homogeneous plates at varxous depths;

2. Identify the arrivals on the oscilloscope;
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Measure the horizontal distance X and the arrival
time T of the various arrivalas;

Make the T-X and 72 -x2 plots;

ind the sound speed cl in the layer by u51ng the
-X2 method;

Determine the incident angle from the source-
receiver geometry;

Calculate the ray parameter P (flxed for each
experiment) ;

Fit the T-X data with parabolas;
Calculate AX and AT by the ray parametér method;
Calculate the layer depth Az;

Calculate cl.and compare to the Value determined
previously. ' ‘
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IV. ANALYSIS AND RESULTS OF EXPERIMENTS

A.v MEASUREMENT AND ANALYSIS

| A measurement of the sound speed in the water was
required‘for each of the reflection analyses so this was
-measured using the '1‘_2-x2 method. The slope of the sﬁraight
rline fit to . the data ﬁoints éave a sound speed of 1447 m/’/s
and the correlation coefficient associated with the linear
regression was almost 100%. . Fér this measurément, the pro-
jector beam was aimed horizontally and the hydrophone was
positioned at the same depth as the Projector.

In each of the‘subsequent experiments, thelpfojector and
hydrophone depths were chosen to optimize the separation
and clarity of the reflection signals. 1In every case, the
source signal was four cycles of a'l150 kHz sine wave.

1. Measurement 1

For this experiment an aluminum plate (thickness of
1.7 cm) was buried 3.5 t 0.05 cm below the sand's surface
and the projector depth was 8%5 cm while the hydrophone '

depth was 6.5 cm. -

TABLE I

iSpeed of Sound (Measurement 1)

WAVE ~ SPEED OF SOUND (m/s) CORRELATION .(%) ERROR (%)
SAND - 1e6l S 98y
BOTTOM 1415 - 99.4 . 2.2

~ DIRECT L1463 .. 99 1.1




Table I gives the speed of sound calculated from the various
arrivals along with the correlation coéfficients of the
linear regrgssions. The speed of sound ih the watér should
be compared to the value of 1447 m/s discussed above. The
T-X and ih-xz data are shown in Fig. 4.1. |

As discussed in the prévious chapter, the T-X data
were fit'with a parabola for simplicity. The data for the

wave that reflected from the top of the aluminum plate was

fit with

2

T = 0.0926 X© - 2.89 X + 459

and the data for the wave that reflected directly from the

top of the sand was f£it with.

2

T = 0.113 X - 3.03 X + 410

The geometry selected for the ray parameter determinaticn
gave an incident angle cf 29 degrees which corresponds to a
ray parameter P equal to 3.32 x10”°
locates a point on each'of the two parabolas. The differ-

- ence in'x valqes givesia AX of 5.47 cm. The parabolic form
for the reflection from the top of the'plate gives thé’time-
differgnce AT of 51.4 Qs!

‘ ﬁext, Ehe ldyer thickness Az was calculated from

Equation (14). 1In this case, Az was determined to be 3.56 cm.

This differs by'only,0;3% from the measured value for the
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overlying sand layer._ (The burial depth of the plate gives
the thickness of the top sand layer.) The value for the
layer's sound speed.was also calculated from the ray param-
eter method but its value was not significantly different
from that calculated by the 7232 method.

2. Measurement 2

For the second measurement, the.hyarophone depth was
6.4 cm, the projector depth was 8.5 cm and the aluminum plate
(1.7 cm thick) was buried at a depth of 2.9 + 0.1.cm in the

sand. The calculated sound speeds are given in Table II and

2

the T-X and TZ—X ‘data are shown in Fig. 4.2.

TABLE II

Speed of Sound (Measurement 25

WAVE ~ SPEED OF SOUND \a/s) CORRELATION (%) ERROR (%)
SAND . 1647 | 94.3 |
BOTTOM 1419 » 99.6 ' 1.95
DIRECT 1437 , 99.1 0.69

’

Figureé 4.3 énd 4.4 show,repfesentatiVe aiépiays'frém
the'oscilloscope at_two of the r;nges atvhhich measurements
were tgken;,; |

The direcﬁlwave (A), the surface-reflected wave'(B),
the wave that reflects from thé top of the sand (C), the

wave that reflécts from the top of the buried plate (D), and

35
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"Figure 4.4,

Measurement

37




the wave that reflects from the top of the sand and again
from the water surface (E) are shown in these figures. The
vertical line marks the beginning of the wave that is
reflected from the top of the plate and thevnumber gives the
arrival time. | o |

In this case, the curve for the arrival reflected

from the top of the plate is,

2

T = 0.473 X2 - 32.0 X + 1020

and the curve for the arrival reflected from the top of the

sand -is,

2

T = 0.136 X° - 5.72 X + 471

Here, the incident angle was 28.3 degrees so P was 3.30 x107°

s/m. The ray parameter éalculations gave'3.87_cm for AX and
54 uS for dT so the layer depth Az was 3.73 cm. The actual
sand layer thickness was 3.4 cm so the error Qasvslightly

less than 10%. The value for sound.speed in the water by the

. ray parameter method was 1474 m/s which is'abéut 10% high.

3. Measurement 3

. In this measu:emeqt,‘an aluminum plate 0.1 cm thick
was buried to a depth of 2.3 ¢ 0.1 cm. The projector depth
was 8.5 cm and the hydrophéne depth was 5.1 éﬁ. The result-
ihq speed of sound‘meaéﬁrements (defermined by the T2-X2

method) are summarized in fable III and the T-x_da£a~and the
38
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‘so'that'the ray parameter P was 3.00 x10 °.

14-%x% data are shown in Fig. 4.5. Figures 4.6 and 4.7
show representative displays from the oscilloscope at two

of tne ranges at wiich measuremencs were taken.

_TABLE IIIX

Speed dffSound“(Measuremeﬁt 3)

WAVE  SPEED OF SOUND (m/s)  CORRELATION (%) ERBOR (%)

SAND 1649 195.2
BOTTOM 1471 | 99.9 1.7

DIRECT 1510 99.8 4.3
The parabola for the arrivals reflecting from the
top of the plate was determined to be

T = 0.290 X% - 13.3 X + 580

and the parabola for the arrivals directly reflected from

. the top of the sand is

T = 0.0484 X% + 0.528 X + 357

For the optimum 'gecemtry, the incident angle was 27 degrees .

6

The ray parameter analysis gave 2.53 ém for AX and
33.38 us for AT; therefo:e, the sand layer depth was computed

to be 2.42 cm: 1less than one percent from the actual value.
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Figure 4.6.

Measurement
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The calculated value for the'sqdnd speed in the sand layer

was 8.5 cm and the hydrophone depth was 3.5 cm. The speed

of sound measurements is summarized in Table IV and the T-X

was 1578 m/s and this differs by only 3 percent from the

value obtained by the T?-x? method.

4., Measurement 4

For this measurement, an aluminum plate 0.3 cm thick

was buried to a depth of 1.8 *+ 0.1 ecm. The projector depth

data and the T%-x? data are shown in Fig. 4.8. Representative

displays from the oscilloscope at two ranges are shown in

Figures 4.9 and 4.10.

TABLE IV

Speed of Sound (Measurement 4)

WAVE SPEED OF SOUND (m/s) CORRELATION (8) ERROR (%)
sas0  1ss2 99.7 |

BOTTOM 1458 | 99.7 0.7
DIRECT ’ 1461 | 99.9 1.0

‘The parabolic form for the reflections from the top
of the plate‘is
2

T = 0.0259 X2 + 0.361 X + 429

and the form for the fefléctions from the top of the sand is

2

T = 0.0328 X° + 1,17 X + 380
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vFigure 4.9,

Measurement 4 at X = 35,1 cm.

"Figure 4.10. Measurement 4 at X = 47.7 cm.
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For the optimum geometry, the incident angle was 50 degrees

so that the ray parameter P was 5.3 x107°,

The ray parameter analysis gave 5.80 cm for AX and

40.4 pus for AT; therefore, the sand layer depth was computed

to be 1.74 cm. The calculated value for the.sound épeed in
the sand layer was 1647 m/s. In both cases, the results
compare véry well wifh the measured value for layer depth
and the TZ—X2 value for sound speed.

5. Measurement 5

For this measurement, the projector depth was 8.5 cm

~and the hydrophone depth was 3.5 cm. The aluminum plate

(0.1 cm thick) was buried at a depth of 5.0 + 0.1 cm. The
speedlof souna measurements are summarized in Table V and

2_x? data are shown in Fig. 4.11.

the T-X data and the T
Samples of the recejved arrivals at two ranges are shuwn in

Figures 4.12 and 4.13.

TABLE V

Speed of Sound (Measurement $5)

WAVE' 'SPEED OF SOUND (m/s) comiELA'rmn (Q) _ERROR (%)
SAND 1577 - 999

BOTTOM . 1468 | 100 1.4
prRECT . 1488 100 | 2.8

The parabolic form for the reflections from the top

of the plate is

45."
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T 0.0450 X% - 0.213 X

and the form for the reflections from the

is

2

T 0.0463 X

+ 0.562 X

+ 407

top of the sand

+ 339

The incident anglé for deternmining the ray parameter was

33.4 degrees so
The ray parameter analysis gave

71.5 us for AT;

that the ray parameter P was 3.70 x10°

6

9.59 cm for AX and

therefore, the sand layer depth was com-

puted to be 4.58 cm~--about six percent below the actual

value.

The calculated value for the sound speed in the sand

layer was'1904 m/s which was significantly higher than any'

other of the determinations.

B. OVERALL RESULTS

In'all, seven experiments were performed but the data

from two of the experiments was not good enough to analyze.

The other five experiments have been rej

except for number 5, the results were |

reasonable errors.

A'lTable.VI-gives:a summary of the res
gxperimeptsAthat were analyzed and, comp
the‘Tz-kz methbd and the r&yuparameter
. 2rror in detérmining the depth of the 1
' so this measurement can be done effecti
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TABLE VI

Summary of Brief Results

MEASUREMENY
CONTENT - 1 2 3 4 5 |
%  acTuaL 3.5(+.05) 3.3(+.1) 2.3(+.1) 1.8(+.1) 5.0(+.1)
- 4§ EXPERIMENTAL  3.56  3.73  2.42  1.74  4.58
| g ERROR (%) 0.3 9.7 0.8 0.0 6.5
2 r2-x? mETHOD 1662 1647 1649 1582 1577
§§ 'RAY PARAMETER 1791 1474 1578 1647 1904
%1\%  DIFFERENCE 163 154  49.6  18.9  275.9
@' ERROR (%) .10.0 9.5 . 3.0 | 1.2 16.9

error in the sound speed calcula£ién.(for the sand layer)
was fairly large (about 8 percent). Consequently, the"
sound speed détermination is not quite 'as reliable.

In Table'VI, the difference means the'valueé befwéen the
~average of the five TZ-X2 results and the ray parametef

method's value.
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V. DISCUSSIONS AND CONCLUSIONS

The objeetive of this research was to localize buried
'objeets (e.g., thin aluminum plates) in water-saturated sand.
In order to accomplish this objective, we needed to predict

the sound speed and the depth of the overlying layer. The
results are summarized in Table VII.
‘The average speed of seund by the 12-%x% method is 1472
"m/sec for the direct wave, 1446 m/se¢ for the bottom reflected
wave, 1623 m/sec for the wave through the sand.
-Comparingvthe above 'sound speeds with the value given by
Reference 3 (l48i m/sec at 20 °C),»we had 0.6% error in the
direct wave speed and 2.3% error in the bottom reflected

wave speed.

Reference 3 gives the sound speeds 1540 m/sec for,eoarse
silt ‘'and 1730 m/sec for quartz sand. The‘sand used in this
expefiment is #30 mesh sand (washed, kilndried and graded).
and the measured sound speed is 1623 m/sec.

| Werused_Linear regreseion for finding‘the speed ef souna

t ' . (] 2 2

with the T"-X“ method. Since most correlation values of the

linear regression are over 95%, the T?rxz

ﬁethod ie reasonable
for determining the speed of sound.

lBy using the ray parameter method, we determxned AX, AT
and Az. . The average error between the actual layer s depth

and the computed depth is 3.5%. The error ranqe is between
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TABLE VII

The Detailed Results of Total Experiment

MEASUREMENT 1 2 3 4 5
ACTUAL LAYER ) . .
DETATIS REPTH () 3.5(:.05) 3.3(:.1) 2.3(:.1) 1.8(t.1) 5.0(.1
98.3 94.3 95.2 99.7 99.9
SPEED . .
| 1661 1647 1649 1582 1577
g SOUND 99.4 99.6 99.9 99.7 160,
, .
N (m/sec) 1416 1419 1471 1458 1468
: &
] .
N - ! . :
S Loew 99.8 $9.9 99.8 93.9 100
& CORRELA- 1463 1437 1510 1461 1488
TION (%)
P (10™° sec/m) 3.32  3.69 3.00 5.30 3.70
g AX (cm) 5.47 3.87 2.53 5.8 9.59
§ AT (usec) . 51.4 54.0 33.9 40.4 71.5
g Az (am) - 3.56 3.73 2.42 1.74  4.58
g ERROR (3)1 ©0.3 9.7 0.8 0.0 6.5
é?‘ o DIFFERENCE® 163 154 50 19 276
° . (m/sec) '
& rror (3)3 10.0 9.5 - 3.0 1.2 - ' 16.9

Average error of measuring 4z = 3.5%
# 'Average error of = difference = 8,1%

]‘I‘hls error is the value when cauparmg the expermental Az with a'-tual
layer's depth. '

difference is the difference between <y of T -x2 and the value of
th;. ray parameter method.

'3'11115 error is tne value when camparing the cl dlfference wn:h the

average value of
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0% and 3.7%. The ray parameter method is one of the most
uéeful for finding an unknown layer's depth. kBut, the average
errcr of <y bétween'the T2—X2 and the ray parameteflmethods
is reiatively high (8.1%).

In every measﬁrement the direct wave's speed of sound
is always faster than that of the bottom reflected wave.
These values should be the same because both are measures of
the sound speed in water. This discrepancy is prébably a
result of the difficulty in detérmining the true horizontal
distance betwzen the apoustic center of éhe projector and
the hydrophone fé; different angles of the projectcr. 1In
some cases, the differeﬂce in ¢ between the Tz-x2 and the
ray paraméter mathods is over 10%. This may resuit from the
choice of curQe—fit for the T-X data. We tried several.ways
tc find the best cﬁrve fit, but the computed results were
quite different from the expected ones except for those from
parabolic fit. | | |

We had some 1imita€ions,on the measurements because of
the use of a small tank.,'In partiéular, there were inter-
fering reflectioﬁs.' sé,vsome of the signa15~arrive'at‘thg
same'time. .That made tﬁe aﬁalysis of the layer épeed of
séund;and depth Qery difficult. Also, the pﬁlse length was
too long to be able to resolve thé thin layet. Projeqtof

ringing limits the pulse length so that it cannot be made

shorter than a certain duration. Because of these problems,

this experiment would be easier to do in a larger body of

water.
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If we do this experiment in the ocean instead of small
water t»nk, then identifying the wave signals ié much
easie; because of less multicath interference. 1In the ocean,
we can try ASPER (airgﬁn sonobuoy precision echo recbrder)
developed by the Hawaii Institute of Geophysics as.one of 

the recommended methods [Ref. 1].
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Monterey, California 93943-5100

9. Major Yeon Duck Koo : o ‘ 1
- SMC #2750 o » - :
" Naval Postgraduate School
Monterey, California 93943-5100

10.. Major Sang Chu Yoon t 1
SMC #2750 - ' ' ‘
Naval Postgraduate School
Monterey, California 93943-5100
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11.

120'

Lt. Young soo Kim

SMC #2681

Naval Postgraduate School
Monterey, California 93943-5100

Lt Pél Man-Park
SMC #2400
Naval Postgraduate School

Monterey, California 93943-5100

56







