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Elastic Properties of Overpressured and
Unconsolidated Sediments

By Myung W. Lee

AbStraCt Castagna, 2001; Dutta, 2002; Mallick and others, 2002; Sayers
and others, 2002).
Differential pressure fifcts elastic &locities and Pois- Physical properties of SWF sanddeliffrom most reser

sons ratio of sediments in such aythat elocities increase voir and seal rocks for petroleuifhese materialsxést near

as diferential pressure increases.gpwressured zones in seditransition zones between rock and sedimentfthiah and

ments can be detected by observing an increase in PgissonCastagna, 2001). SWF sands usuallyehagh porosities and
ratio with a corresponding drop in elasti&acities. In highly  very low differential pressure or high pore pressurey tire
overpressured sands, such as shall@ter flav sands, the P- unconsolidated and uncementéterefore, interal velocities

to Swave \elocity ratio (\6/\/5) is very high, on the order of 10 (P-wave and Svave \elocity) of SWF sands arevilocom-

or higher due to the unconsolidated and uncemented naturepafred to adjacent normally pressured sands, and the decrease
sediments. In order to predict elastic characteristics of highlyf velocity is related to the amount ofeypressure (Hfrhan
overpressured sands, Biot-Gassmann theory by Lee (BGTL)and Castagna, 2001; Prasad, 200@)h increasing pore

is used with a ariable &ponent n that depends onféifential ~ pressure, SWF sands lose cohesion, causitg dfop aster
pressure and the gieee of consolidation/compactiofhe than v, ThiscauseS/p/VS to increase rapidl typical V/V,
exponent n decreases asféeliential pressure and thegitee of ratio of SWF sand is on the order of 10 or higher (Mallick and
consolidation increases, and, as n decreasésity increases others, 2002).

and \//V, decreased he predicted elocity ratio by BGTL Sayers and others (2002) predicted pore pressure using
agrees well with the measureelacity ratio at lev differential  reflection tomography and foeomponent (4-C) seismic
pressure for unconsolidated sediments. data. Reflection tomographyvgs higher spatial resolution

for intenval velocities, and 4-C data may help to reduce the
ambiguity betweenariations in pore pressure araiations
in lithology and fluid content. Dutta (2002) used prestack
inversion of lage-ofset P-wave data and rock models to pre-
dict deep vater geohazards overpressure. Both approaches

Knowledge of fluid pressure in the pore spaces of sedi- utilize the reduction of P- and Sawe \elocities and the
mentary rocks is important for the successkpleration and  high Vp/VS ratio for averpressured inteals. Because lge
production of hydrocarbons. High pore pressure, commonly changes in Poissantatio of SWF sands also result in signifi
associated with shallwand unconsolidated sediments, pres- cant changes in the amplitudersus dket (A/O) response,
ents a significant hazard during drilling and completion of high-resolutioPAVO and iversion methods should be able to
offshore wellsTherefore, predictingwerpressured inteals resole changes in pressure (ffufin and Castagna, 2001).
before drilling not only mitigates drilling hazardtalso mini- One ley element in predictingwerpressure is the rela-
mizes drilling cost. tionship between dérential pressure andpMs. Empirical

One eploration problem in deepater is encountering  relationships between @frential pressure,F)WS, and \eloci-
shallav-waterflow (SWF) sands (Sayers and others, 2001; ties with respect to didrential pressure are presented byfHuf
Bruce and others, 2002; Mallick and others, 2002; Ostermeiaran and Castagna (2002) and Prasad (2002). Zimmer and
and others, 2002). SWF sands arerpressured and unconsol-others (2002) ivestigated pressure and porosityueficeon
idated (Hufman and Castagna, 2001; Bruce and others, ZOOWVSin unconsolidated sands using glass bead samples. In
During drilling, SWF sand may flointo the well if their this paperelastic elocities of @erpressured unconsolidated
pore pressures are not balanced by mud weight, causygy larsediments are predicted by the Biot-Gassmann theory by Lee
and long-lasting uncontrolled fics, well damage, foundation or BGTL (Lee, 2002, 2003Yelocities or elocity ratios with
failure, damaged casing, reentand control problems (Oster respect to dferential pressure are incorporated by using a
meier and others, 2002). Seismic methodehmeen used to  variable gponent n as a function of dfrential pressure and
predict these importanverpressured inteals (Hufman and  consolidation/compaction. Predicteelacities or elocity

Introduction



2 Elastic Properties of Overpressured and Unconsolidated Sediments

ratios by BGTL agree well with measured data complied by is no diference between BGT and BGTL for a dry or gas-

Prasad (2002) and Huafan and Castagna (2001).

Theory

Based on an assumption that tle¢oeity ratio (\gvs)
depends on porositizee ( 2002, 2003) derd the follaving
elastic moduli for \atersaturated sediments:

k=k, (1-B)+p*M 1)

o = Mk (1= B)G 1 0)" + 1, B*MG (1 =0)”
o + 41, 1= G (1-0)"]/3

)

with

where

k and u are blk and shear moduli of atersaturated
sediments, respeetly,

Kpa» M @nd k are lulk and shear moduli of matrix
material and blk modulus of flid, respectiely,

B and ¢ are the Biot coefficient and porosigspectiely,
and

nand G are parameters that depend on thecgeof
consolidation/compaction, digrential pressure, and
clay content.

Elastic \elocities, , for P-wave and \ for Swave veloc-

saturated rock.

BGTL Parameters

Biot Coefficient

Within the poroelastic frameork, skeleton or frame
moduli, k and p, are undetermined and must be spdéifi
priori. The moduli of a dry frame are related to the moduli
of matrix material through the Biot coefiient,3. Usually 8
depends on diérential pressure as well as porogiiyt the
following Biot coefficient as a function of porosity for uncon-
solidated sediments (Lee, 2002) is used in this paper:

18405 99494

e(¢+0.56468)/0,09425 (5)

B=

1+

For consolidated sediment, the equation by Raymer and others
(1980), which is written in the folleing form by Krief and
others (1990), can be used.

B=1-(1-9" (6)

Because the Biot coefficient skio in equations 5 and 6 is
independent of diérential pressure, it is not suitable to model
velocities with respect to dédrential pressure. Keever, the

ities, of watersaturated sediments can be computed from thedependence ofelocity on diferential pressure can be ineor

elastic moduli by the follwing formulas:
k+4 W3
V, ,/—W and V== )
p p
where

p is density of the formation.
The formation density is @g&n by

p=(1-0)p,,+ 0p, 4)

where
¢, prg @nd p, are porositymatrix density , and poreuftl
density respectiely.
Lee (2003) referred to the almmethod of computing

shear modulus as BGTL , Biot-Gassmann theory by Lee, to

porated by using aaviable n as a function of dérential pres-
sure.

Parameters Gand n

In Lee (2003), it is demonstrated that the scale G depends
on clay content in sediments and igegi by the follaving
formula:

G =0.9552+0.0448 /%% @

where
C, is the clay-elume content.
Equation 7 indicates that G is equal to 1 for clean saMiks-
out eplicit use of G, clean sandstones are assumed in this
investigation.
The &ponent n is the most important parameter in BGTL

differentiate from the classical Biot-Gassmann theory (BGT)and is proposed by the folling function:
(Biot, 1956; Gassmann, 1951), which computes shear modulus

by u = u,(1 - B). Note that, as indicated in Lee (2003), there

n=[l 0(0.42670.235Logmp)]/m (8)



BGTL Parameters 3

where or differential pressure increases by packing, compaction and
p is differential pressure (dérence between pore pressurecementation (Schon, 1996). In this paperrder to quantify
and werkurden pressure) in MR and the constant m, the deee of compaction is defd as the rate
mis a constant to be determined. of porosity change due to elastic rebound with respect to dif-

Equation 8 is deved from Prasad’data (2002) measured at ferential pressure (d¢/dp). Generalthe magnitude of d¢o/dp
differential pressure between 0.001 and 5@MMRh the Biot s related to the dgee of consolidation as well as theydse
coefficient gven in equation 5. of compaction, making it diiult to differentiate one from the
other Therefore, in this papgthe dgree of consolidation is
used interchangeably with thegilee of compaction.
Constant m Porosity reduction by compaction is shoin figure
1A as solid lines; sandstone and shale lines are from Sclater
To a frst-order approximation, the constant mappears and Christie (1985)The shale compaction cuis gven by
to depend on the deee of consolidation of sediments, and ¢ = 0.803g%-19/10000 gnd the sandstone compaction eurv
m becomes layer as the dgree of consolidation/compaction is given by ¢ = 0.49€-7410000 \where d is depth in meters.
increasesAs can be seen from equation 8, as mincreases, nPorosity change with respect to depth ofedéntial pres-
decreased\s indicated in Lee (2003), elastielacities mainly sure due to compaction is ¢g. Havever, porosity changes
depend on thexponent n and increase as n decreases or thewith respect to dferential pressure for samplesaenined by
degree of consolidation increasédso, as nincreases orm  Prasad (2002), Domenico (1977), and Han and others (1986)
decreases, YV increases. are much smaller than that siroon the compaction cueg
Figure 1 shars the porosity &riation with respect to dif- because compaction is predominantly an inelastic process
ferential pressure and constant m. Porosity decreases as degiidl only a small amount of elastic rebound occurs when dif-
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Figure 1. Graph showing porosity reduction with respect to differential pressure and variation of constant m. A, Porosity versus differential
pressure for measured data by Domenico (1977), Han and others (1986), and Prasad (2002). Sand and shale compaction curves are calculated
from Sclater and Christie (1980). B, Constant m with the rate of porosity reduction with respect to differential pressure. Average rate of porosity
change with respect to differential pressure for Domenico, Han and others (only five clean sandstones), and Prasad data, shown as large solid
circles, and a least-squares fitting curve are shown.
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ferential pressure acting on a formation is reduced (unloadin§¢locity Ratio with Respect to
(Bowers, 2002)An interesting point shwn in figure1lA is Differential Pressure

that the rate of porosity decrease with respect ferdifitial

pressure is diérent among samples by Prasad, Domenico,

and Han and other§he arerage dd/dp alues for data by Velocities in sediments depend primarily orfefiéntial
Prasad, Domenico, and Han and others are —3-3#Pa, pressure and porositifor a given sediment, as dérential
—4.4x10%MPa, and —4.1x1/MPa, respectiely. (The rate pressure increases, porosity decreases amshdigurel.

for data by Han and others data is thierage of fie clean In order to accurately predict elastielocities with respect to
sand samples for a tBfential pressure range between 10 andlifferential pressure, porosity changesry to differential

40 MPa).As shavn later velocities or elocity ratios com- pressure should be incorporated, particularly for unconsoli-

puted by BGTL using equation 8 with m=1, m= 1.5, and dated sediment3he general bel&r of porosity \ariation
m = 5 agree well with those of Prasad, Domenico, and Han with respect to dierential pressure is not accurately \mo

and others. Based on the ab@¢/dp and m, the follwing Therefore, in this papedata in table 4 by Prasad (2002) are

equation for mis deved by a least-squares method and is  used to devie a relationship between porosity andetiéntial

shawn in figure1B. The equation is: pressure; this relationship isvgh as follavs:
m=1.0+4.95289¢%'2 %% 9) $=0.38452—0.00319p (10)

Equation 9 indicates that, as d¢/0p approaches zero, m The porosity range for Prasadiata is between 0. 382 at p =
approaches about 6, and, as d¢/dp approachegaaatve 0.89 MRa and 0.321 at p =19.67 MRactually Prasad, 2002,
number m approaches 1. In deimg equation 9, only three provided density instead of porosity—porosity is calculated
input points by Domenico, Han and others, and Prasad are assuming a matrix density of 2.65 gfcand a fluid density of
used and the least-squares fitting to tk@oaential function is 1.0 g/cnf). Therefore, all the calculated results are accurate
exact. Therefore, it is not knen whether equation 9 is appro- for these porosity and d#rential pressure ranges.
priate for other &lues of d¢/dp. Note that d¢/dp in equation Figure 2 shars measured and computeglacity ratios
9 applies only to porosity changesing to elastic rebound  with respect to dferential pressure. Circles are measured
(unloading process).herefore, in general, equation 9 may notatios complied by Prasad (200Zhe measuredelocity ratio
be used for the sand or shale compactionecurvpractice, appears to be a linear function of pressure in log-log scale, and
00/dp is rarely knavn; thus, a direct application of equation Prasad deved a least-squares fitting cerwvhich is gien by
9 is limited. Measured data suggest that m= 4-6 is appropriV,/V, = 5.6014p%-2742 As indicated in figure 2, the predicted
ate for consolidated sediments afafiéntial pressures abe ratio by BGTL using n gien by equation 9 with m= 1 is close
about 30 MR and m= 1-2 is suitable for unconsolidated sedie the measured ratio at afdifential pressure greater than
ments at dierential pressures of about 10 MBr less. about 0.5 MR, hut the computed ratio is muchdgr than that
predicted by the linear function for afeifential pressure of
less than about 0.5 MPThe dashed line is the least-squares
fitting curwve for the data analyzed by Hiuan and Castagna
(2001) and agrees well with the prediction of BGTL with m=
1.3 in equation 9 for a dédrential pressure greater than about

The elastic constants used in this study arergin 0.2 MPa.As differential pressure decreases, théedince
table 1. between the tev cunes increases.

Analysis and Modeling

Table 1. Elastic constants used in this paper.

Elastic constant Value used Source

Shear modulus of quartz 44 Gpa Carmichael (1989)

Bulk modulus of quartz 38 Gpa Carmichael (1989)

Shear modulus of clay 6.85 Gpa Helgerud and others (1999)
Bulk modulus of clay 20.9 Gpa Helgerud and others (1999)
Bulk modulus of water 2.29 Gpa

Density of quartz 2.65 g/cm? Helgerud and others (1999)
Density of clay 2.58 g/cm? Helgerud and others (1999)

Density of water 1.0 g/lem3
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Figure 2. Graph showing computed and measured velocity ratio
(V/V,) with respect to differential pressure. Open circles are mea-
sured V /V; from data complied by Prasad (2002, table 3 ); the dotted
line is a least-squares fitting curve to the measured data by Prasad;
and the dashed line is a least-squares fitting curve to the measured
data by Huffman and Castagna (2001).

Velocity Ratio with Respect to S-Wave Velocity

Differential pressure, clay content, porositggree of
consolidation, and otheaétors aect V /V, and \elocities in
the sediment. Figure 3 shie V. /V, with respect to Save
velocity. BGTL with a\ariable n computed from equation

Analysis and Modeling 5
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Figure 3. Measured and calculated velocity ratios with respect to
S-wave velocity. Open circles represent data in table 3 from Prasad
(2002); the solid line is the least-squares fit to the measured data by
Huffman and Castagna (2001); and the dashed line is the calculated
velocity ratio from Biot-Gassmann theory by Lee (BGTL).

Velocity with Respect to
Porosity and Differential Pressure

The predicted &locity ratio (\6/\/5) in the preious sec-
tion indicates that BGTL is accurate forfdiential pressures
greater than about 0.1-0.2 BIRHowvever, the accuracof the

8 fits most of the measured data complied by Prasad (2002)velocity ratio predicted from the BGTL does not imply that

and the least-squarestifig cune by Hufman and Castagna

the BGTL is accurate for theslocities themsebs. In order

(2002).The trend of }{/VS with respect to diérential pressure to examine the accurgof BGTL, elastic elocities are com-

for data compiled by Prasad (2002)ska diferent trend

puted with respect to porosity andfdiential pressure, and

compared to that by Himhan and Castagna (2001), whereas are shan in figure4.

the trend with respect to Sawe \elocity is the samelhis
implies that the best predictor oyvs for sediments includ-
ing SWF sand orverpressured sand is using S \elocity
as an independenariable. In this \ay, variability of V /V,
associated with dérential pressure, porositgnd dgree of
consolidation is reduced.

Figure 4A shws \elocities with respect to porosity

computed from equation 10. Open and solid circles represent

measured &locities for diferential pressures between 0.89
and 19.67 MR (table 4 from Prasad, 2002). &€all, \eloci-
ties predicted by BGTL are slightlyier than measured
velocities, lut BGTL accurately predicts the trend between
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Figure 4. Calculated velocities by Biot-Gassmann theory by Lee (BGTL), Duffy-Mindlin theory (1957), and measured velocities by Prasad (2002)
with respect to porosity and differential pressure. Measured velocities are from tables 3 and 4 in Prasad. A, Velocity versus porosity for mea-

sured data in table 4 of Prasad (2002). B, Velocity versus differential pressure for measured data in table 3 of Prasad (2002). The dependence of
differential pressure on S-wave velocity from Duffy-Mindlin theory is a power of 1/6 (p"/8), whereas it is p®3% based on a least-squares fitting to

the measured data.

velocity and porosityFigure 4B shars computed @locities
with all measuredelocities (table 3 from Prasad, 20023.
in figuredA, predicted glocities are slightly er than mea-
sured elocities and BGTL predicts Sawe \elocities more
accurately than P-ave elocities. Note that predicted Swe
velocities near p = 0.001 MPare close to measured 8wg
velocities.

Prediction of Pore Pressure

It is generally recognized that pore pressure can be
detected prior to drilling usingelocity analysis because
overpressured inteals shav significantly reduced inteal
velocities and lage V/V,. FromAVO analysis (Himan and
Castagna, 2001), fullaveform inversion (Dutta, 2002), or

multicomponent seismic data (Sayers and others, 208i@g-v

ities and Y/V, can be estimated from seismic data.elfocity
ratios or
can be estimated frongfire5.

Figure 5 shas calculated YV, Swave \elocity, and
differential pressure from BGTL with m=1 and m= 1.3 using
porosity gven by equation 10. Figure 5 is a combinationgpf fi
ures 3 and 4 using Sawe \elocity as an independerdnable.

As shavn in figure 5, the predictedp)o(/s by BGTL is insensi-
tive to the dgree of compaction (compare solid and dotted
lines of Vp/Vs)= but differential pressure strongly depends on
the dgree of compaction. Open circles iguie 5 represent the
measured /V,, and solid circles represent measurefici-
tial pressures compiled by Prasad (2002). BecabNg with
respect to S\ave \elocity is insensitie to diferent data sets,
as opposed topY)VS with respect to diérential pressure, it has
the adantage of using Save \elocity as a commoraviable to
relateV /V to differential pressure. Let us assume that the mea-
sureaV,/Vis 8. Figure 5 indicates thay/V, = 8 corresponds
to Swave \elocity of about 0.2 km/s and téfential pressure

is about 0.3 MR if m=1is applicable, or p=0.1 MRf m=
1.3is applicable. Eitherp)()vS or Swave elocity can be used to

vave \elocities areaailable, diferential pressures estimate dfierential pressure.

The P-wave \elocity also can be used to predigempres-
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Prasad (2002).

sure. Hovever, as indicated in lure4B, the P-vave \elocity

Discussiom 7

assess the accugaof BGTL or the linear function of Prasad
for differential pressures less than about 0.5MP

Higher \/p/Vs ratios—predicted from BGTL for p less
than about 0.2 M&—come from thedtct that V is almost
constant for dierential pressures between 1 and 0.00BMP
while V, decreases monotonically to zerg(#B). Thiskind
of behaior of P- and Svave \elocity is expected for \ater
saturated sedimentBherefore, the prediction of BGTL for
differential pressures less than 2 dppears to be reason-
able. Havever, the accuracof BGTL for this lav differential
pressure cannot be established until more datavailalale in
the lowv-pressure range.

Both Prasad (2002) and Hifan and Castagna (2001)
demonstrate a linear relationship between | and
log (p), although Prasaglequation predicts a ighe,g/VS at
a given differential pressure. Himhan and Castagna (2001)
suspected that this ééfence is due to higher porosities in
Prasads samples. Usuallfigher porosity samples yield
higher \//V; ratios, so this conjecture is reasonablevéler,
figure 2 indicates that BGTL with m= 1.3 instead of m=1,
which is good for the Prasad data, predicts accurdtg V
values for the Hdfman and Castagna data, although the same
porosities (equation 9) are uséd. mentioned in Lee (2003),
the constant mis introduced in order to incorporate theege
of compactionTherefore, another interpretation of fuaén
and Castagna data is that thgrée of compaction of samples
used by Prasad is less than that used bjnturf and Cast-
agna.

The interpretation that veer Vp/VS values at a gen dif-
ferential pressure implies a more consolidated nature of sedi-
ment may bexplained using fure 6, where the Domenico
(1977) and Prasad (2002) data arenshd@ he data set used to
derive a relationship between/V, and diferential pressure
by Huffman and Castagna (2001) included the data measured
by Domenico (1977Although porosities at 1@ differential

is almost constant for dédrential pressures of less than aboutpressure are similathe rate of porosity decrease with respect
1 MPa.Therefore, the P-ave \elocity is not an accurate indi- to differential pressure in the Prasad data is much higher than

cator at lov differential pressures.

Discussion

Velocity Ratio and Differential Pressure

that of the Domenico data, as yicsly mentioned. In other
words, the Prasad sample is softer or easier to compact than
the Domenico sample.

Figure 6 shars measured and calculated\W/ with
respect to dferential pressure for sediments withfelifng
porosities. Clearlyassuming the samealue of m, calculated
V/V, values of higher porosity sediments igyirthan those
of lower porosity sediments (compare the solid and dashed
lines).This implies that, for sediments\tiag a similar dgree

Results shan on fgure 2 indicate that BGTL accurately of consolidation/compaction, the higher the porositg

predicts the yvs ratio with respect to dérential pressure
for data compiled by Prasad (2002¢ept for four anomalous
points. Two anomalous points near p = 0.001 &/éte mea-
sured ratios for neaurface marine sediments of the conti-
nental slope of the Bearing Seafyers andrheilen (1999).
Prasads linear equationts one of the anomalous points,
whereas the predicted ratio by BGTL is muclgéarthan the

measured ratio. Because there are no other measurements

between p = 0.5 M®and p = 0.001 M& it is difficult to

larger Vp/Vs will be. Also note that YV, of sediment hang a
porosity of 30 percent with m= 1 (dot-triangle-dot) is almost
the same as that of sedimentsihg a porosity of 40 percent
with m= 1.5 (dashed lineJhis suggests that, aarfas Y/V,
is concerned, it is diffult to determine whether the increase
of Vp/VS is awing to an increase of porosity or to a decrease of
consolidation/compaction.

Figure 6 indicates that XX/, for Domenico$ data (open
circles) is less than that for Prasadata (solid circles)yven
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Figure 6. Graph showing Vp/Vwith respect to differential pres-
sure. Measured data are shown as open circles (Domenico, 1977)
and as solid circles (Prasad, 2002). Light small solid circles are for
all samples by Prasad (his table 3) and large dark solid circles are
for a subset of Prasad data (his table 4). Modeled velocity ratios are
derived from BGTL with m =1 and m = 1.5 with various porosities.

though porosity &lues in Domenicg’data are higher than
those in Prasasl'data, as sl in figurelA. Themeasured

P-wave

* . Measured data by Han and others
Modeled by BGTL with m=5
Model by BGTL with a variable m

1986)

S-wave

$=0.06329+0.00463&">" %"
m=1+4.95289¢""**'*

VELOCITY, IN KILOMETERS PER SECOND

2
0 20 40

DIFFERENTIAL PRESSURE, IN MEGAPASCALS

Figure 7. Measured and computed velocities from BGTL with respect
to differential pressure are shown. Measured velocities are for a
clean sandstone having a porosity of 0.0670 at 5 MPa by Han and
others (1986). Dotted lines represent predicted velocities using the
Biot coefficient shown in equation 6 with a constant m=5 and solid
lines are with a variable m calculated from equation 9 with ¢ = 0.06329
+0.00463¢7P/2143,

Hertz theory todce-centered sphere space—most analogous
to a clean, well-sorted, deep-marine, unconsolidated sand—

V. /V, shavn in figure 6 (lage solid circles are data from table and shaved that the &locity is proportional to 1/6 peer of
4 and small solid circles are data from table 3 in Prasad, 20@#ferential pressuréhe prediction of the Déf-Mindlin

indicates that the discrepanisetween Prasasland Domeni-
co’s data increases asfdifential pressure decreases or the
porosity of Prasad’samples approach those of Domersico’
(1977). Therefordjgures 1 and 7 suggest that thdedtdnce

in Vp/Vs between the Prasad and the frh#n and Castagna
data may come from the téfence in the dgee of compac-
tion, not from the dference in porosity as suggested by fHuf
man and Castagna (2001).

Differential Pressure and S-Wave Velocity

In order to incorporate thefett of differential pres-

theory is shan in figure4B as dash-dot-doThe least-squares
fitting of Swave \elocities with respect to dédrential pressure
is given by \{ = p?-3370.332.The theoretical prediction of the
effect of differential pressure orelocity based on the contact
theory is about one-half of the obsetvefect. This obsera-
tion is different from that by Memd and others (2001), who
demonstrated that the reseinrocks, masse turbidites in the
Gulf of Mexico, behae in accordance with the OyfMindlin
theory

In the BGTL formulation, the &fct of differential pres-
sure on elocity is incorporated by using the pressure-depen-
dent eponent nAs indicated in equation 8, nis a function of
differential pressure and s shavn in previous sections, the

sure on elasticelocities, a contact model based on the Hertzdata compiled by Prasad (2002)tffie prediction of the BGTL

theory has been used. Buand Mindlin (1957) applied the

with m= 1.0 and with m= 1.3 for the Domenico data (1977).
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The ponent of 1/6, predicted by CiyfMindlin theory; is only three samples, it is difficult to use equation 10 diregtly
approximately achieed by using BGTL with m = 4There- proper choice of n and mis important to use BGTiectively,
fore, the dgree of consolidation of reseiv rocks analyzed  and equations 8 and 9 pide general guidelines for the esti-
by Merkel and others (2001) may be much higher than that mation of nand m.

analyzed in this paper

Clay Effect on Velocity Ratio Conclusions

Contribution of clay on YV, at low differential pressures Biot-Gassmann theory by Lee (BGTL) accurately pre-
is not analyzed in this paper because of the lackaifadble dicts the elocity ratio (\/V, ) with respect to diérential
data. Havever, a brief and qualitate discussion is included  pressure by using aiable gponent in the form of n =
in order to shw a strange YV, of shaly sand. Hfihan and [10a+blog(P)/m. Pore pressure or @rential pressure can be
Castagna (2002) indicate thgfV, of sand containing 8 per  estimated from YV, or the Svave \elocity by utilizing the
cent clay by weight is l@er than that of clean sand—he fact that the YV, ratio with respect to the Sawe \elocity
interpreted that small amounts of clay act to bind loose sanddepends strongly on @i#rential pressure and is less sewusiti
grains, thereby decreasinglvS at a gven pressure. Usually  to porosity and clay contem. proper choice of the constant
clay in consolidated sand decreasesa@melocity more than mis important to reduce the uncertainty of the estimated dif-
P-wave \elocity, so clay increases thg/V of the sediment  ferential pressuréAs mincreases, YV, decreases at avgin
(Blangy and others, 1993; Lee, 200Bhis is opposite to the differential pressure and appears to depend strongly on the rate
obsenation by Hufman and Castagna (2002). Clay in sedi- of porosity reduction with respect to féifential pressure.
ments dfkects the rate of porosity reduction with respect to dif-  For differential pressures greater than about 0.2 MP
ferential pressure as well as porosity itself; thus, bddtesf ~ BGTL with m =1 accurately predicts th%NS ratio for mea-
contrikbute to the ariation of \(/V.. Therefore, without detailed sured data complied by Prasad (2002), and BGTL with m=
knowledge about the porosity and porosity reduction of shalyl.3 is satisdctory for data analyzed by Hofan and Castagna
sand, it is not concluge whether clay increases or decreases(2001).Whether or not the prediction of ¥ by BGTL is
Vp/VS of unconsolidated sediments with respect ttedéhtial  more accurate than that predicted by empirical relationships at
pressure. low differential pressures is not clear because of the paucity of
measured data atiodifferential pressure (less than 0.5 &P
To use BGTL dectively, a proper choice of thgonent
BGTL Parameter m n is important, which can begarded as a free parameter to fi
obsenations. Havever, this study shas that general guide-
As shavn in figure 5, determination of an accurate mis  lines based on d#rential pressure and thegiee of compac-
important to reduce the uncertainty of the estimatdedréifitial  tion work well for a\ariety of data sets.
pressureAs mentioned prgously, mappears to depend on
00/dp, and Prasad (2002) and Domenico (1977) data suggest
that the proposed equation 9 foisadequate. Figure 7 she
velocity versus diferential pressure for a clean sandstone
sample haing a porosity of 0.067 at 5 MHrom Han and others
(1,986)' PrEdICtedeIOCIt,I?S using BGTL V_VIth m=5agree well velocities and geological properties of near-surface sediments of
with the measure'(.iayocmes.for a dierential pressure abe the continental slope of the Barents Sea: Geophysical Prospecting,
20 MPa, tut velocities are higher than measuretbeity at v. 47, p. 431-441.
low differential pressure$his is caused by using a constant
mirrespectie of d¢/dp. By fitting the porosity with respectto  Biot, M.A., 1956, Theory of propagation of elastic waves in a fluid
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