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Purpose
This technical note describes the low-nome, high-resolution subbottom

istics of subbottom marine sediments as they relate to dredging. The theo-
retical foundation of this approach, which is based on acoustic lmpedance,
is described. A case hlbtory survey of Galveston 5h1p Channel is also |

The focus of this work conducted by the Dredging Research DProgram, is |
toward developing a technique to remotely and efficiently determine char- J
acteristics of subbottom marine sediments as they relate’ o dredging. A |

. low-noise, high-resolution subbottom imaging svstem is essential to this o
|

) program. To fulfill this requirement, a d1g1ta1 data acqulsmon system has

" been combined with specialized processing software to accurately assess ‘
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These undertak111gs respond to the fact that, each year, the U.S Army

~Corps of Engineers spends millions of dollars on river and harbor mainte-

‘nance and ship channel realignment projects. Currently, the Corps relies
. on aruung and laooratory testing programs to assess marine sediments in

. terms of material type, density, and thickness for purposes of characteriz-

- ing proposed dredging sites. However, sampling and coring programs are

costly, provide only discontinuous info

It
tics, and cannot effectively address situations where actual subbottom

alanast dammbaseial ol mons o

mation about material characteris-

' cnnd_-t_ons are highly variable.

Addihu y I fcfrna'iori

1 Thm techmcal note was ertten by Mr R. F. Ballard Jr, Mr. K. J.
S]ostrom, Mr. R. G. McGee, and Mr. R L. Leist. For additional

US Army Engineer Waterways Experiment Station
3805 Halls Feiry Road, Vicksburg, M3 35180-6199
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o infc)rmation, ’éon’cacf Mr. Bdllard, {601) 634—220’1, or the manager of the
- Dredging Research Program, Mr. E. Clark McNair, Jr., (601) 634-2070.

TheOre‘tical Foundation

~ The acoustic impedance method is a mod1f1cat10n of the seismic reﬂec-

- tion technique commonly used in offshore oil exploration but tailored to

shallow-water environments. 'As energy generated from an acoustic

source (in the form of a plane wave) arrives at a boundary between two

" layers of differing material properties, part of the energy will be reflected
- back toward the surface and part transmitted downward. Portions of the

transmitted energy will undergo absorption or attenuation in the layer

- while the remainder propagates through to the next stratigraphic bound-

ary. Ratios between transmitted and reflected energy, called reflection co-
 efficients, are dependent on the density and velocity of the materials

o :through whlch the energy is propagating.

 Wave veloc1t1es are controlled by clastic propertlee of the two-phase sed-
iment mass (sea water in pores and mineral structure). Propertics such as
porosity and grain size affect sound veloc1ty only through their effects on

" the elasticity of the sediment. In previous studies (Hamilton 1970, 1972),

it was concluded that elastic properties of water-saturated sediment could
be expreeqed through Hookean elastic equations, unless attenuation is con-
sidered, in Wthh case lmear v19codast1c equations are recommended.

The basic equatlon for the velocuty of a compressmnal wave Vp is
Vp = [ (k + 4/3n)/p] o v m

- where
k= mcompress:blhty or bulk modulua and equals a/p
- B= compressibility
~ p = shear (r1g1d1ty) modulus
- p = saturated bulk density
| ~ When a medium lacks figidity, Equ'a'tiori 1 becomés '
o P B 3
Vo = (¥/p) B | o ay
or
vV, = (1/Bp)* o (2b)
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| “Compress{ibility B and density p in Equation 2b have been expanded into
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- Eg = reflected energy |
E1= total energy incident to the boundary (see Figure 1)

The i'éﬂection coefficient is also cqual to

_G-zy |
"__(ZerZw) o - )

where

- Zy = pw Cyy = water impedance
Zs = ps Cs = soil impedance

. pm =1 g_/cm3

C‘w = 15{},000 .

- Hence, it is clear that the acoustic impedance (Zs) of the surficial layer
can be calculated readily. The product of transmission velocity and den-
sity of material is the acoustic impedance and represents the influence of
the material’s characteristics on reflected and transmitted wave energy.
“The relationship between acoustic impedance and specific soil properties

has been empirically based on an extensive database of world averages of
versus sediment characteristics (Hamilton 1970, 1972; Hamilton
an :

1982) (see Table 1).
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resolution profxllng systems spccnflcally designed for shallow-water use

Table 1 Sml Classification Versus Acoustic Impedance Range SR | | \
(Hamilton 1972) _ :
I . e — —] |
u : C X 10%g K
' e - Acoustic Impedance, — 5™ ‘ -
Description - i _ - .am/sec ,
Water | | | 1,450
sittyclay |  2,016-2460 |
Clayey silt - » [_. . 2,460-2,864
Sllty' sand ' | o 2,864-3,052 ]
Very fme sand | | ‘ ‘ | 3,052-3,219 '
Finesand ;T ' 3,219-3,281
Mediumsand R . 3281-3492
Coarsesand ! - . 34923647 |
: — - = — T 7
Gravelly sand ) o 3,647-3,880 !
Sandy gi‘avcl | | _ . 3,880-3,927 R '|'
‘ " Note: Values corrected for temperaturc. and ;salinity. o | l v ’} k

At this point, it must be emphaslzcd that Hamilton’s ploneermg efforts
were limited to surficial bottom materials. To extend the depth of inves-
tigation into multilayer subbottom environments, Caulfield and Yim (1983)

“devised a model correlating to Hamilton’s work. The model is used to

correct for absorptmn and other losses in bottom sediments as a function

- of frequency so that the reflection coefficients and acoustic impedance of

sediments can be calculated as if they were surficial sediments (reflectors).
In practice, the concept is extended to each subsequent laVer until the
signal-to-noise ratio is at a level from which information cannot be ex--
tracted with accuracy (normally 5 db). The model is then combined with

* classical multilayer reflection mathematics to yield reflection coefficients

equivalent to surficial sediments for subbottom layers. Since some as-
sumptions must be made regarding attenuation factors (determined from
site-specific bormgs and laboratory data), this approach must be defmed as
empirical. ,

-~ Equipment

A seismic source of known energy content as a function of frequency,
deployed just below the water surface, generates acoustic waves that prop-
agate downward through the water column and sediments. High-

Techmcal Note DRI 207 (July 1993)



 relatively narrov ; range o
.procedure'; that incorporate local core and laboratory data, seismic reflec-

“and operatmg at frequencies below 12 kHz are typ1cally used As a rule

lower operating frequencies allow greater energy penetration into the sub-

' bottom, but because of longer wavelengths, lack the vertical resolution of
. hlgher frequemv syqterns : . ‘ o

Iwo commcruallv available geophysical mstrumenta, a35kHz
“pinger” system and an integrated, hlgh-denmtion 400-Hz to 5.0-kHz
“boomer” system, are normally used to fulfill the above criteria. Recently,
tests with chirpers have been conduct ed to assess potential advantages.
However, data discussed herein were obtair ed with the more conven- |
tional “pingers” and “boomers.” "s transmitted energy from thcse
seismic sources propa gates through sediment of van‘g densitic

~acoustic velocitics, cnergy is reflected at geologic boundarie wuer'e there

is a distinét contrast in the acoustic impedance between layers. Reflected

= mgnals are amnhfn.d ﬁltered -and recor d_ ed with a mocm" ‘1esigned. sh_:.la

; j»quency is then determined. The syetem also provxdes real-tlmt presenta-
- tlon of the seismic mgnal for acquisition quahty control.

Because of ‘thl. nonumqueness seismic reflection 51gnatures, severai

combinations of geologic conditio Oulu Concei'\ianiy y1e1d similar signal
characteristics and computed i i““p nce values, In specific E,Cr:nugm
) ’ -~ -
L

sund, Savannah Ship Chaunel, or San
diment units usually have a characteristic and
fir

mpedance values. - Therefore, using calibration

b
o

-v P
d

tion data are processed at known sample locations to YIP]d acoustic i_-, ed-

-ance vaIues of the known reﬂectlon hOl‘lZOl‘lS. :

Estlmates of in situ density are derived from computed 1mpedance val-

- ues and correlated with ground truth information. Acoustic predictions

versus corc data for consolidated materials in Mobile and Gulfport Ship
‘Channels was presented by Ballard, McGee, and Whahn (1 992) Results

‘ documented were within 1 percent

Smular imdmgq havc also been observed when comparmg acoustic im-
pedance density predictions to nuclear densitometer data for fiuff/fluid
mud type materials in the Gulfpori Ship Channel. Again, correlation has

—t=1

been oxcellent. A continuing program of database expansion, couple

with ground truth information obtained us ng a wide variety of condi-

¢ H Secbiinn ml
tions, is necessary. Testing to date has show r that density estimates to

L ALED
within 5 percent of in situ values arc obtained (Ballard and McGee 1991,
;McGee and Caulfield 1991). ' .. o :

A plot of the 1rm:>edance fumtlon versus laboratory meas _l ments of
densxty from core samples taken in the MI‘E‘GI%Ile Sound s pr resented in

echmical Note BR:!-z-a'; uly 199
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Figure 1. Hamilton’s data (represcnted by the solid lme in Figure 1), al-
though obtained along the shelf and slope of the continental terrace, show
remarkable agrcement ~

At this pomt it should be noted that none of lhe above data were pro— '
- cessed by matched filter correlation procedures. Marked improvements in

_data resolution have been noted since 51gnal correlation has been im-
p]emented This subject Wll] be discussed in more detall later

| Case' History

During summer 1992 an acoustic 1mpedance survey  of Galchtan Ship
Channel was conducted. Although several ob]ech.ves were accomplished,
the phase concernmg volumetric determinations of “dirty” sands (density
1.7 to 1.95 g/cm®) underlying the proposed channel were of specific inter-
est because of their potential use for beaches. The following discussion
‘presents the methodology used to locate, identify, and quantify that mate-
rial of interest to the U.S, Army Engmeer D1str1ct Galvestorn | .

Data Acquisition

In the normal course of data acquisition, field records related to ampli-

- tude of recorded signal, time, and distance provide the geophysicist/

~ engineer with quick-look assessments of data quality and subbottom condi-
tions. Data are oftentimes dually recorded by analog and digital systems.

Analog prebentatlom are usually in shades of gray, while dlgltal data are

4800 — — — 1
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Figure 1. Coxrvlput'ed‘impedance versus in situ density compared to Ha'miltdn (1972)
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| 'dlsplayed in color. Figure 2 is a typical 3.5-kHz pinger amphtude Cross

section obtained in Galveston Ship Channel. Note that the top of the
graph is not the water surface, but an assigned water column deIaV This

- offset allows full vertical expansion of the subbottom display, which in
this case extends into the subbottom more than 40 ft. C hangc,s in strati-
graphy are readily apparent. Records of this type are used as quick-look

- guidance in boring placement. :

Dpon determination of the reflection coefficients and 1mpedance func-

- tion at known locations, the virtually continuous seismic profiles are

processed The single-channel, dlgltahy recorded data are read into the
ftware aevelopea with Caulfield E nngmcermg (Cau]nelct

L1991b‘ and corrected for transmission losses due to spherical spreading
_ and compensate f abaarpuau losses in each layc:r. Further data en-
~ hancement is ac owphe;he by use of recently developed (Caulfield 1992)
. m..-Lth ilter signal cor lation processing. Use of the new correlation
procedures has r esulted in swnal-to-nmsﬂ ratio improvements of at least

Corrf.latlon processing also allows for identification of the frequency

=

: charactenst:cs of source signals and noise, and provides techniques to opti-
mize source and array selection, thus i tmprovmg frequency | penctration re-

covery. This has resulted in vertical resolution improvement, reduced

- noise Contalnmatlon and unproved ablhty to target special materials or
. ob]ects.

C labsmal multﬂayer algorlthmb are used to Compute equwalent reflec-
tion coefficients and impedances along the profile. This in turn provides

- density cstimates of shallow subbottom layers and classifies the litho-

‘rahgmpny (Hamilton 1972, Caulfield and Yim 1983). The results are cor-

ected for tidal fluctuations and correlated with survey posmonmg data.
Probess results are pres ented in the form of annotated amplitude cross
sections or two- and three-dimension al (3-D) views, muu-cnded acco rding

to mater ial density.

By mcornorahno the vxr’rz,.uﬂy continuous coverage of subbottom
materials W1th dwltal terrain modeling techniques, rapid and accurate

' computations can ' be made of volume and mat enal type to be removed by

dredgmg Furthermore, a detailed database has now been cstablished for

_ project monitoring and long-term plannmz. Computed sediment densities
- within the project area can be displayed in a color-coded, 3-D view as

~shown'in Figure 3, if desired by the user. In this example, lighter shad-

ings are 1nd1cat1vt, of less dense m'aterlal the darkest are analogoub to den-

51t1e=. 1.7 g/ cm

Dl%p}ays of this type provide much-lmproved data interpretation . and

 visualization for the end product user as compared to standard two-
- dimensional presentations generated exclusively from boring information.

© Technical Note DRP-2-07 (July 1993)



‘Ilowever cautlon must be exercised by the user fo maintain an awareness
of real data versus computer-gencrated extrapolatlons

_Volumetric Calculations

- Before computer-assisted volume estimates can be calculated, a continu-

ous 3-D computer model of the subbottom data must be generated for
each’ su.rvcy line. In addition, a 3-D perspective model (Figure 3) L()H‘il"wt—
_ing of a composite of data from all individual survey lines may be created
for use in modeling proposed channel cuts, evaluating slope f-:.tablhty and
so forth. At the pm]cct planner’s dmretmn he may elect to view an area
of interest from various anglos or create mrrerent displays by stnppmg or
ouung at any desired coordinate.

. Using Figure 3 for our exam le, the volume of any material to be re-
“easily calculateﬂ. This ex Xamp le will predict the configu-
>1.7 g/cm® density; 2,864 to 3,052 x 107
g/cm”/sec acoustic i .pcda-. e) underlying a selected segment of the proj-
. ect study area. Calculating the volume of material present within a se-
lected area of the perspective model is acmmtahbhed by calculating the
volume of material present within the correspondmg area of each proflle

hne model. -
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" In our example the proflle line model shown in Flgure 4 correr.ponds
to the section of the 3-D perspective model (Figure 3) nearest the viewer.
Note that the axes labels in Figure 3 show northing and easting coordi-
‘nates, while the axis label in Figure 4 reflects relative feet from start-of-
line. This conversion is necessary to correlate the profile line models to
amplitude records that are piotted with locations relative to start-of-line.

- Defore c_aiculating volumes, the area of interest must be sliced out of the
computer model and the material density range to be di*pla‘y‘cd selected.

- In this exampm, he volume of “*a rial present in the area between t" <
to tween 3,000 and 7,000 ft fr m

a dCI‘.SL}' of >1.7 g/cm”, will be selected. The section of the .
model below -55 ft is stripped away, and the sections from 0 to 3,000 ft
and from 7,000 to 19, UUO ft would be sliced from the d1splc1y, as show
erurc 5. g

~ P

b
having

Fmallv, the density of material to be displayed would b(, set to >1. 7

/ cm®. "Calculations based on these parameters are then computer-

” generated and displayed, as shown in Figure 6, yielding an cstimated vol-
ume of 167,366 cu yd of “dirty” sand (materials >1.7 g/cm”) within the
specified boundarics. This step is repeated for each’ profile line model

- within the area of intcrest, sumrnmg the estimated volumes for an overall
project volume total

.. Technical Note DRP-2-07 (July 1993)



Conclusions

In its present state of development, acoustic impedance processing of

- seisinic reflection data provides an accurate, continuous description of

bottom and subbottom marine sediment characteristics in a rapid,
cost-effective manner. Results from properly calibrated surveys have been
used to provide Corps Districts and dredging contractors with -

® Density estimates of marine scdiments.

. @ Continuous subbottom mformatlon 1or planmng and deelgmng dredg-

ing and c;arn]olmg_; programs.

'@ Estimates of thL vo]ume and type of materia) to be remov ed through
' drcdgmg : -

® A detailed and contmuous geologxc database for andmg long—term plan-'
~ ning of future Work . : "

Acoustic 1mpedam.e information, if properly 1mplt.mentcd in the project
planning stages, provides valuable data on the distribution and extent of

differing marine sediments, aids in locating optimal placements of sam-
- pling cores, and supplements previously obtained soil borings by provid-

ing continuous profile coverage of sediment characteristics between
ample locations.

Epilogue |

\

Durmg preparahon of thls technical note, plans were formulated to per-

form high-resolution acoustic impedance surveys prior to dredging opera-
‘tions in Boston Harbor, Baltimore Harbor, and Houston Ship Channcl

Additionally, an acoustic survey is being planned to locate gravel beds in

the Atchafalaya River.

Possﬂ)lv for the first time in Corps of hngme(.rs hlqtory, th(. Mobile Dis-

 trict advertised site conditions for dredging at Gulfport Ship Channel =~
- using densnty predictions determined by geophysical acoustic impedance -

surveying in addition to traditional bore hole information. True site

conditions, resulting from dredging operations begun in May 1992, have .~
“been closely monitored and compared to predictions. Results, as reported
by Mobile District 1n9pect0rs and dredging contractor Bean, have been

excellent.
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A
Flgure 2, nger (3.5- kHz) amphtude cross section, Galvestn th “
: ‘ Channel : '
Figure 3. Three-dnnensxonal perspective view of inner bar and
anchorage basin, Galveston Harbor. Axes are displayed in northing
: ‘ and easting coordinates :
—w T80T T 2060 e — = pr % 4006 ‘
Figure 5. Profile model showing area of interest w1thm depth and locatxon
poundanes
" ~aof o — . . . - —
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S ‘ Figure 6. Proﬁle model showing’ only matenal 1.7 g/cm density w1thm are
: interest
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