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SHEAR-WAVE VELOCITY VERSUS DEPTH 
IN MARINE SEDIMENTS: A REVIEW 

EDWIN L. HAMILTON* 

The objectives of this paper are to review and 
study selected measurements of the velocity of 
shear waves at various depths in some principal 
types of unlithified, water-saturated sediments, 
and to discuss probable variations of shear veloc- 
ity as a function of pressure and depth in the sea 
floor. Because of the lack of data for the full range 
of marine sediments, data from measurements on 
land were used, and the study was confined to the 
two “end-member” sediment types (sand and silt- 
clays) and turbidites. 

The shear velocity data in sands included 29 
selected in-situ measurements at depths to I2 m. 
The regression equation for these data is: V, = 
l28P ‘a. where V, is shear-wave velocity in m/set, 
and D is depth in meters. The data from field and 
laboratory studies indicate that shear-wave veloc- 
ity is proportional to the l/3 to l/6 power of 
pressure or depth in sands: that the l/6 power is 
not reached until very high pressures are applied; 

and that in most sand bodies the velocity of shear 
waves is proportional to the 3/lO to l/4 power of 
depth or pressure. The use of a depth exponent of 
0.25 is recommended for prediction of shear ve- 
locity versus depth in sands. 

The shear velocity data in silt-clays and turbi- 
dites include 47 selected in-situ measurements at 
depths to 650 m. Three linear equations are used 
to characterize the data. The equation for the 0 to 
40 m interval (V, = I I6 + 4.650) indicates the 
gradient (4.65 secl) to be 4 to 5 times greater 
than is the compressional velocity gradient in this 
interval in comparable sediments. At deeper 
depths, shear velocity gradients are 1.28 sec. 1 
from 40 to I20 m, and 0.58 set -I from 120 to 650 
m. These deeper gradients are comparable to 
those of compressional wave velocities. These 
shear velocity gradients can be used as a basis for 
predicting shear velocity versus depth. 

INTRODUCTION velocity versus pressure in quartz sands are briefly 
In a previous report (Hamilton, 197la), the noted. The purposes of this report are to detail 

presence and causes of dynamic rigidity (shear and discuss probable shear velocity gradients in 
modulus) and shear waves in water-saturated land the sea floor. Because of the lack of data for the 
and marine sediments were reviewed. It was con- full range of marine sediments, data from the 
eluded that almost all marine sediments possess literature of land geophysics were used, and the 
enough rigidity to allow transmission of shear study confined to the two “end-member” sedi- 
waves. In that report, the variation of shear veloc- ment types (sand and silt-clays) and turbidites. 
ity with depth in the sediments was not consid- Turbidites are usually composed of thicker layers 
ered. of silt-clays with thinner intercalated layers of silt 

This report is a short review and study of se- and sand. 
lected, published measurements of the velocity of The values and gradients of shear-wave velocity 
low-strain (less than about 10e5) shear waves at and dynamic rigidity (shear modulus), with depth 
various depths and pressures in some principal in the sediments of the sea floor, are important 
types of unlithified, water-saturated sediments. physical properties of earth materials and are used 
Some associated studies of compressional wave in both basic and applied geophysical and engi- 
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neering studies. The shear modulus is usually de- 
termined from measurements of shear velocity 
and density. Given shear velocity, density, and 
compressional wave velocity, all of the other elas- 
tic properties can be computed. The shear modu- 
lus is critically important in studies of foundation 
vibrations, the effects of earthquakes, slope stabi- 
lities, and other practical applications. The veloc- 
ity of shear waves is also important in several 
geophysical studies such as the propagation of 

Rayleigh waves, and the interaction of sound 

(compressional waves) with the sea floor. 

METHODS AND RESULTS 

Introduction 

There are several principal methods for measur- 
ing shear-wave velocities. One of the best methods 
involves wave-generating sources on the sediment 
surface and instruments in boreholes. Warrick 
(1974) summarized these techniques, including 
the excellent work at the Earthquake Research 
Institute of the University of Tokyo. Several 
measurements in Tables I and 2 were made be- 
tween boreholes (White and Sengbush, 1953), in 

Table 1. Shear nave velocities in sands. 

Material 

Shear-wave 
velocity. 

m/set 
Depth. 

m 
Reference and method 

(see footnotes) 

Multiple measurements at each site 
Marine medium sand 

Marine medium sand 

Marine silty sand 

Marine fine sand 

hlarine coral sand 

Sincgle measurements at each site 
Fine sand 
Fine sand 
Fine sand 
Sand 
Gravelly coarse sand 
Medium sand 
Fine sand 
Medium sand 
Fine sand 
Medium sand 
Fine sand 
Sand 
Sand 
Sand 
Loose sand 
Fine sand 
Alluvial sand 

53 0.2 
287 7.2 
119 0.4 
165 3.3 
210 5.2 

82 0.1 
148 3.7 
88 0.2 

II6 2.0 
I68 4.2 
I40 0.4 
253 7.0 

131* 1.3** 
981 I .o** 
85* 0.9** 

152 0.9 
125 0.4 
197 3.4f 
I54 2.7+ 
101 2.2+ 
110 1.1** 
160 I .6** 
190 
255 ::;t’ 
230 3.4+ 
227 3.3t 
264 I2 
270 I2 
173 5 

Some maximum values (not in Figure I) 
Loose sand 518 

579 
Sand and gravel 521 
Fine sand 524 
Medium sand 475 
Fine sand 567 
Fine sand 390 

I8 
27 

0.4 
0.4 
0.4 
0.4 

I2 

Gunny and Fry (1973)-l 

Cunnyand Fry(l973)-I 

Gunny and Fr! (1973)-l 

Cunnb and Fry (1973)-l 

Cunn! and Fr! (1973)-l 

Volin et al (in Molotova 
and Vassil’ev. 1960)-l 

Stokoe and Woods (1972)-2 
Barnes et al (1973)-2 
Hamilton et al (1970)-l 

Buckeret al (1964)-l 
Barkan (1962)-l(?) 
Barkan (1962)-l(?) 
Heukelom (1961)-l 

Jolly (I 956)-3 
Shima et al (1968)-3 
Kaaasumi et al (1966) and 
Shima et al (1968)-3 

White and Sengbush (1953)-4 

Barnes et al (1973)-2 

Molotova (I 964)-5 

* V, computed from VP/ V, (V, given). 

** Depth computed as one-half length of surface wave (assumed frequency of 50 Hz). 
t Depth computed as one-half length of Stoneley or Rayleigh wave. 

Method of measurement: I = Rayleigh or Stoneley wave observation: 2 = between probes: 3 = surface source. 
borehole receiver: 4 = between boreholes: 5 = in boreholes or \\ells: and 6 = conversion compressional to shear 
\\aves. 
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Table 2. Shear ware velocities in silts, clays, and turbidites. 

987 

Shear wave 
velociti. 

- 
m/se; 

180 
300 
450 
700 

Depth, 
m 

-~ 

IO 

2:: 
650 

Material 

Multiple measurements at each site 
Saturated clay 
Saturated clay 
Saturated clay and sand 
Sat. clay, siltstone, sandstone 

Bay mud 
Clay with sand and gravel layers 

Wet clay 120* 
Wet clay 289* 
Wet clay 359* 

Wet clay 
Wet clay 

194* 
337* 

Wet clay 170* 
Wet clav 250* 
Wet clay 320* 

Deep-sea sediment 50 0 
Deep-sea sediment II0 4 
Deep-sea sediment 190 I6 

Silty clay 137 
Silty clay I65 
Clayey silt 174 
Silt 192 
Clay, firm 203 
Sandy silt 235 
Shaley clay 239 

4 
9 

Alluvial silt 102 
I20 
I56 
200 
270 

Ii 
I7 

:: 

Ih 

Sandy clay 

Silty clay with sand, shell 

Single measurement at each site 
Clayey silt 
Clayey silt 
Clayey silt 
Clayey silt 
Clay 
Clay 
Turbidites 
Saturated clay 
Plastic clay 

g; y 

Cla) 

2;: 
380 

2: 
II2 

iz 
:: 
42 

225 30 
250 38 
275 51 

843 
257$ 

201 
IO1 
I08 

2:: 
354 
400 
430 
310 
I75 
300 
122 

5 
2t 
2t 
2+ 

IO 

1:: 
140 

37 
IO 
I7 
IO 

Reference and method 
(see footnotes) 

Zhadin (in Vassil’ev and 
Gurevich. 1962)-5 

Warrick (l974)-3 

Zhadin (in MolotoLa and 
Vassil’ev. l960)-5 

Berdennikova (In Molotova and 
Vassil’ev. 1960)--4 

Zhadln (in Molotova and 
Vassil’ev. 1960)-j 

Davies (1965)-l 

Gunny and Fry (1973)-l 

Kudo and Shima (1970)-3 

Ohta (1967)-3 

Aisiks and Tarshanskq (1969)-q 

Stokoe and Wood5 (1972)-2 
Hamilton et al (1970)-l 

Molotova (1963)-j 
Molotova (1966)-5 
Sutton et al (1971)-6 
Berzon et al (1967)--j 
Molotova (I 964)-5 
Shima et al (1968)-3 

Ohta and Shima (1967)--3 

* V, computed from V,/ V, (VP given). 
** Depth computed as one-half length of surface wave (assumed frequency of 50 Hz) 
+ Depth computed as one-half length of Stoneley or Rayleigh v.ave. 
3 V, comput&d from shear modulus and density (Trask and Rolston. 1951). 

Metho(l of measurement: I = Rayleigh or Stoneleiz wave observation: 2 = between probes: 3 = surface source. bore- 
hole receiver: 4 = between boreholes: 5 = in boreholes or wells: and 6 = conversion compressional to shear haves. 
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boreholes (BerLon et al, 1967), or between probes 
(Stokoe and Woods, 1972; Barnes et al, 1973). 
Cunny and Fry (1973) reviewed the extensive 
work by the Waterways Experiment Station using 
surface vibrators and measurements of the fre- 
quency and wavelengths of Rayleigh waves (from 
which shear-wave velocities can be derived). 
Bucker et al (1964) and Hamilton et al (1970) 
described measurements off San Diego of the ve- 
locity of Stoneley waves, from which shear-wave 
velocities can be derived. Davies (1965) reported 
the shear velocity profile (from Stoneley-wave 
measurements) to I6 m in the Somali Basin in the 
western Indian Ocean. In these Stoneley-wave 
studies, the explosive source and a line of geo- 
phones were both on the sediment surface. Shear- 
wave velocities have also been measured between 
reflecting boundaries after conversion of compres- 
sional to shear waves (Sutton et al. 1971). 

To supplement their relatively few measurements 
(Table I ), it was decided to include all available 
measurements within this velocity range, but to 
increase the depth to I2 m to include two meas- 
urements by Jolly (1956) and Shima et al (1968). 
A selection of higher shear velocities, not included 
in Figure I or in the regression equation, is listed 
in Table I to indicate maximum values. TO have 
included all of these in the statistical analysis 
would have resulted in such wide scatter as to 
render the resulting gradient a statistical artifact. 
The in-situ gradient determined after this selec- 
tion procedure is verified by laboratory measure- 
ments in sands as discussed in a later section. 

Most of the measurements in the tables had 
depths or depth intervals listed in the referenced 
work. Where an interval was recorded, the depth 
to the midpoint of the interval was used with the 
interval shear velocity. Where the original report 
concerned Rayleigh waves, and a depth was not 
given, the derived shear-wave velocity is listed and 
plotted at a depth equal to one-half the wave- 
length of the Rayleigh wave. This procedure fol- 
lowed common practice in soil mechanics experi- 
mental work (e.g., Cunny and Fry, 1973), and is 
partially (at least) supported theoretically (Rich- 
art et al, 1970, p. 113). Where the frequency was 
not given. it was assumed to be 50 Hz. In the 
measurements by Bucker and his colleagues there 
was insufticient information to determine the 
depth of penetration of the Stoneley waves (at 20 
or 25 Hr: Bucker et al. 1964) into the sediments. 
In these cases, the derived value of the shear wave 
was listed and plotted at one-half the length of the 
Stoneley wave. 

In selecting shear-wave velocity data to repre- 
sent marine sands, those measurements made in 
some mixed-grain sediment types, such as sandy 
silt and sand-silt-clay, were not used. Also ex- 
cluded were measurements in mixed lithologies 
such as “alluvial sands, gravels, and clays.” 

All measurements (Table I, Figure 1) are in situ 
except one, which was in a large bin in the labora- 
tory (Stokoe and Woods. 1972). Measurements 
both above and below the water table were used in 
these sands. as discussed in a later section. 

The 29 selected measurements in sands at 
depths from 0.1 to I2 m are listed in Table I and 
plotted against depth in Figure I. The regression 
equation for these data is 

where 

v c = 1280°.28. (1) 

V, is shear-wave velocity, m/set. 
D is depth in the sand body, m. 

In situ shear-wace data on silt-clays and turbidites 

In-situ shear-\t’aue data on sands 

There are more data on shear velocity versus 
depth in unlithihed silt-clays and turbidites than 
in sands. Almost all, however, are from terrestrial 
measurements, 

One purpose of this study was to determine Data were selected which were known to be in 
reasc~*~~;l ’ ;n-situ values of shear velocity as a fully saturated. unlithified material of a type, and 
function ot depth in the upper IO to 20 m of with physical properties, which might be present 
various natural marine sands, The best way to in thick, marine silt-clay, or turbidite sections. 
determine these gradients would be to measure Data were not used if shear velocity was meas- 
shear velocities at several depths at the same site ured above the water table, as discussed in a later 
in various homogeneous sand layers. Cunny and section. Measurements in definitely lithified mate- 
Fry (1973) have published the only such measure- rials such as shale were not considered. 
ments, in situ, in natural marine sands, The veloc- Data were eliminated if the compressional ve- 
ity range in their study, in five different areas, was locity. accompanying the shear velocity, was too 
53 to 287 m/set in the depth range of 0. I to 7.2 m. high for the indicated depth in the sediments. For 
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FIG. I. Shear-wave velocity versus depth in selected water-saturated sands. Multiple measurements at 
the same site are connected by solid lines. The dashed line is the regression equation: V, = 128 (D)“-‘“. 

example, a compressional wave velocity of 2400 
m/set is unlikely at a depth of 50 m in a marine 
silt-clay or turbidite section. This criterion was 
based on recent studies (e.g., Houtz et al, 1968: 
Hamilton et al, 1974) which related compres- 
sional velocity with depth in sediments in various 
areas of the world’s ocean. If compressional ve- 
locity is too high for the indicated depth, then 
shear-wave velocity is also apt to be high. Some 
causes involve removal of overburden through 
slumping or erosion, and/or there has been some 
cementation (lithification) so that the material is 
no longer a soft sediment. 

Data were eliminated if density was too high or 
porosity too low in relation to an average marine 
silt-clay or turbidite section (Hamilton, 1976). 
For example, a porosity of 30 percent is unlikely 
at a depth of seven meters in such materials. Data 
were also eliminated for mixed lithologies such as 
alluvial sands, gravels, and clays. 

All selected measurements were in situ in natu- 
ral, saturated sediments at depths from 1 to 650 
m. Of the 47 measurements, 39 were at depths less 
than 42 m. Below 40 m, data are scarce (as se- 
lected). It was decided to use the excellent meas- 
urements by Warrick (1974) between 36 and 120 
m. Warrick’s measurements were taken in a bore- 
hole in the shore of San Francisco Bay. The two 
values used were in the older sediments under the 
Bay Mud. These older sediments are clay with 
sand and gravel layers. Except for the gravel, the 
sediments are similar in type to deeper-water tur- 
bidites. 

In the depth range of 120 to 650 m, the profile 
and gradient were based on tive measurements, 
including one by Warrick at I I2 m. Two measure- 
ments are from Zhadin (in Vassil‘ev and Gurev- 
ich, 1962): one in water-saturated clays and sands 
at 250 m, and the other in water-saturated clays, 
sandstones, and aleurolites (siltstone) at 650 m. 
The compressional velocity of 2100 m/set in the 
deeper measurements indicates that the section is 
essentially unlithified. A third Soviet measure- 
ment (Berzon et al. 1967). in water-saturated clays 
(V, = 1640 m/set. V, = 430 m/set, at 140 m), was 
based on acoustic logs and downhole surveys in a 
280-m thick layer. The fifth measurement, in the 
Delgado Fan in the deep-sea off California, was 
made with ocean-bottom seismometers (Sutton et 
al. 197 I ). The shear velocities were approximated 
by using delay times from compressional to shear- 
wave conversions at the base of the sediments. 
Although the compressional velocity (2 100 
m/set) in the 0 to 300 m interval is too high for 
most marine turbidite sections, the shear velocity 
measurement (400 m/set) was used because it is in 
a deep-sea fan, and is only one of two in deep-sea 
sediments. A shear velocity measurement in the 
interval of 300 to 1300 was not used because the 
compressional velocity (2700 m/set) indicated 
probably lithified material. This was probably 
confirmed by the Deep Sea Drilling Project which 
encountered altered basalts, chert, and andesites 
at four sites in the Delgado Fan at depths from 
212 to 384 m (McManus et al. 1970: Kulm et al. 
1973). 
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SHEAR WAVE VELOCITY, m set 

FIG. 2. Shear-wave velocity versus depth in selected water-saturated silt-clays and turbidites. Multiple 
measurements at the same site are connected by solid lines. The dashed lines are three regression 
equations. One measurement (V, = 700mlsec at 650 m) is not shown. 

The selected data for silt-clays and turbidites 

are listed in Table 2 and plotted in Figure 2. After 

study and trial of various nonlinear regression 
equations, it was apparent that none properly 
characterized the data. It was thus decided to 
express the velocity-depth relations (Figure 2) 
with three linear equations. All data at less than 
42 m yield a linear equation for use between the 
depths indicated (VS is in m/set, and depth D in 
m): 0 to 36 m: 

I’, = 116 + 4.650. (2) 

Based on only two measurements. but unusu- 
ally good ones (Warrick, 1974), from 36 to 120 m: 

V, = 237 + 1.280. (3) 

Based on five measurements, including one by 
Warrick (1974) at 112 m, from 120 to 650 m: 

V, = 322 + 0.580. (4) 

DISCUSSION AND CONCLUSIONS 

Efects of moisture content 

Many of the measurements of compressional 
and shear-wave velocities in the literature have 
been made on land through the weathered zone 
above the water table. When the position of the 
water table is not stated, it can be inferred that the 
measurement was above the water table when the 
compressional velocity is significantly lower than 
in water of the appropriate physical properties- 
e.g.. in all cases less than about 1300 to 1400 
m/set. 

The water table has little influence on shear 
w’aves in sands, with velocities only slightly less in 
completely saturated sands than in completely dry 
materials (e.g.. Figures 3 and 4). Hardin and 
Richart (1963) noted that the addition of as little 
as 1.4 percent moisture can reduce the shear mod- 
ulus by as much as 15 percent in round-grained 
sands (apparently because of grain lubrication), 
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DIFFERENTIAL PRESSURE, P.S.1 

FIG. 3. Velocity of compressional (longitudinal) and shear (transverse) waves versus pressure in dry and 
brine-saturated (25 gm/liter NaCI) St. Peter fine sand (100-120 mesh. or 0.125-0.149 mm). By per- 
mission of the Shell Development Co. (personal communication. 1965): from Hamilton (I971 a). 

while angular sands are not affected. Most natural 

sands are angular, and even above the water table 

will usually have small amounts of moisture. Be- 

low the water table, the sediment pore water does 

not transmit shearing motions, but merely lubri- 

cates the grains. Consequently, it has been deter- 

mined that shear and Rayleigh wave velocities in 

sands are little affected by the water table (e.g., 

Richart et al, 1970). 

The position of the water table in cohesive sedi- 

ments (such as silt-clays) is important in shear- 

wave measurements. Above the water table, silt- 

clays are apt to contract and harden when drying, 

and shear moduli are higher than in the section 

below the water table. Consequently. measure- 

ments in silt-clays above the water table must be 

eliminated for studies of saturated sediments. 

Relationships between velorities of Rayleigh and 
shear waves 

In some reports (e.g.. Cunny and Fry, 1973), 

the Rayleigh wave velocity is taken as the shear 

velocity for practical engineering purposes. The 

Rayleigh wave velocity can be related to the 

shear-wave velocity through Poisson’s ratio or the 

V,/V, ratio (e.g., Knopoff, 1952: Kolsky. 1963; 

White, 1965; Richart et al. 1970; Jones, 1958). A 

survey of Poisson’s ratio in surficial, saturated 

marine sediments (this study; Hamilton, 197la. 

1974) and to depths to which the Rayleigh wave 

velocity is measured in soil mechantcs studies, 

indicates that almost all fall between 0.45 and 

0.50. This means that, usually, the velocity of 

Rayleigh waves in the upper levels of saturated 

marine sediments will be about 5 percent less than 

the velocity of shear waves. Thus the approxima- 

tion noted above is reasonable. A closer approxi- 

mation (if insufficient data were available for 

more precise computations) for fully saturated, 

unlithified sediments would be to add 5 percent to 

measured Ray leigh waves velocities to estimate 

shear-wave velocities, or deduct 5 percent from 

measured shear velocities to approximate Ray- 

leigh wave velocities. In the case of the data of 

Gunny and Fry (1973), the shear-wave velocities 

were used as reported. Use of “corrected” veloci- 

ties made no significant difference in the regres- 

sion equations. 

Pressure effects 

In discussing pressure effects in water saturated 

sediments it is important to define terms. The 

total pressure P (also called the overburden pres- 

sure or the,geostatic pressure) is the sum of the 

fluid pressure P, in the sediment pore spaces and 

the effective pressure P,. In the upper levels of the 

sea floor, pore-water pressure is usually hydro- 

static. Effective pressure (also called intergranular 

or differential pressure) is formed by the buoyed 

weight of the mineral grains and is transmitted 

through the sediment mineral frame. EITective 

pressure in natural, water-saturated sediments is 
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DIFFERENTIAL PRESSURE, P.S.I. 

FIG. 4. Velocity of compressional (longitudinal) and shear (transverse) waves versus pressure in dry and 
brine-saturated (25 gm/liter NaCI) St. Peter coarse sand (20-30 mesh, or 0.59 to 0.84 mm). By 
permission of the Shell Development Co. (personal communication, 1965): from Hamilton (197la). 

easily computed: (saturated bulk sediment density 
minus density of pore water) times the depth in 
the sediments. In symbols: P = P, + P,. Any text 
book on soil mechanics has additional detailed 
discussions (e.g., Lambe and Whitman, 1969, p, 
241-250). 

In discussing the effects of intergranular (etfec- 
tive) pressure on shear and compressional wave 
velocities, a sharp distinction has to be made be- 
tween sand bodies and higher porosity silt-clay 
layers. In sands, there is very little reduction of 
porosity because of pressures in the upper tens of 
meters (e.g., Roberts in Lambe and Whitman, 
1969, p. 157, 298). Consequently, porosity 
changes due to pressures can be eliminated as a 
factor in velocity changes at shallow depths in 
sands. Effective pressure in silt-clays reduces po- 
rosity, which causes marked changes in the elastic 
properties of the material, and the increase of 
both compressional and shear-wave velocities. 
Consequently, in the following discussions, pres- 
sure relationships in sands will be stressed, but not 
those in silt-clays. 

Before discussions of laboratory studies, a note 
should be made of the differing pressures used. In 
the Shell Development Co. study and the one by 
Gardner et al (1964), differential or effective pres- 
sure was used. In the studies by Hardin and Rich- 
art (1963) and Hardin and Black (1966, 1968), the 
pressures are “effective confining pressure,” dis- 
cussed in these references and by Richart et al 

(1970, p, 137, 169). The effective confining pres- 
sure depends on the submerged unit weight and 
depth in saturated sediments, and on Poisson’s 
ratio; it is difficult to evaluate in the field (see 
Richart et al. 1970. p. l69- I70 for calculation and 
discussion). Average values of Poisson’s ratio in 
various types of saturated sands probably varies 
between 0.46 and 0.49 [Hamilton, 1974: Shell De- 
velopment Co. data, (personal communication, 
1965), Figures 3, 41. Effective confining pressure 
for these values of Poisson’s ratio would be 90 to 
97 percent of normal effective pressure due to 
overburden. 

Shear-wave velocity versus pressure and depth in 
sands 

Hardin and Richart (1963) used a resonant- 
column technique to derive empirical equations 
relating shear velocity and the shear modulus to 
pressure and void ratio e [porosity = e/(1 + e)] 
for round-grained and angular quartz sands, 
These data were supplemented and manipulated 
by Hardin and Black (1966. 1968) and the result- 
ing empirical equations were recommended by 
Richart et al (I 970. p. 154) for use in approximate 
engineering computations. Pressures to about 7 
kg/cm* were used in these studies. The equations 
for angular-grained materials (sands and some 
clays. wet or dry) are 
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G 
1230(2.973 - e)’ p n i 

,,‘I = --__---- ‘.,lS, 
1+e 

3 (5) 

993 

Shell) in which the number of stress-bearing 

grain-to-grain contacts is not a constant. as as- 

sumed by contact theory. but increases linearly 

with strain. Shear velocity dependence in both dry 

and saturated sand. and compressional velocity in 

dry sand, then varies from 3/lO to l/6 power of 

effective pressure as pressure increases to the 

point where all contacts are made. 

V J fPS = [159 - (53.5)f?]P,,,,_fi’ “,-‘, (6) 

where 

G is the rigidity or shear modulus, psi: 

V, is shear wave velocity, feet per second (fps): 

e is void ratio: and 

P, is effective confining pressure (in the units 

shown: pounds per square inch (psi), or 

pounds per square foot (psf). 

Equations (5) and (6) have been shown to ap- 

proximate some field measurements (e.g.. Whit- 

man et al, 1969: Richart et al, 1970. p. 169). 

The results of pulse technique measurements of 

compressional and shear-wave velocities in coarse 

and fine quartz sands by the Shell Development 

Co. were published with their permission by 

Hamilton (197la): these results are reproduced 

herein as Figures 3 and 4. Equations were com- 

puted for the Shell velocity data in the form: V = 
KP” (where P is effective pressure and K is a 

constant) for compressional (V,) and shear wave 

(V,) velocities in the brine-saturated condition (25 

gm/liter NaCI). 

For fine sand (100 to I20 mesh, or 0.149 to 

0.125 mm) from I .4 to 28.1 kg/cm* (Figure 3). 

V,, = 1736P”‘n”, (7) 

v, = 237p”.“, (8) 

For coarse sand (20 to 30 mesh, or 0.84 to 0.59 

mm) from I .4 to 7.0 kg/cm* (Figure 4). 

v,, = 1939P” n’n, (9) 

V, = 256P”.“” (10) 

and for coarse sand from 7.0 to 28.1 kg/cm*, 

v,, = 199 1 P” l)“.l, (11) 

V * = 285~“.~” (12) 

where V,, and V, are in m/set. and effective pres- 
sure P is in kg/cm*. 

The Shell Co. investigators considered that. 

overall, shear velocity varied with the l/4 power 

of pressure in both dry and saturated sand. To 

explain the departure from the theoretical l/6 

power relationship, the Shell investigators, in a 

Progress Report of the Shell Development Com- 

pany dated 1958 (personal communication. 1965) 

favored a theory (attributed to A. S. Ginzbarg of 

The Shell data did not include porosity or den- 

sity values. Assuming that the Shell coarse sand 

had a porosity of 36 percent and the fine sand a 

porosity of 46 percent, and that there was no 

reduction of porosity due to effective pressure to 

depths of several tens of meters. pressure was 

computed for various depths to 20 m and equa- 

tions w’ere computed relating depth in the sands to 

compressional and shear-wave velocities. 

For the fine sand (0 to 20 m). 

V,, = 1681 D” ““, 

V, = 12OD” “. 

For the coarse sand (0 to 20 m). 

(13) 

(14) 

V,, = 1869 D” ““‘, (15) 

V, = 127 Dr”n’, (16) 

Many of the measurements listed in Table I had 

insufficient data on grain sizes. density, or poros- 

ity, but the “average” grain size of all these sands 

was probably in the fine sand category. The re- 

gression equation (I ) on these data (V, = 128D”.**) 

is very close to Shell equation (14) for fine sand 

( V, = I ZOD” 28). and is close to Shell equation (I 6) 

for coarse sand (V, = 127D0.31). Computations 

and comparisons between the Hardin and Richart 

equation (6), and the Shell equation for fine sand 

(8) and coarse sand (IO) at the same assumed 

pressures and porosities. indicates less than IO 

percent differences in shear velocity. Thus. these 

three separate investigations mutually support 

each other. A conclusion is that the Hardin and 

Richart (1963) equation (6) is a good. general 

predictor of shear velocity as a function of depth 

in sand. and has the advantage of including void 

ratio (or porosity) as a variable factor. However, 

many measured values of near-surface shear ve- 

locities in sands are greater than might be pre- 

dicted by equation (6). as in Table I. In these 

cases. the exponent of depth can be used to derive 

shear velocities at greater depths in the sands (as 

discussed in a later section), 

Pilbeam and Vaisnys (1973) have recently per- 

Downloaded 27 May 2012 to 134.246.166.168. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/



994 Hamilton 

formed some experiments and have reviewed the 

relationships between pressure and velocity in 

granular aggregates. Their experiments are in 

agreement with previous work (reviewed in 1963 

by Hardin and Richart) in that they showed com- 

pressional and shear wave velocities to be propor- 

tional to the l/3 to I /6 power of pressure in dry 

and partially saturated (lubricated) material. 

They point out that contact theory calls for the 

I /6 power (reviewed by White. 1965). but note 

that tests with steel balls by Duffy and Mindlin 

(1957) and by Duffy (1959) showed pressure ex- 

ponents varying from l/3 to l/4 to pressures of 

about 0.7 kg/cm*. and thence to the l/6 power at 

greater pressures. Pilbeam and Vaisnys (I 973) de- 

rived a model calling for velocity proportional to 

the l/3.3 (0.303) power of pressure at lower pres- 

sures. Their model was similar to that of Ginzbarg 

and required an increasing number of inter- 

particle contacts as pressure increases until a pres- 

sure is reached at which no new contacts were 

being made. Thus, one should expect changes in 

the exponent with increasing pressures. 

Gardner et al (1964) used a resonant-column 

vibration technique to measure relations between 

velocities of compressional and shear waves and 

pressure in dry and partially saturated quartz 

sand and glass beads. They concluded that both 

compressional and shear-wave velocities varied 

with the l/4 power of effective pressure to pres- 

sures of 1000 psi (70 kg/cm’) and gradually ap- 

proached the l/6 power above 5000 psi (352 

kg/cm*). 

Summary.-The relationship between shear ve- 

locity and pressure in sands is important in pre- 

dicting shear velocity, the shear modulus. and 

other elastic moduli with depth in a sand body. 

A great deal of theoretical and experimental 

work reviewed in the cited studies indicates that 

shear velocities in sands cannot be fit by a simple 

power law, as the exponent in such a power law 

decreases from l/3 to l/6 as the pressure in- 

creases. It is apparent from the referenced studies 

that the l/6 power will probably not be attained 

in sands until pressures of the order of 350 kg/cm* 

are achieved (Gardner et al. 1964). 

Gardner et al (I 964) and the Shell investigators 

went to pressures of 60 to 70 kg/cm2 and found 

velocity related to the l/4 power of pressure. Ef- 

fective pressure in sands increases by approxi- 

mately I kg/cm* per IO m increase in depth. Pres- 

sures to 70 kg/cm2 would be found in sand bodies 

about 700 m thick. Few loose. uncemented sands 

(especially in the sea floor) are this thick. For 

practical purposes. therefore, the cited studies 

show that variation of shear velocity with depth 

or pressure can be fit by a power law with an 

exponent of I /3 to 1/4 in most natural sand bod- 

ies. The present study found an exponent of 0.28 

to a depth of 12 m [equation (l)]. 
In view of the several careful studies in which 

numerous variable factors were considered. and 

the fact that these variables could not be meas- 

ured or known in the field, the writer recommends 

use of a depth (or pressure) exponent of l/4 (0.25) 

in computations and predictions of shear velocity 

as a function of depth in sands. There is a possi- 

bility that 0.3 may be closer in the upper IO m of 

sands. but this requires further experimental veri- 

fication. 

Shear-wave velocity gradients in silt-clays and 
turbidites 

The relations between shear-wave velocity and 

depth in silt-clays and turbidites (Figure 2) are 

expressed by three linear equations. The first, 

equation (2). for depths between 0 and 36 m, has a 

slope, or gradient. of 4.65 (m/sec)/m (or set-I). 

This gradient is about 4 to 5 times greater than the 

gradient for compressional waves in comparable 

marine sediments (Houtz et al. 1968: Hamilton et 

al. 1974). The shear-wave velocity gradient from 

36 to 120 m is 1.28 set-‘. equation (3). which is 

comparable to the gradient for compressional ve- 

locity (about I, I set-I) in the same interval in the 

average marine section (Hamilton et al. 1974). 

The shear velocity gradient in the 120-m to 650-m 

interval is 0.58 set-’ [equation (4)]. The average 

compressional wave velocity gradient in this inter- 

val is about 0.8 set-’ (Hamilton et al. 1974). 

Prediction of shear velocity profiles 

The velocity of compressional waves in surficial 

marine sands and silt-clays can be predicted 

within narrow limits because of numerous labora- 

tory and in-situ measurements (Hamilton, 1970. 

1971 b, 1974. and references therein). The rela- 

tively few shear-wave measurements, and their 

wide range in values (as in Tables 1 and 2), make 

the prediction of shear velocity in surficial sedi- 

ments difficult and tenuous. 

To predict shear velocity as a function of depth 

requires a value at or near the sediment surface 

and the gradient of velocity, In the absence of a 

measured value in surficial sediments. one can be 

approximately computed. or taken from tables 
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and corrected to in situ (Hamilton, 197la.b). as- Electronic Systems Command (code 320). and the 

sumed from measurements in similar materials (as Office of Naval Research (code 486). 

in equations (I) and (2). or Tables 1 and 2). or 

computed from appropriate equations [such as REFERENCES 

equations (5) and (6) for sands]. Given a value Aisiks. E. G.. and Tarshansky. I. W.. 1969. Soil studies 

near the sediment surface, shear velocity as a for seismic design of San Francisco Transbay Tube, 

function of depth can be approximated by using 
in Vibration effects of earthquakes on soils and foun- 
dations: Am. Sot. Test. Materials. Spec. Publ. 450, p. 

the gradients of velocity as indicated above. For 138-166. 

sands. an exponent of depth of l/4 is recom- 
Barkan. D. D.. 1962. Dynamics of bases and founda- 

tions: New York, McGraw-Hill Book CO.. Inc. 
mended: for silt-clays, the linear gradients of Barnes. B. B.. Corv+in. R. F.. Hildebrand, T. G.. Jack- 

equations (2). (3). and (4) are recommended. son. L.. Kessler. R.. Takeyama, W., Hornick. M.. 
and Jenkins, R.. 1973. Geophysics applied to geo- 

Compressional velocity versus depth in sands 
technical problems in a marine environment. a case 
study: Monterey Bay. California: An. Rep. 

A review of compressional velocity gradients in 1972-1973. Washington. D. C. Environmental Res. 

sands is not an objective of this report, but it is 
Labs.. NOAA. 

Berzon. I. S.. Ratnikova. L. I.. and Mitronova, V. A., 

appropriate to note compressional velocity varia- 1967. Shear waves reflected from a thin high-speed 

tions with depth in the Shell sand data [Figures 3 
layer. in Seismic wave propagation in real media: I. S. 

and 4. and equations (13) and (l5)]. 
Berzon, Ed.: English translation, Consult. Bur., New 
York. 1969. p, 154-162: orig. public.. Nauka Press. 

Some misleading data have entered the liter- Moscow. 1967. 

ature in regard to compressional wave velocity in 
Bucker. H. P.. Whitney. J. A.. and Keir. D. L.. 1964. 

“saturated” sands: saturation in this context im- 
Use of Stoneley tiaves to determine the shear velocity 
in ocean sediments: J. Acoust. Sot. Am.. v. 36, p. 

plies 100 percent saturation. At loo-percent satu- 1595- 1596. 

ration, compressional velocities in sands are well 
Cunnv. R. W.. and Fry. Z. B.. 1973. Vibratory in situ 

and laboratory soil moduli comnared: J. Soil. Mech. 
above those in water and in the usual range of 

1500 to 1900 m/set in both laboratory and field 

(e.g.. Figures 3. 4: Hamilton. 1970. 1974: Ham- 

ilton et al. 1970: McCann and McCann. 1969). 

When compressional velocity in “saturated sand” 

is reported in the range of several hundred m/set, 

the reader should immediately conclude that the 

sands were incompletely saturated. 

In dry or partially saturated sand, compres- 

sional wave velocity varies with effective pressure 

in about the same way as shear velocity: the ex- 

ponent of pressure usually varies between l/3 and 

l/6 with an approximate l/4 at lower pressures 

(e.g.. Figures 3 and 4: Gardner et al. 1964). When 

the sands are fully saturated, the compressional 

velocity increases dramatically. and there is a 

slight increase of compressional velocity with 

pressure (e.g., Figures 3 and 4). Equations (7). (9). 

(13). and (I 5) indicate that for the Shell data, in 

the upper 10s of meters. the compressional wave 

velocity in the saturated sands varies with the 

0.013 or 0.016 power of pressure and depth. In 

computations or predictions of compressional 

wave velocity versus depth in saturated sands, an 

exponent of pressure, or depth. of 0.015 is in- 

dicated by the Shell data. 
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