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22. GEOTECHNICAL PROPERTIES OF SEDIMENTS IN A CARBONATE-SLOPE ENVIRONMENT:

OCEAN DRILLING PROGRAM SITE 630, NORTHERN LITTLE BAHAMA BANK!

Dawn Lavoie?

ABSTRACT

Three holes were cored at Site 630 during Leg 101 of the Ocean Drilling Program. Whole-round samples were ob-
tained for geotechnical analyses from Hole 630B. Consolidation studies, which relate changes in the coefficients of con-
solidation, compressibility, and permeability to the overburden pressure, indicate that sediments recovered to 79.4 mbsf
(meters below seafloor) are not significantly consolidated. This may be a function of total carbonate content, mineral-
ogy, and type of carbonate constituents. The lower total porosity and permeability of Section 101-630B-2H-5 relative to
101-630B-5H-6 and 101-630B-9H-6 are explained in terms of effective fluid flow, total calcium carbonate content, and
type of constituents present.

Results from triaxial shear testing and direct shear testing indicate that Section 101-630B-2H-5 has a higher degree
of cohesion and a higher angle of internal friction (¢) than sediment recovered deeper in the section, although angles of
internal friction from all three samples are lower than typical angles measured from deep-sea foraminiferal ooze. At-
tempts to compare triaxial shear results qualitatively with measurements of undrained vane shear strength from Hole
630A suggest that the latter may be meaningless if taken from sediments dependent on overburden pressure to maintain
strength.

Calculations based on consolidated and drained shear strength suggest that if the sediment column is homogeneous,
the slope will be stable to 14° of inclination. If the inhomogeneities in the section, such as the turbidite layers known to
be present, are weaker than the sediments tested, then the stable slope inclination may be less than that calculated. This
is substantiated by the abundance of seismic evidence for slumping, sliding, and imbricate thrusting on this gentle (2°-

3°) slope.

INTRODUCTION

Sediment shear strength and slope stability are related to the
physical properties of sediments. Soil mechanics principles and
consolidation and triaxial shear testing can therefore be used to
study the depositional characteristics of slope carbonate sedi-
ments. From these analyses, consolidation characteristics, in-
cluding compressibility and permeability, and shear-strength
characteristics can be determined. Drilling at Site 630, north of
Little Bahama Bank, investigated changes in the shear strength
of carbonate sediments as a function of burial depth and related
results to shipboard physical-property measurements of these
same sediments. An expected result is that an increase in consol-
idated, drained, shear strength would correlate with increased
undrained shear strength and with increased shear velocity. An
unexpected result is that the total percentage of calcium carbon-
ate and the specific types of grain and matrix material are as im-
portant as overburden pressure on shear strength and consolida-
tion characteristics of these carbonate sediments.

STRATIGRAPHY

Site 630, the shallowest of a three-site transect north of Lit-
tle Bahama Bank, was cored at a water depth of 807 m (cor-
rected) (Fig. 1). A major objective was to sample a complete se-
quence of periplatform ooze of the Little Bahama Bank tran-
sect in order to study sediment transport between two major
gullies on a gentle (2°-3°) accretionary slope (Austin, Schlager,
et al., 1986). Hole 630B duplicated the upper part of the section
at Site 630 so that whole-round geotechnical samples could be
obtained. The geotechnical analyses were intended to character-
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ize the change in consolidation and shear-strength characteris-
tics of carbonate periplatform ooze with increasing overburden
stress.

After shipboard study of smear slides, two major stratigraphic
units in Hole 630A were identified (Austin, Schlager, et al.,
1986). Unit I (0-146 mbsf) consisted of about 90% periplatform
ooze and 10% turbidite layers (packstones). One whole-round
sample was recovered from Hole 630B at a depth that correlates
with Subunit 1A and two from depths that presumably correlate
with Subunit 1B (Table 1). However, both measured index prop-
erties and the lack of aragonite (Table 2) indicate that Section
101-630B-9H-6, recovered from 79.4 to 79.8 mbsf, is more typi-
cal of sediments recovered from Subunit 1C.

Shipboard calcium carbonate measurements indicate that the
upper 30 m of sediment is almost pure calcium carbonate. Total
calcium carbonate decreases with depth until the base of Unit I
is reached (Fig. 2) (Austin, Schlager, et al., 1986). In carbonate
environments, aragonite generally undergoes a gradual change
to calcite with increasing time, pressure, and burial depth (Bath-
urst, 1976). The mineralogy of Site 630 demonstrates this phe-
nomenon, as aragonite decreases with depth, and by 70 mbsf it
completely disappears (Austin, Schlager, et al., 1986). This de-
crease in aragonite is reflected in the specific gravity measured
in the three samples (Table 2). Pure aragonite has a specific
gravity between 2.85 and 2.94; calcite has a specific gravity of
2.711 (Hodgman et al., 1963).

CONSOLIDATION CHARACTERISTICS

Changes in the coefficient of consolidation, bulk modulus
and its inverse, compressibility, and permeability can be related
directly to the magnitude of overburden pressure by means of
consolidation testing. When a sample is first placed under load,
pore water carries the load. As the pore water drains from the
sample, the load is transferred to the sediment structure, caus-
ing the realignment of grains and a more compact structure
(Richards and Hamilton, 1967; Lambe and Whitman, 1979).
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Figure 1. Location map of Leg 101 drilling sites. Site 630 is the shallowest site in a three-hole tran-
sect north of Little Bahama Bank. (From Austin, et al., this volume.)

Table 1. Comparison of Hole 630B sample locations with Hole 630A lithostratigraphy.®

Depth
Subunit  (mbsf) Age Constituents Section
IA 0-28 early/late Pleisto-  7.5% foraminifers; 101-630B-2H-5
cene 15% nannofossils; 45% micrite (10.94-11.30 mbsf)

(grains smaller than 25 u);
abundant aragonite

1B 28-90 early Pliocene 10% foraminifers; 50% 101-630B-5H-6
nannofossils; 25% micrite; (41.00-41.5 mbsf)
common aragonite

IC 90-146  late Miocene 30% foraminifers; 40% 101-630B-9H-6

nannofossils; 15% micrite; (79.4-79.8 mbsf)

rare aragonite

early Pliocene

4 Depths shown correlate with depths within Subunits IA and IB from Hole 630A. Section 101-630B-
9H-6, although recovered from 79.4 to 79.8 mbsf, contains rare aragonite and is similar in composi-

tion to sediment recovered from Subunit IC.

The relationship between the amount of solid and void space is
expressed by the void ratio (e). Since the diameter of the sample
is fixed during testing, the void ratio (e) can be calculated from
the change in sample height during the consolidation test. Plots
of void ratio versus normal stress, e-log p curves (Fig. 3), illus-
trate the results of consolidation tests from Hole 630B. Gentle
curves without distinct inflection points are typical of either cal-
careous or disturbed samples.

Many marine sediments uppermost in the sediment column
display an apparent overconsolidation often attributed to chem-
ical alterations such as cementation (Bjerrum, 1967) or sedi-
ment cohesiveness. Otherwise, overconsolidation indicates that
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a sediment has had a greater overburden pressure at some time
in the past. Erosion, slumping, and other combinations of geo-
logic processes acting on the sediment may then remove over-
burden and decrease the overburden stress. In contrast, under-
consolidation occurs when the present overburden creates a ver-
tical effective stress greater than the effective stress calculated
from consolidation tests. In general, underconsolidated sedi-
ments exhibit pore-water pressures greater than hydrostatic.
Plotting the change in sample height divided by the sample
height (AH/H) versus normal stress (o,) (Fig. 4) has the effect
of normalizing the consolidation curves for different samples so
that relative consolidation states can be inferred.
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Table 2. Index properties of sediments from Hole 630B.*

Specific Water Burial

Aragonite gravity Sand content Porosity depth

Section (%) (Gy) (%) (%) (%) (mbsf)
101-630B-2H-5 40-50 2.7 63.5 46.14 54,01 10.9
101-630B-5H-6 20-30 2.73 934 67.23 65.88 41.0
101-630B-9H-5 Rare 2.71 87.3 53.81 59.06 79.4

 These shore-based measurements were made at Texas A&M University.

Permeability changes with increasing consolidation are typi-
cally also plotted against void ratio (e) (Fig. 5). Calculated per-
meability values from consolidation characteristics generally
show more scatter than do measured permeability values (Clu-
key and Silva, 1981), and measured values are probably closer to
in-situ values of permeability than are the calculated values.
Therefore, whenever possible, permeability is measured during
the course of consolidation.

SHEAR STRENGTH

Shear strength defines the maximum shear stress that a sedi-
ment can withstand without failure under a given set of condi-
tions. Shear strength can be defined by the following formula:

(0]

where C' is the cohesion of the sediment, o, is the effective
normal stress (overburden pressure), and ¢’ is the angle of in-
ternal friction. When sediments are stressed without loss of
pore water (undrained condition), they respond as if they are co-
hesive material. In this case, the angle of internal friction (¢')
equals 0 and the shear strength equals the cohesion (S = C’).
Shear strength of the sediment as a function of overburden pres-
sure can be determined by a series of triaxial and direct shear
laboratory tests.

S§S=C"+ o, tan¢’,

METHODS

Hole 630A

Physical-property measurements were made on hydraulic piston core/
extended core barrel (HPC/XCB) samples from Hole 630A at 3-m inter-
vals on board ship using the pentapycnometer (Fig. 6) (Austin, Schlager,
et al., 1986). Measurements of shear strength were made at the same
sample interval with a miniature vane shear device (Fig. 7), a technique
particularly well suited for testing cohesive sediments in an undrained
condition. Tests were made by inserting the vane shear blade parallel to
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bedding after the core was split lengthwise (Austin, Schlager, et al.,
1986).

Shore-based shear-wave velocity measurements were made whenever
possible on the same discrete samples from which compressional-wave
velocity measurements were made on board ship (Fig. 7). For this fol-
low-up work, transducers (designed and fabricated at NORDA) utilizing
piezoelectric bender elements were used to generate and receive shear
waves at optimal frequencies of 1500 and 2000 Hz (Matthews, 1982).

Hole 630B

Whole-round samples were taken at three intervals from Hole 630B
for shore-based geotechnical analyses: Samples 101-630B-2H-5, 114-
150 cm (10.9-11.3 mbsf); 101-630B-5H-6, 110-150 cm (41.0-41.5 mbsf);
and 101-630B-9H-6, 110-150 c¢cm (79.4-79.8 mbsf). The top 5 cm of
each sample was reserved for the laboratory consolidation tests, the
middle 30 cm was used for triaxial shear-strength testing and direct
shear testing, and the remainder was used to determine the grain size of
each interval. Trimmings were used to determine moisture content, spe-
cific gravity, and initial void ratio prior to all consolidation and triaxial
shear testing.

Shore-based analyses included the following:

1. Grain-size analyses: Grain sizes were determined for the three
whole-round samples by separating the sand-sized fraction by wet siev-
ing and the silt and clay size fraction by pipette analysis. See Folk (1974)
for a complete discussion of this technique.

2. Consolidation testing: Samples were tested for degree of satura-
tion using a Beckman pycnometer immediately before consolidation
testing. Since all were within +2% of 100% saturation and did not re-
quire a back-pressure system to achieve saturation, a Soil Test consolida-
tion frame with a fixed ring consolidimeter, 6.35 cm in diameter and
2.54 cm in height, was used. Loads were added incrementally in 24-hr
periods. The initial vertical pressure was 0.5 kg/cm? (4.9 kPa). Each
subsequent load was doubled until a total vertical pressure of 64 kg/cm?
(627.9 kPa) was reached. The sample was then unloaded at a ratio of
1/4. Reloading took place until a total vertical pressure of 128 kg/cm?
(1255.7 kPa) was reached:

(a.) A consolidation curve of change in sample height versus the log
of time was plotted for each load increment and the coefficient of con-
solidation (C,sp) was determined:

Cyso = Tyso (HY)/ 150, 2)

where T,5, = 0.197, H is half the sample height since the sample is al-
lowed to drain from both top and bottom, and fs, is the time on the
midpoint of the consolidation curve between ¢ (extrapolated) and £,
(Lambe, 1969).

(b.) Void ratio (e) was calculated for each load increment and plot-
ted against the log of effective normal stress (the e-log p curve, Fig. 3):

50% aragonite, 50% micrite
7.5% foraminifers, 15% nannofossils

25% aragonite, 20-25% micrite
10% foraminifers, 50% nannofossils

0% aragonite, 15% micrite
30% foraminifers, 40% nannofossils

Figure 2. Percentage of total calcium carbonate plotted against depth (in mbsf) at
Hole 630A. Shipboard calcium carbonate content determinations were made using
the carbonate bomb method (Miiller and Gastner, 1971).
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Figure 3. Two e-log p curves: Void ratio (e) plotted against applied normal stress (a,) dur-
ing consolidation illustrates (a) a general decrease in void ratio for increasing loads for all
three sections and (b) lower than expected initial void ratio for Section 101-630B-2H-5 rela-
tive to Sections 101-630B-5H-6 and 101-630B-9H-6. Dashed curve indicates the expected e-

log p curve from Section 101-630B-2H-5.

e = (W/W/y - A) — 1, (3)

where 4 is the height of the sample, W, is the dry weight of sediment, v,
is the unit weight of the sediment, and A, is the area of the sample.
(c.) The instantaneous slope of the e-log p curve at any point (4,) is
the coefficient of one-dimensional compressibility. Its inverse is the bulk
modulus (K) of the sample.
(d.) From A,, the coefficient of one-dimensional compressibility
(M,) is calculated:

M, = A, (1/1 + ). @)

(e.) Permeability (k), the rate of flow past a specified area, is calcu-
lated from:

k= Cyso "~ 1w * Mys, ()

where C\s is the coefficient of consolidation, +,, is the unit weight of
water, and M, is the coefficient of compressibility.

Permeability also was measured using a variable head permeameter
(see Lambe, 1969) for each load increment beginning with a total verti-
cal pressure of 2 kg/cm? (19.6 kPa). These results, corrected to 20°C,
were then compared to calculated values of permeability. In a saturated
soil, water flow is laminar, and Darcy’s Law applies:

k=—9L 1o, - hy),
Al — 19 o @

where a is the cross-sectional area of the standpipe, L is the length of

sediment, A is the cross-sectional area of the sample, 7, is the time when
water in the standpipe is at /i, ¢, is the time when water in the standpipe
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is at hy, and hj and h, are the heads between which the permeability is
determined.

3. Direct shear testing: A series of three consolidated, drained, di-
rect shear tests were run on Section 101-630B-9H-6 using a Wykeham-
Farrance direct shear machine, because the upper limit of the triaxial
system confining pressure was only 120 psi, which precluded two final
tests deemed desirable at higher confining pressures. The purpose of the
direct shear tests was to determine the cohesion (C') of Section 101-630B-
9H-6 (Fig. 8). The angle ¢ for the triaxial test of Section 101-630B-9H-6
could be determined by constructing the Mohr rupture envelope be-
tween C, known to be 0 from the direct shear test, and the tangent of the
constructed Mohr’s circle (Fig. 9). Normal stresses applied during direct
shearing (o,,.) were 148.7 psi (1025 kPa), 220.6 psi (1520 kPa), and 292.6
psi (2016 kPa). Shearing took place over a 2-wk period, at a rate of
0.00064 mm/min. for each sample, to ensure complete drainage without
pore-pressure buildup. Pore pressures could not be monitored during
the shear test using this system.

4, Triaxial testing: Consolidated, drained triaxial tests were performed
on the remaining portions of each whole-round sample. Samples were
saturated by increasing confining pressures until B (pore-pressure pa-
rameter) values of 1 were reached, indicating 100% saturation. The
samples were consolidated to approximately the in-situ effective stress
on the sample using back-pressure consolidation. A Wykeham-Farrance
triaxial apparatus was used. Samples were consolidated until well into
secondary consolidation, as indicated by a plot of change in sample vol-
ume versus time (usually 12-24 hr with these samples). Pore pressures
were monitored continuously with a Druck transducer. Samples were
sheared over a 12-hr period at a rate of 0.003048 mm/min. Changes in
sample volume were measured during shear. Because the sample volume
changed continuously during shearing, a correction had to be applied to
the deviator stress (o, — a3) to account for energy lost during this volume
change. Readings were corrected as follows:
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Figure 4. Curves of AH/H versus o, illustrate that Section 101-630B-2H-5 is not overconsoli-
dated relative to 101-630B-5H-6 and 101-630B-9H-6. The overall change in height is less than

that for 101-630B-5H-6 and 101-630B-9H-6.

(M

(0y—03), = (Ul“{T;)m — feay,

where subscript ¢ indicates *“corrected” and subscript m indicates “‘mea-
sured” values, fe is the slope of the curve of volume change plotted
against strain, and oy is the all-around, or confining, pressure under
which the test was run (Skotheim et al., 1985). Samples from the three
sections were run under the following near ambient consolidation pres-
sures: Section 101-630B-2H-5: 15, 30, and 40 psi; Section 101-630B-5H-6:
60, 75, and 100 psi; and Section 101-630B-9H-6: 115 psi.

Results are in terms of effective stress since all tests were run drained.
The straight line Mohr-Coulomb rupture envelope is a best-fit line, and
¢' is determined graphically (Fig. 9). The diameter of each Mohr’s cir-
cle represents the deviator stress, o, — 03. The y-intercept (C') is a mea-
sure of cohesion of the sample tested.

RESULTS AND DISCUSSION

Index-property values from Hole 630A plotted against depth
(Fig. 6) illustrate that water content and porosity values are de-
creasing only slightly. Therefore, much of the overburden is still
being carried by pore water. With water content remaining high,
the sediment column is probably not undergoing significant con-
solidation.

Consolidation results are illustrated in Figure 3. The shapes
of the e-log p curves are typical of curves for calcareous sedi-
ments found by other workers (Demars, 1982; Lee, 1982; Valent
et al., 1982). However, Section 101-630B-2H-5 has a lower void
ratio than was expected given its shallow depth of burial. Initial
void ratio (ey) for Section 101-630B-2H-5 is 1.16, whereas for
Section 101-630B-5H-6, it is 1.48, and for Section 101-630B-9H-6
it is 1.31. The expected e-log p curve for Section 101-630B-2H-5
with an initial void ratio greater than 1.48 is illustrated by the
dashed line (Fig. 3). Void ratio for each sample does decrease
with increasing overburden pressure during consolidation as the
grains become aligned and pore spaces close (Fig. 3).

Effective overburden stress (o) can be plotted vs. the actual
depth of burial for a sample because, in the marine environ-
ment, sediments without excess pore pressures are consolidated

under hydrostatic conditions (Taylor, 1948). This must be taken
into account when calculating op::

®)

where G; is the specific gravity of the sediment grains, e is the
void ratio, p is the density, and Z is the depth below seafloor.
The three Little Bahama Bank samples display some degree of
consolidation with depth. However, it is evident (Fig. 10) that
Section 101-630B-2H-5 (expected to have a more gentle gradient
than that calculated) is behaving as if it should be deeper in the
sediment column relative to the other two samples or, conversely,
Sections 101-630B-5H-6 and 101-630B-9H-6 are behaving as
though they should be shallower in the sediment column relative
to Section 101-630B-2H-5. One would expect, therefore, that
Section 101-630B-2H-5 would be more consolidated than Sec-
tions 101-630B-5H-5 or 101-630B-9H-6. However, when the
change in sample height is plotted versus the effective normal
stress (Fig. 4), comparison of the curves indicates that Section
101-630B-2H-5 is, in fact, not overconsolidated relative to Sec-
tion 101-630B-5H-6 and 101-630B-9H-6. The long gentle slope
of Section 101-630B-2H-5 is typical of carbonate sediments,
whereas the greater inflection point evident in the other two is
more typical of consolidation curves plotted for clay mineral
samples (Demars, 1982; Lee, 1982; Valent et al., 1982). The
consolidation results plotted may be dependent upon total car-
bonate content, since Sections 101-630B-5H-6 and 101-630B-
9H-6 have significantly less calcium carbonate than does 101-
630B-2H-5 (Fig. 2).

Coring disturbance, including sampling disturbance, which
often produces gentle e-log p curves similar to calcium carbon-
ate consolidation curves, is not a factor in these results because
all three samples tested were treated identically. Visual inspec-
tion and sample preparation for consolidation testing did not
result in any abnormal disturbance in any of the three samples
tested. The apparent overconsolidation of Section 101-630B-
2H-5, therefore, cannot be attributed to coring disturbance.

gy = [(G; * pfreshwater) — pseawater) Z/(1 + e)],
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Figure 5. Plot of log of coefficient of permeability (k) versus void ratio (). Measured
values of k show less variability and are probably closer to in-situ values of k than the
calculated values of k. Best-fit lines are drawn by visual inspection. Results are anom-
alous; it was expected that Section 101-630B-2H-5 would have a higher permeability

than that measured.

The change in consolidation characteristics may be further
influenced by the mineralogy of the calcareous constituents. As
shown in Table 2, significant differences exist that might affect
consolidation. Section 101-630B-2H-5 has a much lower sand
content and a slightly lower water content and porosity than
Section 101-630B-5H-6. The increasing percentage of sand in
Sections 101-630B-5H-6 and 101-630B-9H-6 reflects the increas-
ing number of sand-sized foraminifers in those samples (Austin,
Schlager, et al., 1986). Foraminifer-rich sediments, in general,
have high total porosity, in part because the interior of the fora-
minifer test is not solid but is gas or water filled, resulting in
high intraparticle porosity (Flugel, 1978). Section 101-630B-2H-5
has fewer foraminifers, and the grains are primarily aragonite
aggregates and smaller, unidentified fragments. Measured po-
rosity is primarily interparticle porosity (i.e., the pore water is
located between grains).

Consolidation results, including permeability values, are pre-
sented in Table 3. A plot of permeability versus void ratio is
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presented in Figure 5. Permeability values calculated from con-
solidation characteristics are higher and show more scatter than
do measured permeability values. Section 101-630B-2H-5, with
slightly lower porosity and water content, also has a lower cal-
culated and measured permeability than do the two intervals
recovered deeper in the section; this may be related to the con-
stituents within the sections. Sections 101-630B-5H-6 and 101-
630B-9H-6, having a higher percentage of foraminifers and only
slightly higher total porosity, have a higher permeability, perhaps
because the high-porosity foraminifer grains became crushed dur-
ing consolidation, resulting in a much more effective fluid loss.
Connection of pore spaces after crushing of grains results in a
higher permeability in the sample.

Section 101-630B-2H-5 may be characterized as having a
larger fraction of its grains matrix-supported. Matrix material,
when composed of aragonite crystals, may display high permea-
bility because the needles are stacked randomly, allowing flow-
age of pore water (Fig. 11). The total amount of matrix material
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Figure 6. Shipboard index-property values from Hole 630A made with the pen-
tapycnometer.
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Figure 7. Plots illustrating the variability of undrained shear strength and
shear-wave velocity with depth (mbsf) for Hole 630A. Although there is con-
siderable variability between discrete samples, there is no overall increase in
shear velocity and shear strength with depth.
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Figure 8. Direct shear-test results from Section 101-630B-9H-6. The strength envelope derived
from test results has a y-intercept of zero, indicating that the section is cohesionless.
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Figure 9. Graphic illustration of triaxial test results. Shear-strength envelopes for Sections 101-630B-2H-5 and 101-
630B-5H-6 were constructed through the tangents of the appropriate Mohr’s circles. The shear-strength envelope for
Section 101-630B-9H-6 was constructed from the origin through the tangent of the one possible Mohr’s circle since di-
rect shear testing indicated that the section was cohesionless. Angles ¢CD are graphically determined.

vs. grains determines the measured permeability. As the per-
centage of aragonite (Table 1) and the total carbonate content
(Fig. 2) decrease below 30 mbsf in Hole 630A, the matrix mate-
rial must be composed of a higher proportion of noncarbonate
components. Clay minerals tend to fill and block pore spaces,
often resulting in a lower initial permeability. This initial perme-
ability (Fig. 5) could not be measured in sediments below 30
mbsf in Hole 630B because the sample was cohesionless and
material was lost until weights of greater than 1 kg were loaded.

Although increased grain alignment and increased strength
resulting from the consolidation process probably occurred in
all three samples, when the foraminifer tests were crushed dur-
ing consolidation, pore spaces became interconnected, and per-
meability increased. Therefore, the differences in initial (i.e.,
pre-test) sample porosity, and the matrix to grain ratio, resulted
in an initial difference in consolidation characteristics. None-
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theless, the small decrease in water content with depth (Fig. 6)
indicates that little consolidation has occurred in the slope sec-
tion as a whole near Site 630. However, other factors that might
affect these consolidation results include cementation and envi-
ronmental changes such as pH, temperature, and salt concen-
tration.

SHEAR-STRENGTH RESULTS

Data from triaxial shear tests and direct shear tests (tabu-
lated in Table 4 and illustrated in Figs. 8 and 9) support the idea
that little consolidation has occurred within the upper 79 mbsf
at Site 630. Section 101-630B-2H-5 has a significantly higher
shear strength than either Sections 101-630B-5H-6 or 101-630B-
9H-6, as indicated by the higher angle of internal friction (18.5°).
Section 101-630B-2H-5 is the only sample with any measurable
cohesion, about 5 psi. Sections 101-630B-5H-6 and 101-630B-
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Figure 10. Effective overburden stress (o,) plotted against depth of re-
covery. Results are extrapolated to shallower depths for Sections 101-
630B-5H-6 and 101-630B-9H-6.

9H-6 are cohesionless. Therefore, the shear strength of Sections
101-630B-5H-6 and 101-630B-9H-6 is a measure of the inter-
granular friction within these samples.

It was expected that shear strength results from triaxial test-
ing on Hole 630B samples could be compared qualitatively to

Table 3. Consolidation test results.

the undrained, miniature vane shear strength results from Hole
630A (see Austin, Schlager, et al., 1986). If a correlation exists
between triaxial and vane shear strength results, then fewer time-
consuming triaxial shear tests need to be performed on these
types of sediments in the future. However, vane strength results
plotted on board ship (Fig. 7) indicate a potential problem with
vane shear testing of carbonate material. Measured values are
low, less than 10 kPa (1.45 psi), with very little increase in
strength over the entire 250 m of sediment recovered at Site 630.
A ratio of undrained shear strength (C,) to overburden pressure
(P) of ~0.23 was derived from in-situ vane shear measurements
on surficial carbonate sediments recovered from 1000 m (water
depth) on the Blake Plateau (Valent et al., 1982). If this ratio is
applied to sediments from Hole 630B, then the undrained shear
strength at 100 mbsf in Hole 630B should be about 165 kPa,
and at 250 mbsf about 409 kPa, well above the measured 10
kPa.

The carbonate sediments sampled in Hole 630B appear to be
cohesionless materials whose strength depends primarily on ef-
fective confining stress and hence on intergranular friction. When
these cohesionless sediments are brought to the surface, this ef-
fective confining stress is removed. Consequently, shipboard mea-
surements of undrained strength made on unconfined samples
of such sediments are probably meaningless. Consolidated tri-
axial and direct shear measurements of strength give values of
shear strength more representative of in-situ values. Vane shear
measurements are not representative of in-situ undrained shear
strength.

Shear-wave velocity measurements made on samples from
Hole 630A illustrate the same problem. It was expected that an
increase in shear wave velocity could be correlated with an in-
crease in shear strength. Shear-wave velocity values can be pre-

Pressurze C;?g A, M, k (calc) k (meas)
(kg/em?)  (emi/s) (cm%/kg) (cm®/kg) e (cm/s) (cm/s)
Section 101-630B-2H-5
0 1.16
0.158 3.50-10"2 1.14
0.316 3.76-1072 1.12
0.632 4.08-107% 579-107% 273-107% 110 1.11-107%  3.17-107¢
1.26 501-1072  4.06-1072  1.93-1072 1.08 9.67-10°7 3.17-1076
2.52 4.11-107%2  292-107%  1.39-10°% 1.04 573-1077 2.88-10°6
5.05 3741072 1.92:1072  940-10°3 099 3.52-1077 2.34-1076
10.1 1.75-10"2  1.29-107% 650103 093 1.14-1077 1.74-10°%
20.2 1.47-10"2  7.50-10~3  3.90-1073 o085 571-10°% 1.31-1079
40.4 2.86:1072  390-10~%  2.10-107 0.76 6.05-10°% 9.09-1076
Section 101-630B-SH-6
0 1.48
0.158 2.91-1072 1.45
0.316 3.67-1072 1.43
0.632 2.50-1072  9.80-1072  4.04:1072 1.40 1.01-10°7  4.50-107%
1.26 1321072 7.64-1072  3.19:1072 135 4.21-1077 5.54-107°
2.52 2.30-1073  5.08:10°2  2.16-1072 1.28 498107 4.14-10°6
5.05 3.43:1072 1581072  690-10°% 124 237-1077 3.22:10°%
10.1 3.08-107%2  2.02:1072  900:10°% 114 277-1077 2381076
20.2 2.68-107%2  1.14-107%  s530-107%  1.03 1.42:1077  1.55-1076
40.4 2,70-10"2  5.10-1073  2.50-107% 0.92 6.76-10"% 9.68-10~7
Section 101-630B-9H-6
0 1.31
0.158 1.76-1072 1.29
0.316 3.70-10"2 1.27
0.632 3.38-107%2  633-1072  279:107%2  1.25 9.42:1077 3.49-107°
1.26 2.84-107%  1.59-1072  7.100107%  1.24  2.01-1077  3.42-107°
2.52 2.80-1072  4.76:10"2  2.13-10"2 118 5.95:10°7 2.99-10°¢
5.05 3.65-107%2  237-1072  1.00:107%2 112 3.97-1077  3.15-107°
10.1 2.93-1072  1.81-1072  860-10° 1.03 2.51-1077 1.86-1076
20.2 2.22-107%2  9.80-1072  4.80-10°% 093 1.06:1077 1.12:107°
40.4 2.80-10~%2  5.00-1073 2.60-107% 0.82 7.22:10°% 7.52:1077
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(a) Matrix-supported aragonite

Interparticle porosity: high
Intraparticle porosity: low
Total porosity: medium
Permeability: medium

(b) Matrix-supported (clay and

smaller particles)
Interparticle porosity:
low—medium

Intraparticle porosity: high

Total porosity: medium—high
Permeability: low—medium

Figure 11. Sediment models of grains supported (a) in an aragonite ma-
trix vs. grains supported (b) in a clayey matrix.

Table 4. Triaxial and direct shear results.

Psi
Ty o — 03 (at o, of
(psi) (psi) @ C(psi) 30 psi)

Triaxial test:

Section 101-630B-2H-5

15 27.65 18.5° 5 15.04
30 42.50
45 66.08

Section 101-630B-5H-6

60 33.19 12° 6.38
75 48.99 0-1
100 56.68

Section 101-630B-9H-6
115 70.84 14° 0 6.10
Direct shear:

Section 101-630B-9H-6

148.7 81.7 27° 0 13.9
220 113.9
292.6 150.2

dicted from regression equations for carbonate sediments devel-
oped by Hamilton (1980) and from measured compressional-
wave velocities:

V, = 0.991 — 1.136(V,) + 0.47(VD), (&)

where V is shear wave velocity and ¥, is compressional-wave ve-
locity in km/s. This equation was developed using measured
data from the Ontong Java Plateau, where the sediment is a fo-
raminiferal ooze. Using this equation, shear-wave values at 10.3,
40, 78, and 249.4 mbsf should be 416, 412, 443, and 577 m/s,
respectively. It is apparent that measured shear velocity is low
initially and does not increase as predicted with depth (Fig. 7).
As with shear strength, shear wave velocity of a cohesionless
sediment depends on the effective confining pressure and can-
not be measured accurately in the absence of confining pressure
(i.e., on board ship).

An expected compressional-wave velocity increase with depth
in calcareous foraminiferal ooze sediments was also predicted by
Hamilton (1980):

V() = Vo + 1.713(2) — 0.374(29), (10)
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where V,, is initial compressional velocity in km/s and z is
depth in km. With a measured initial compressional velocity of
1696 m/s (Austin, Schlager, et al., 1986), compressional velocity
at 40, 78, and 249.4 mbsf should be 1764, 1827, and 2100 m/s,
respectively. These calculated values are higher than the mea-
sured 1707, 1757, and 1970 m/s values. Apparently, compres-
sional-wave velocity does increase as a function of depth or
overburden pressure, but not as predicted. Like undrained shear
strength, velocity is dependent upon the rigidity of the material.
Without an increase in rigidity and strength, an increase in ve-
locity will not occur. Therefore, shear-wave velocity measure-
ments made on unconfined periplatform oozes are probably not
representative of in-sifu values. However, compressional-wave
velocity measurements may be closer to in-situ values because
they are less dependent on shear rigidity (modulus) than are
shear-wave velocity measurements.

To make these results relevant in a slope environment, the
stability of these sediments was calculated based on the mea-
sured consolidated and drained shear strength, more representa-
tive of in-situ values. For submarine deposits and where the
slope gradients and slumping mechanics are known only gener-
ally, the infinite slope stability analysis technique is appropriate
(Morgenstern, 1969). A constant slope of unlimited extent is as-
sumed. The forces acting on a saturated sedimentary slope with
an inclination, i/, and a sediment column of z thickness on a
plane A-B are illustrated in Figure 12 (redrawn from Keller et
al., 1979). The weight of a sediment column of width b cos i is:

[(G; - pfreshwater) — pseawater]/(1+e) + Z-bcos i, (11)

where (G; - pfreshwater) — pseawater is the buoyant density of
the sediment, z is the depth of sediment to the layer in question,
and b is the unit area. The forces acting on the sediment can be
resolved into a shear stress, 7, and a vertical stress, P,. 7 can be
calculated:

T = P, sin i (12)
P, = (G, - pfreshwater) — pseawater/(1 +e)Z cos i; (13)
therefore:

7 = (G, + pfreshwater) — pseawater/(l1 +e)Z sin i cos i. (14)

When 7 is plotted against o, as in Figure 12(c), a strength en-
velope A-B-D can be drawn. Any vertical stress (7) less than B-E
results in a shear stress lower than the shear strength of the sedi-
ment, and hence the sediment is stable on that slope. As the
overburden pressure increases such that the shear strength of the
sediment is exceeded and 7 becomes larger than B-E, the slope
becomes unstable.

Assuming that the sediment is homogeneous to the level of
Section 101-630B-2H-5, the calculation of 7 from a laboratory-
derived angle of internal friction (Fig. 9) suggests that a slope
inclination greater than 18° is unstable. Figure 13 shows the
slope of inclination plotted against the ratio between the mea-
sured consolidated and drained shear strength, and the shear
strength needed to prevent slope failure (safety factor). A safety
factor of 1 indicates that the strength of the sediment is exactly
that needed to prevent slope failure and that such failure is im-
minent. Sections 101-630B-9H-6 and 101-630B-5H-6 plot as one
line because the calculations of safety factor vs. inclination are
very close and both will fail at just under 14°. These strength
values are considerably lower than those generally measured from
uniform foraminiferal oozes (28°-32°, Valent et al., 1982). The
implication is that a very small triggering mechanism could start
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Figure 12 (a, b). Illustration of the vertical pressures on a sedimentary
slope redrawn from Keller et al. (1979). (c). Strength envelope A-B-D ex-
hibits the greatest angle possible before slope failure occurs. A slope
with a 7 greater than B-E is unstable.
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Figure 13. Slope inclination plotted against the safety factor for three
intervals at Hole 630B. Sections 101-630B-5H-6 and 101-630B-9H-6
cannot be distinguished, so only one curve is shown (the upper curve);
both are stable only to 14°. A safety factor of 1 is the minimum possible
before slope failure occurs.

a section of sediment sliding downslope north of Little Bahama
Bank. The safety factor is further minimized by the fact that
sediments at Site 630 are not homogeneous: although scarce
and thin, turbidite layers and differing degrees of lithification
and total carbonate content within the ooze occur (Austin, Schla-
ger, et al., 1986). Small areas of incipient cementation may con-
tribute further to the lateral and vertical variations in shear
strength.

CONCLUSIONS

1. Sediment sampled at a depth of 10.94 mbsf in Hole 630B
unexpectedly displays a lower void ratio, porosity, and water
content and a greater cohesiveness than that displayed by sedi-
ments recovered from 41 and 79.4 mbsf. This may be a function
of a decreasing amount of total calcium carbonate with depth
and of the constituents composing that calcium carbonate.

2. The higher permeability displayed at 41 and 79.4 mbsf is
a function of effective interparticle fluid flow. The higher per-
centage of aragonite shallower in the section creates a needle-
like, permeable, porous matrix. The matrix material deeper in
the section contains more clayey material, which tends to clog
pores, but the higher measured permeability appears to be a
function of the crushing of foraminifer grains during consolida-
tion. The high intraparticle porosity of the deeper samples does
not contribute to permeability until overburden pressure is great
enough to crush the grains.

3. Undrained shear strengths and measured shear wave ve-
locities from core samples are lower than expected and display
little increase with depth. The samples recovered and tested indi-
cated that sediments are less consolidated than expected. The
sediment column may not be consolidating to 250 mbsf, but
more probably shipboard measurements made on samples from
deep in the sediment column are not representative of in-situ
undrained shear strengths and shear wave velocities. Instead,
shear strength and shear wave velocity of these cohesionless sed-
iments are a function of the effective confining pressure or over-
burden pressure, which is removed during the coring process.
Therefore, shear-strength determinations should be made under
in-situ effective stress.

4. Sediments at 10.94 mbsf display a greater cohesiveness
and higher angle of internal friction than do sediments sampled
deeper in the section, probably a function of both mineralogy
and carbonate constituents. The overall consolidated and drained
shear strength of all three carbonate samples is low, a fact that
should be noted by engineers contemplating operations in a car-
bonate-slope environment.

5. Assuming a homogeneous sedimentary section to 79.4
mbsf, slope stability calculations indicate that the slope is stable
up to a 14° inclination. However, the presence of inhomoge-
neities, such as turbidite layers, suggests that the actual stability
of the slope may be less than calculated. This is substantiated by
abundant seismic evidence of slumping, sliding, and imbricate
thrusting on this gentle (2°-3°) slope.
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GLOSSARY

Angle of internal friction (¢): the angle that the failure envelope creates
with a horizontal line; tan ¢ = shear strength/normal stress.

Bulk modulus (K): 1/A4,.

Coefficient of compressibility (4,): de/do,, slope of e-log p curve.

Coefficient of consolidation (C,): gives an indication of how rapidly or
slowly consolidation takes place.

Deviator stress (0; — 03): numerical difference between the major (o)
and minor (o3) principal stresses.

Effective stress (¢'): total stress (¢) — pore water pressure (u); intergran-
ular pressure.

Initial void ratio (ey): initial void ratio determined after sampling.

Internal friction: particle friction developed by cohesionless soils; prop-
erty producing most of the shear strength that this type of soil can
develop.

Normal stress (o,,): stress perpendicular to bedding plane.

Permeability (k): rate of flow past a specified area.

Vertical stress (o,): stress perpendicular to a horizontal plane.

Void ratio (e): ratio of volume of voids to volume of solids.
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