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INTRODUCTION

The consolidation and shear creep behavior of a calcareous deep-sea
sediment was examined as a part of a study sponsored by the Office of
Naval Research. The purpose of the study was also designed to evaluate

the behavior with respect to observed sediment grain character changes.

gl oo IRL AT

This soil behavior information is to be used in evaluating the long-term
holding capacities of anchors embedded in these calcareous materials.
Other work is underway at CEL evaluating the friction coefficients of
calcareous materials against concrete and steel and evaluating the
response of calcareous oozes to dynamic loading.

Calcareous oozes are seafloor sediments containing more than 30%
calcium carbonate by weight (Sverdrup et al., 1942). Such oozes cover
approximately 36% of the seafloor and are generally restricted to water
depths less than 4,500 m (14,000 ft) (Noorany and Gizienski, 1970). The

calcareous fraction of these sediments, which may be as large as 97% of

the whole by weight (Holmes, 1965), is composed primarily of the skeletal
remains of various planktonic animals and plants.

The most widely distributed sizes of foraminifera tests (shells)
are 0.5 to 0.25 mm (Lisitzin, 1971), although tests of 1 mm diameter are
common in the Caribbean samples of this study. The coarse-grained
sediment fraction of predominantly whole tests is mixed in varying 3

proportion with a finer-grained fraction composed of foraminifera test

fragments; other marine life remains, such as those of the coccolitho-~
phoridae and the nannoplankton (dwarf plankton); inorganic-origin mat-
erial, such as the clay minerals; and minor additional components (Sverdrup i
et al., 1942). !




Most seafloor sediment examination has been confined to the measure-
ment of bulk wet density, grain size distribution, specific gravity of
the grains, Atterberg limits, carbonate content, organic carbon content,
color, odor, and a strength index (e.g., Keller, 1967 and 1969; Hironaka
and Smith, 1967; and Einsele, 1967). A few investigations have examined
the primary consolidation* characteristics of calcareous oozes (Miller
and Richards, 1969; Noorany, 1971; Bryant et al., 1973; and Terzaghi,
1940). Only one in-depth study of consolidation, including secondary
compression, of a deep-sea sediment is known (Singh and Yang, 1971);
that sediment was probably terrigeneous in origin and contained little

calcareous material.

SAMPLE ACQUISITION AND INDEX PROPERTIES
Coring and Core Transport and Storage

Calcareous ooze samples were obtained from the USNS WILKES in the
central Caribbean (Venezuelan Basin) at approximately latitude 15%0' N.
longitude 60°20' W. A spade-box corer (Rosfelder and Marshall, 1967)
with a sample box 0.20 x 0.30 x 0.46 m high was used to obtain two cores
at each of two sites about 7.5 km apart in 3,930 m water depth. Details
of the coring operation, of core storage and transport procedures, and
of the sample changes during transport are reported in Valent, 1974. In
summary, due to vibration in transit and due to partial drainage of the
sediment pore water, the calcareous ooze samples densified and consoli-
dated in transit, resulting in a bulk density change from 1.45 to 1.47
Mg/m3 in one core and 1.46 to 1.47 Mg/m3 in another.

Primary consolidation is that component of soil compression
governed by the hydrodynamic lag of soil pore fluid exiting
the soil mass; secondary compression is a subsequent component
governed by a relaxation of interparticle bonds and slight
slippages, dislocations, and deformations of particles in the
soil structure.




Index Properties

The measured soil classification properties are tabulated in Table 1.
This calcareous ooze classifies as an inorganic silt (MH) in the
Unified Soil Classification System (Anon., 1968). Valent (1974) provides
more detailed sample description information. Difficulties in obtaining
the grain size distribution and the Atterberg limits are detailed in the
prior report; in summary, the hollow calcareous shells do cause testing

and data interpretation difficulties.

ONE-DIMENSIONAL CONSOLIDATION CHARACTERISTICS
Volume Change Versus Pressure

Nine consolidation tests were started, two of which were stopped
early: one due to a defroster malfunction in the refrigerator; the
other due to a misalignment in the loading system. The specimen locations
in the core boxes, their test conditions, and properties during the
tests are given in Table 2. The void ratio versus logarithm of vertical
effective stress curves e - log 5; for the tests on natural sediments
are presented in Figure 1, and those for tests on "artificial" sediment
are presented in Figure 2. Artificial sediment is composed of that
portion of the natural sediment retained on the no. 325 sieve in a wet
washing.

The watexr content and void ratio data have been corrected for salt
content, assuming a salt concentration of 35 parts per thousand (after
Richards, 1973). The void ratios herein are undoubtedly slightly in
error because the specimens had undergone slight drying at the time of
testing, causing the assumed salt content to be in error; the magnitude
of the error is not significant in this study.

The e - log 6; curves of Figure 1 for the natural sediment specimens

suggest a grouping of sorts based on the depth of the specimen in the




core box. Specimens C-1, C-2, and C-5 exhibit a tendency for a higher

void ratio at any particular vertical stress 5; than the remaining tests
C-4, C-7, and C-8. The first three specimens listed came from the upper
50 mm'(2 in.) of the core tubes, while the latter three came from 80 to
400 mm (3 to 16 in.) below the top of the tube. A slight soil differ-
ence with depth is the probable reason for this difference in behavior.

The e - log Ev curves of Figure 1 start with quite different initial
void ratios E;, maintain these initial different void ratios until
reaching vertical pressures o, of about 10 kPa, and then start to con-
verge. This behavior suggests the material being tested in each case is
much the same, despite subseafloor differences in elevation. Differences
in conditions imposed on the specimens during transport, storage, and
handling are partly responsible for the large differences in specimen
initial condition.

The e - log Gv curve for the natural specimen tested under back-
pressure — C-1 — in the Anteus consolidometer shows no strong deviation
from the other e - log Gv curves developed without backpressure. This
similar behavior suggests that for the calcareous ooze tested: (1) the
growth of anoxic bacteria in the Anteus test specimen C-1, (2) the
backpressuring of this particular soil, and (3) the maintained differ-
ences in test temperature probably do not have a significant influence
on consolidation of the calcareous ooze tested. (Note: It is also
possible, though much less likely, that anaerobic growth, backpressuring,
and temperature difference may have compensating effects on the e - log
ﬁv function, resulting in no net difference in consolidation response.)

Figure 1 indicates that the e - log 0, curve for the calcareous
ooze tested does not become a straight line at higher pressures as is
usually the case (Taylor, 1948). Possible causes for this condition are
twofold: (1) this particular material may simply be more compressible
at higher pressures than are those that soils engineers are accustomed
to working with, and (2) the continued increase in slope may possibly be
due to the extrusion of material past the porous stone at higher pressures
(Altschaeffl, 1973).




Roberts (1964) found increasing compressibilities in quartz sands
at one-dimensional (1-D) compression pressures of 140 MPa (20,000 psi).
The increased compressibilities were directly linked to quartz grain
crushing at these high pressures. It is the author's contention that
grain breakdown of sorts is also responsible for the increasing compres-
sibility of the subject calcareous ooze at loads of engineering interest.
Attempts to support this hypothesis by verifying that grain crushing had
taken place during 1-D consolidation of natural specimens were unsuccess-
' ful. Possibly the dominant compression mechanism in a graded soil
5 sample is not crushing of the hollow shells; but, rather, very high
nonrecoverable deformations of the shells without physical breaking or
puncturing. No significant change in the grain size distribution was
noted, nor was a significant increase in the proportion of "punctured"
shells noted.* Subsequently, 1-D consolidation tests were conducted on
artificial specimens composed of only that material retained on the 325
sieve — material in these tests did undergo grain crushing and puncturing.
Tests of such an artificial specimen, however, do not verify that grain

crushing has occurred in the natural specimen.

The second possible reason for the apparent increase of compres-
sibility with consolidation pressure is extrusion of material past the
porous stone at higher pressures. Some support of this idea is given by
consolidation tests C-4 and C-8 (Figure 1), conducted with a load increment
ratio AEYE; of 2. All those e - log 5; curves developed using a load
increment ratio of 1 indicate continuing increasing slope of the curves
with increasing log Ev (C~1, C-2, C-5 and C-7 of Figure 1). Both those
e - log 5; curves developed using a load increment ratio of 2 show
markedly different behavior (C-4 and C-8 of Figure 1), describing essenti-
ally straight line curves from pressures of 200 kPa to 1,500 kPa.
Consolidation test C-4 is of note because considerable squeezing was

first noted during a test with this specimen. Approximately 2.5% of the

%
Punctured shells are ones that are at least 80% intact.
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specimen solids were extruded between the stone and consolidometer ring

with most of this extrusion noted as occurring at the outset of the load
increment from 195 kPa to 589 kPa. Thus, specimen C-4 describes an
essentially straight line e - log 5; curve, while exhibiting considerable
squeezing. This behavior seems to contradict the hypothesis that extrusion
is responsible for downward curved e - log 3; curves; in reality, it

does not. Extrusion in Test C-4 occurred selectively during the load
increment from 195 kPa to 589 kPa, and extrusion was noted as significantly
less in subsequent load increments. The extrusion in test C-4 may have
occurred earlier than in the other consolidation tests, depressing the

e - log 3; curve earlier and, in effect, straightening that curve.

Thus, soil extrusion is noted as a factor in straightening e - log oS,
curves (with onlov = 2) that might otherwise have been curved downward.
The use of smaller load increment ratios, such as the AUV/Ov =1 of

tests C-1, C-2, C-5 and C-7, may very well retard and delay such extrusion
to pressures greater than 589 kPa. Such a mechanism, if it does occur,
would help support Altschaeffl's hypothesis that squeezing is responsible
for the errant e - log 5; curve data.

Volume change versus pressure data by convention are quantified in
terms of the slopes of straight line approximations to the e - log 6;
curve. The slope of the straight line approximation to the latter part
of the curve during loading is called the compression index CC. The
values of Cc obtained in the tests on the undisturbed sediment ranged
from 0.64 to 0.89 with an average and median of 0.75 (Table 3).

Various empirical relationships have been used to predict the CC
for cohesive soils. Some of these relationships and the resulting
empirical predictions of compression index are listed in Table 3. Those
predictive relationships using the Atterberg liquid limit yield values
of compression index which are too low, yet those which use the initial
void ratio e, and the natural water content w yield values which are too
high. These differences suggest that calcareous oozes are somewhat
different in their compression behavior from terrestrial soils and that
standing empirical relationships for the prediction of compression

behavior do not apply.
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Reasons for the deviations in magnitude between experimentally
measured and empirically predicted CC values probably lie in the character
of the soil grains. First, those relationships that predict Cc based on
the Atterberg liquid limit wy, may yield Cc values that are too low
because of the silty nature of the ooze and because of the relatively
low affinity of the carbonate particle surface for adhered water. The
most significant factor causing the relatively low VL value has not been
established. Those relationships that predict Cc based on initial void
ratio e, or water content w yield CC values that are too high because
the calcareous ooze contains much of its void space and water within
hollow animal shells (primarily those of foraminifera). The void space
and pore water within the shells of the natural specimens do not substan-
tially enter into the soil compressibility at the loadings attained (see

next section).
Grain Crushing in Artificial Specimens

Grain size distribution tests made on specimen C-2 after loading to

1,530 kPa and on an undisturbed specimen indicated no significant change
in the grain size distribution as a result of 1-D compression. Visual
examination revealed holes existing in the walls of many shells before

and after consolidation testing, making an assessment as to the effect

of compression testing difficult. A possible explanation for the apparent
negligible influence of the 1,530 kPa vertical compressive stress on the
fragile animal shells is that the fine-grained fraction of the ooze
material acts as a load distributor, evenly stressing the shells much

like the loading received by a flexible pipe beneath an earth fill. To

test this hypothesis, artificial specimens C-3 and -9, composed of ooze

material retained on the no. 325 sieve, were subjected to the same
conditions as the natural specimens. The e - log 5; curves for these
two specimens have been presented in Figure 2.

Specimen C-3 exhibited very little compression during the early

stages of the consolidation test followed by an abrupt steepening of the




e - log 5; curve. The start of the very steep curve is beiieved to mark
the start of significant grain crushing; i.e., between 50 and 200 kPa
(about 1,000 and 4,000 psf). The results of grain size analyses on the
1-D compression specimen C-3 after testing and on the excess sample
(which is considered representative of the specimen's initial state) are
presented in Figure 3. The grain size curves do confirm that shell
crushing did occur in the artificial specimen during compression. Most
crushing occurred in the medium sand size fraction, with 30% of the
material reduced to a size passing the no. 325 sieve. The fact that
significant crushing was noted in the specimen made up without fines,
while no significant crushing was noted in the natural specimen with
fines, serves to confirm the role of the fine-grained fraction in the
protection of the foraminifera shells against crushing in this particular
calcareous ooze sample.

Figure 4 illustrates the nature of that portion of the sediment
retained on the no. 30 sieve before 1-D compression. Note that some of
the shells have already been broken, very likely during ingestion by
planktonic or bottom-dwelling organisms or from partial dissolution or
possibly during coring, disaggregation, and sieving of the specimen.
Figure 5 illustrates the changes that took place in that grain size
fraction during the loading of compression specimen C-3. Before compres-
sion loading, Figure &4 shows 9% of the plain spherical shells to be
partially broken; after compression loading, Figure 5 shows 38% of the
plain spherical shells to be partially broken.

It is significant to compare the behavior of the artificial calcar-

eous ooze specimen with that of a typical mineral sand (grains of quartz).

Similar 1-D consolidation tests on quartz sand indicate the initiation
of grain crushing at 14,000 to 21,000 kPa (2,000 to 3,000 psi) (Lambe
and Whitman, 1969) versus crushing initiation at 50 to 200 kPa for the

calcareous shell grains.




Time Rate of Secondary Compression

After the conclusion of primary consolidation (i.e., marked pre-
sumably by the dissipation of all excess pore pressure) the height
change of the natural specimen as a function of time is described quanti-

tatively by the secondary compression index Ca’

- AH .
C = ————KTEEIBE (Lambe & Whitman, 1969)

(=3
=
*

slope of the secondary consolidation portion of

Al0810"' the height change versus log time curve

H specimen height at the start of that load increment.
Measured values of Ca are presented in Figure 6.

Figure 6 shows quite clearly that there is a marked increase in the
magnitude of Cu with increase in the consolidation pressure across the
entire consolidation pressure range. Mesri (1973) states that for most
clays Ca will usually iucrease with increasing Ev until reaching the
preconsolidation pressure, after which Ca will usually decrease with
increasing 3;. The calcareous ooze behavior (i.e., Ca versus Bv) does
not agree with the latter portion of Mesri's statement; that is, these
calcareous ooze data show that, for consolidation pressures well in
excess of the maximum past pressure, the Ca value continues to increase

¢**. . rease in O .
v

Figure 6 suggests that Ca for those specimens tested at room tempera-

ture does not differ significantly from Ca for those tested under refrig-

eration. Mesri (1973) reports similar findings for an inorgamic clay.




The literature mentions the possible influence of temperature
change on the Ca value by virtue of the expansion or contraction of the
consolidometer ring (Mesri, 1973). The room temperature of the laboratory
varied from about 24C (75F) to about 29C (85F) in one cycle during a
24-hr period. Undoubtedly, the specimen and its confining ring experienced
this same cyclic variation. During testing of specimens C-2 and C-4 in
the refrigerator, temperatures were noted as varying from about 3C (38F)
to about 10C (50F) - the same magnitude of temperature range. However,
this temperature cycle occurred about once every 20 min ~ rather than
once per day. The comsolidometer ring and specimen probably did not
have time to experience a temperature range anywhere near that measured
in the room. The variation did occur, however, about 100 times per
24-hr period. Note again that the Ca values from both room temperature
and refrigerated specimens during testing are essentially the same,
suggesting that the temperature variation and cycling did not have a
significant effect on Ca values.

One load increment was maintained on specimen C-5 to examine the
specimen response to load over a duration of some 15 days. This test
revealed a direct response between temperature and displacement dial
reading — temperatures of 8C (47F) yield dial gage displacement readings
about 0.0002 in. greater than temperatures of 6C (42F) (Figure 7). This
variation could possibly be due entirely to the differential expansion-
contraction in the displacement measuring system. In addition, however,
if we assume that the brass consolidometer ring does experience the
temperature difference of 2C (5F), and if the confined specimen is
assumed to maintain constant volume during the change in diameter of the
ring, then the specimen should change height by 0.0001 in. - consistent
with the measured displacement. Quite possibly, then, the specimen was
being cyclically deformed as a result of the measured temperature variatioms.

Figure 8 is a replot of the data presented in Figure 6, but this
time the effect of load increment ratio Aﬁvlﬁv is sought. The data
obtained suggest no significant trend with Aﬁvlav, although, for low
values of the vertical effective stress, the higher load increment ratio

AE;/&; = 2 seems to have a tendency to produce slightly higher values of

10
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Ca‘ Mesri (1973) notes that most researchers have found that load
increment ratio has no significant influence on Ca’ as is found with
this calcareous ooze.

The magnitudes of the secondary compressions experienced with the
calcareous ooze specimens were actually quite small — Ca < 0.007 except
for one spurious value of 0.010. Lambe and Whitman (1969) list such
magnitudes for Ca as belonging to the less plastic normally consolidated
clays (Ca = 0.005 to 0.020) or to slightly overconsolidated clays. Mesri
(1973) discusses secondary compression magnitudes in terms of the coeffi-

cient of secondary compression 8«p where:

Eap = Ca/(l + ep)

where ep = the void ratio at the beginning of the linear portion of the

e - log t curve. The indices Ca’ obtained herein, converted into the
coefficient eap have values between 0.014 and 0.31 percent. Mesri

states that secondary effects probably would not be of any practical
consequence in soils with sap less than 0.1%. It would appear, therefore,
that secondary compressions in calcareous oozes of the type tested will

not be of engineering significance.

STRENGTH CHARACTERISTICS

Four natural specimens and one artificially prepared specimen were
consolidated isotropically and sheared undrained; i.e., CIU tests.
Characteristics of the specimens are reported in Table 4 and principal
stress difference Ei
Figure 9. Those specimens consolidated under isotropic stress of 37.9
kPa (5.49 psi) and less (i.e., specimens T-1, T-2, and T-4), reached 65%

to 70% of peak strength after relatively little straining — 1% or less.

- 63 versus axial strain & results are presented in

With further straining, the principal stress difference increases gradual-
ly reaching a peak value at between 16% to 20% strain. From this point,

the principal stress difference appears to remain near constant. These

11
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specimens bulged uniformly during the continued axial strain, and no

shear failure plane could be identified. Specimen T-4, consolidated to
109.8 kPa (15.94 psi), reacted much more rapidly with the principal
stress difference reaching 84% of the peak difference at 1% axial strain
and with the principal stress difference actually peaking at 7% strain.
With continued strain, the principal stress difference then decreases,
reaching a 15% reduction at 20% axial strain. This specimen exhibited a
well-defined failure plane.

The significance of this stress-strain data is best understood
after replotting the stress data as stress path information as in Figure
10. Here the quantity (61 -'63)/2 was plotted versus (61 + 65)/2 for
the duration of each shear test to produce so-called stress paths for
each test. The quantity (61 - 33)/2 is a function of the shear stress
on a plane within the specimen; and the quantity (Gi + 33)/2 is a func-
tion of the normal stress on that plane (Lambe and Whitman, 1969). The
stress paths of Figure 10 are indicative of the stress history of the
calcareous ooze material (Lambe and Whitman, 1969). They indicate that
specimen T-2, consolidated to 6.5 kPa (0.94 psi), was overconsolidated
in terms of behavior, when sheared; specimen T-3, consolidated to 109.8
kPa (15.93 psi), was normally consolidated; and specimen T-1, consoli-
dated to 37.9 kPa (5.49 psi), was lightly overconsolidated. A soil
element is defined as being normally consolidated if it is now in equi-
librium under the maximum stress it has ever experienced, and as being
overconsolidated if it is at equilibrium under a stress less than that
to which it was once consolidated (Lambe and Whitman, 1969). The over-
consolidated behavior of specimen T-2, that consolidated to 6.5 kPa,
need not necessarily be indicative of soil condition on the seafloor but
is likely the result of sample state change during coring, transit,
storage, and specimen test setup.

Figure 10 also presents the stress difference-strain data from CIU
test T-10. Specimen T-10 was artificially reconstituted from that
portion of the calcareous ocoze material retained on the no. 325 sieve as
described earlier. The specimen was formed by spooning the fine sand

material into the specimen mold and then lightly tapping the mold to

12




i

somewhat densify the material. The resulting specimen would probably
classify as loose. The stress-strain behavior of specimen T-10 differed
considerably from that of the natural soil specimens. The stress-strain
curve developed a pronounced break in slope at a principal stress dif-
ference of about 28 kPa, about 33% of the peak principal stress difference.
The stress path plot of artificial specimen T-10 is helpful in evaluating
specimen behavior. Interpretation of the stress path plot shows that

the specimen excess pore pressure, Au, increases during the early shear
loading of the specimen reaching a ratio of excess pore pressure to
consolidation pressure Au/oc of 0.58. This rise in pore pressure is
probably due to grain reorientation into a more dense arrangement; grain
crushing is not thought to be a strong contributor at this low axial
stress. When the principal stress difference reaches about 33% (i.e.,

30 kPa) of the peak principal stress difference, then the specimen first
starts to shear, as indicated by the decrease in Au. A likely hypothesis
for this behavior is that soil grains are being forced to ride up and
over each other, an action accompanied by a tendency toward specimen
expansion largely countered by the decrease in excess pore fluid pressure.
This grain rearrangement and reorientation continues, with the stresses
on the soil grains gradually building until the peak principal stress
difference is reached at about 12% axial strain. After this peak, a
shear plane starts to develop, accompanied by a reversal in the direction
of pore pressure change (to increasing Au). This shear plane was clearly
evident after 14.6% axial strain. The increasing excess pore pressure

is related to a volume decrease in the specimen somewhere, and the most
obvious place is in the shear zone. The stress path of T-10 in Figure

10 shows a complete reversal of stress~path direction upon reaching the
peak principal stress difference, and traces a route directly on the
established strength envelope for the natural calcareous ooze. In other
words, the effective angle of internal friction of the natural soil at
these stress levels — ¢ = 0.60 rad (34.5 deg) — applies also to the
artificial specimen T-10 with those fines passing the no. 325 sieve

removed.
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At the completion of drained shear tests T-5 and T-6, the strength
envelope had been reasonably well-defined and confirmed over the region
of interest. However, the crushing of calcareous ooze shells had not
been detected in any specimen's behavioral response to triaxial shear
loading. It was decided to utilize the available triaxial equipment to
maximum-rated capacity to determine the influence of grain crushing on
the effective strength envelope and on the angle of internal friction.
Specimens T-7 and T-8 were consolidated to the maximum confining pressure

possible and then sheared drained. Triaxial test T-7 experienced some

aberrations in the stress-strain relationship suggestive of binding of
the loading ram; (i.e., steps in the stress-strain curve of Figure 11).
Specimen T-8 was then tested identically to specimen T-7, and did verify i
the former data.

Specimen T-9 was then consolidated to a stress selected so as to
provide an intermediate data point with respect to those available for
determining the soil failure envelope and the angle of internal frictionm.
Specimens T-7, T-8, and T-9 served to delineate a slightly different
soil failure envelope at higher pressures with a lower angle of internal
friction ¢ = 0.49 rad (28.2 deg) - versus ¢ = 0.60 rad (34.5 deg) as
determined from those tests at lower effective stresses (see Figure 10).

A decrease in the effective angle of internal friction with increasing
stress level has been observed by others in materials which were undergoing

grain crushing at the higher stress levels (e.g., Marsal, 1967; Carrier !
et al., 1973). It is quite likely that this grain crushing phenomenon

is responsible for the decrease in slope of the soil strength envelope
from 0.60 to 0.49 rad. A second reason* for the slope change: some small
excess pore pressure may have existed within the specimens during shear
and especially at failure. Such an excess pore pressure would cause

the real effective confining stress to be less than the calculated 63 and
would result in a realized principal stress difference 51 -'33 that

would be slightly smaller than it should really be. The slight difference

in the maximum principal stress differences measured in CID shear tests

*
Not highly regarded by the author.
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T-5 and T-6 (Figure 10) may be a manifestation of this incomplete drainage,
if that condition did indeed exist. Shear test T-5 with the slightly
higher maximum principal stress difference took 180 hr to reach 13%

axial strain, while T-6 took 6 hr. However, the difference in behavior
between T-5 and T-6 can be just as easily attributed to possible dif-
ferences in the specimen composition or to possible differences in
equipment performance.

I1f, however, the difference in specimen behavior noted above is

largely due to a slight excess pore pressure not dissipated during the
8-hr CID triaxial shear tests, then the maximum principal stress dif-

ference data from CID tests T-7, T-8, and T-9 are also likely in error
on the low side. Such an error would lower the resulting plotted line

of maximum principal stress difference and, thus, could be responsible

for the lower angle of internal friction described in tests T-7, T-8,

and T-9. An interesting question is whether or not the very close
agreement of data from triaxial tests T-7 and T-8 tends to disprove the
excess pore pressure explanation for the low angle of internal friction.
The data from these two tests are virtually identical, even though the
specimens come from different box cores taken 7.5 km apart. It is
difficult to believe that the pore pressure response to the shear loading
for these two specimens would be identical, unless it had already virtually

reached zero — i.e., the excess pore pressure induced by shear had

essentially dissipated. Please note that tests T-7 and T-8 were alike
even with respect to the time required to reach maximum principal stress

difference — about 6 hr in each case.

CREEP CHARACTERISTICS
Drained Creep

Table 5 summarizes information on the 16 creep specimens. Figure

12 presents the axial strain versus log time results of the series of
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seven drained triaxial shear creep tests, all consolidated to about 38
kPa, then incrementally loaded according to the same loading plan with
loading stopping at different percentages of the drained triaxial shear
strength corresponding to that 5;. This"o"c = 38 kPa was selected because
it corresponds to the vertical effective stress at a soil depth of 10 m,
that depth at which direct embedment anchor flukes can be expected to be
functioning in this soil. Note that time zero on the log scale of
Figure 12 is the time of application of the last increment of shear load.

This set of creep curves show that, for the drained mode of shear,
creep in this calcareous ooze is not a problem at the consolidation
pressure used. At this consolidation pressure Ec of 38 kPa, the log
rates of strain are all decreasing, even for that specimen loaded to 80%
of failure, indicating that creep shear failure in the drained state is
not of engineering significance.

Singh and Mitchell (1968) presented a simple three parameter pheno-
menological equation to describe the strain rate-time and strain-time

response of cohesive soils:

£ -a = A X 100'D X tl-m
1-m
where
€ = strain
a = constant of integration
A = fictitious strain at zero deviator stress
_ (01-03) creep
D = (5.-3.) x 100 = ratio of the principal
1 737 failure
stress difference applied to the principal stress difference
at shear failure, %
m = straight line slope of logarithm strain rate versus

logarithm time curve
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a = slope of the midrange linear portion of the logarithm
strain rate versus principal stress difference curve
t = time

This form of relationship is reported applicable to terresterial clays
under a wide range of conditions (i.e. clays undisturbed or remolded,

wet or dry, normally consolidated or overconsolidated, or tested drained
or undrained). This relationship is reported valid over a range of

creep stress intensities from about 30% to an upper limit, possibly as-
high as 90%, of the initial soil strength. The upper limit depends on
the susceptibility of the soil to fail in creep rupture. The suitability
of this relationship for describing the drained creep behavior of this
calcareous ooze was examined with reasonably favorable results.

Constants for the phenomenological relationship were developed
graphically. First, strain rates at various values of time were computed
graphically. These strain rates were then plotted against time on
log-log plots (Figure 13). Singh and Mitchell (1968) present data
indicating that the creep strain rate versus time data of a series of
tests on similar test specimens do describe a series of parallel linmes.
For the calcareous ooze examined, the £ versus log t data do exhibit a
distinct linear tendency for those specimens loaded to 55% of failure
and greater, yielding an average slope m of 1.08. Specimens loaded to
34% of failure and less digressed considerably from this straight line
pattern.

The constant a of the phenomenological relation is obtained from
the semi-log plot of log £ versus time (Figure 14). Data presented by
Singh and Mitchell (1968) indicate that the stress-intensity effect on
the log of creep rate £ is linear over some intermediate stress intensity
level; 30% to 90% is suggested. The calcareous ooze data presented in
Figure 14 do not provide strong support for the linearity hypothesis.
However, straight line curves were fitted to the data at various intervals
of time. The relationships found for t = 50, 100, and 1,000 min were
found to be near parallel, with an average slope o of 0.00427.

The parameter A, determined graphically, is 0.174%/min for this

drained calcareous ooze data.




The desired expression for the creep strain function for the drained
calcareous ooze tests was then evaluated as:

e - a = -2.18(100-00427xDy -0.080

This relationship was then used to develop the calculated creep curves
plotted in Figure 12 for creep shear loadings‘B of 34%, 55%, 69% and
80%. Note that the constant of integration "a" is used to adjust the
creep curve up or down to fit any desired reference value; the calculated
creep curves have been forced to fit measured creep data at times t of
0.1 or 0.5 min, as available. The calculated creep relationship does do
a reasonably good job of duplicating the creep behavior of those specimens
at the higher creep shear loadings D of 60% and 80%. This agreement
exists largely because of the good straight line fit of these test data
on the log £ versus log t plot (Figure 13); i.e., the data are well
represented by the assumed relationship. Data developed from the other
test specimens subjected to creep load intensities D of 34% and less are
not represented well by the calculated creep relationship because the
initial strain rates are far lower than predicted by the relatiomnship.

The creep strain function evaluated to represent the drained behavior
at 70% of ultimate deviator load indicates that the net creep strain
will be about 3% after 20 yr. There appears to be no problem of creep
failure for specimens loaded as high as 80% of the deviator load, for
this calcareous ooze consolidated to 38 kPa. Further, if no impediment
to drainage exists, then specimens consolidated to higher consolidation

pressures should similarly not fail in creep.
Undrained Creep

Figures 15, 16 and 17 present axial strain versus logarithm of time
results of the series of 9 undrained triaxial shear creep tests. Figure
15 presents data from specimens consolidated to about 38 kPa, the same
consolidation pressure as that applied to the drained test series specimens.

All three of these specimens were subjected to the full shear creep load
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within a fraction of a minute. For these three tests, the time of load

application is considered time zero for the presentation of the creep
data. Note, in Figure 12 (drained creep) and in Figure 15 (undrained
creep), that similar percentages of failure load correspond to quite
different stress conditions and shear stress intensities. For example,
at 70% of failure load, undrained specimen TC-16 was subjected to a
principal stress difference 51-53 of 30.7 kPa while drained specimen
TC-10 was subjected to 72.4 kPa. The rather great differences in the
strain magnitudes are due to the volume changes occurring in the drained
specimens during shearing. The strain rates of the undrained specimens
after some 1,000-min creep duration are noted to be very similar or
slightly greater than those of the drained specimens at similar shear
stress intensities. However, the shape of the undrained specimen creep
curves is quite different from that of the drained specimens. The
drained creep plots indicate a decreasing creep rate on a logarithm time
plot; the undrained creep plots definitely suggest an increasing creep
rate. In fact, with a relationship evaluated by Beard (1974) the un-
drained creep strain over 20 yr duration, for specimens consolidated to
38 kPa and loaded to 70% of maximum deviator load, is predicted to be
10.2% (versus 3% for drained specimens).

Figure 16 presents data from undrained creep tests on specimens
consolidated to 15 kPa, a consolidation pressure less than half of that
applied to the first group of specimens. Again, the same large differ-
ences in total strain are noted between the undrained specimens and the
drained specimens of Figure 12. Again, the creep strain rates of the
undrained specimens after some 1,000 min are noted to be very similar
to, or slightly greater than, those of the drained specimens at similar
stress intensities. However, the shape of the undrained creep curves of
those specimens consolidated to 15 kPa is noted to be different from
both previous sets of data: the data presented in Figure 16 shows a
near constant strain rate on a logarithm of time scale, whereas strain
rates for the drained tests decreased with time and strain rates for the
set of undrained tests with Ec = 38 kPa increased with time. With a

second relationship evaluated by Beard (1974), the undrained creep

19




strain over 20 yr duration, for specimens consolidated to 15 kPa and
loaded to 70% of maximum deviator load, is predicted to be 4.6%. This
predicted creep strain at 20 yr is less than half of that for the other
set of undrained creep specimens loaded to the same creep stress inten-
sities but consolidated to a higher pressure.

Figure 17 presents data verifying this trend with creep test data
from a specimen consolidated to 110 kPa and then subjected to a creep
load equal to 80% of the maximum deviator stress at that consolidation
stress. This specimen clearly failed, reaching 20% axial strain about
65 min after application of the last of 15 load increments. Initially,
it would appear that the consolidation pressure differences are respon-
sible for the noted differences in creep behavior. However, it is
possible that, at least to some extent, the differences in creep behavior
are due to the differing states of overconsolidation of the specimens,
as noted by the stress-path curves of Figure 10. Creep test TC-3 with
Bc = 110 kPa does bring out the fact that specimens of this calcareous
ooze can fail when subjected to only 80% of maximum deviator load;
further, judging from the short time to reach failure for this specimen,
it is possible that a similarly consolidated specimen loaded to 70% of

maximum deviator load will also fail.

SUMMARY AND CONCLUSIONS

1. The sediment tested is termed a calcareous ooze on the basis of
its carbonate content, is classified as a sandy clay according to the
Trilineal Oceanic Soil Classification System (Richards, 1962), and
behaves (in an engineering sense) as an inorganic silt according to the
Unified Soil Classification System (Anon., 1968).

2. Because of its silty nature the calcareous ooze material is
very susceptible to densification when subjected to vibration during

transport; yet isolation from vibration is not practical. Therefore,
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calcareous ooze samples must be examined and tested to the fullest
extent possible onboard ship immediately after acquisition to minimize

the degree of sample change between the as-measured and insitu states.

3. The calcareous samples completed primary consolidation in 1-D
compress1on tests rapidly yielding coeff1c1ents of consolidation <, from

0.002 cm /s at low pressures to 0.012 cm /s at high consolidation pressures.

4. Some of the compression curves e-log 5; for these natural
specimens do not straighten or flatten out at higher pressures as is
normal; instead, the curves continue to plunge (i.e., the compression
index Cc = de/d(log 5;), or slope of the curve, continues to increase).
This phenomenon is believed due to the crushing of calcareous shells at
higher pressures. Attempts at measuring or viewing evidence of such
crushing were not successful. (It is also possible that this increased
compressibility is being caused by large deformations of the hollow

shells, but deformations short of crushing and puncturing.)

5. Crushing and puncturing of animal shells were noted when prepared
(artificial) specimens consisting of the coarse (> no. 325 sieve) fraction
were consolidated/compressed one~-dimensionally. The e-log 3; curves
suggest that grain (or, in this case, shell) crushing is probably initiated
at stresses of 50 to 200 kPa (7 to 28 psi). This coarse fraction proved
considerably more compressible than the whole (matural) specimen, with a
compression index Cc of 1.68 for the coarse fraction versus a Cc of 0.75
for the natural specimen. The fines in the natural specimen appear to
serve as a stress distributing agent, loading the surfaces of the intact

shells more evenly and limiting point-to-point contact between shells.

6. For the deep ocean calcareous ooze tested, the use of backpres-
suring during 1-D consolidation tests did not appear to produce improved
results over those from nonbackpressured tests.
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7. The angle of internal friction ¢ for the calcareous ooze is

P

about 0.60 rad (34.5 deg) for specimens subjected to effective lateral

stresses up to about 30 kPa (4 psi). As the effective lateral stresses
are increased from this value, the angle of internal friction decreases
to about 0.49 rad (28 deg). Such change in behavior is believed due to

the initiation of grain (shell) crushing at the higher effective stresses.

8. The phenomenological equation of Singh and Mitchell (1968),
used to describe the calcareous ooze creep data presented, properly
describes that data at high shear stress levels (50% to 80% of failure
load). The equation is somewhat less descriptive at intermediate and

low creep stress levels. However, at these lower creep stress levels,

the equation overestimates the predicted creep strain. Such overestima-
tion is conservative; therefore, use of the phenomenological relationship |

for stress levels to 80% is appropriate.

9. Shear creep failure of this calcareous deep ocean sediment does
not appear to be a serious engineering problem. Specimens consolidated

to simulate material 10 m below the seafloor and then allowed to drain

during creep chear at 70% of failure indicate that only 3% creep strain
will be experienced over 20 yr. Similar specimens not allowed to drain
during creep shear at the same percentage loading indicate that 10%

creep strain will be experienced over 20 yr. Such creep strain magnitudes
are not serious. However, it appears likely that more highly consolidated
specimens subjected to the same 70% of failure but tu much higher shear

stress magnitudes may experience creep failure at that loading.
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Table 1.

Sample Properties

Property Measured Site 1 Site 2
Bulk density 3
Immediately after sampling, Mg/m 1.46 1.45
After transport to laboratory, Mg/m 1.47 1.47
Laboratory vane strength, kPa 4.7 - 9.2

(Location in core)

(bottom) (top)

Specific gravity 2.65 - 2.69
Carbonate content, % 56 - 715
Atterberg limits
Liquid 66 - 70
Plastic 42 - 57
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Table 3. Measured and Calculated Values of
Compression Index

Parameter Source Value
Measured
Range, Cc 0.89 to 0.64
Average, Cc 0.75
Calculated Empirical Relationship
C. = 0.009 (w - 10)* 0.52
c. = 0.011 (w - 12)° 0.62
C. = 0.54 (e, - 0.35)° 1.27
C. = 0.0056 (2.6w - 35)° 1.18

“Terzaghi and Peck (1968).
bHerrmann et al. (1972).
“Anon. (1971, p. 7-3-12).
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Figure 2. One-dimensional consolidation of artificial specimens.
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Grain Size {mm) — Bureau of Soils Classification
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Figure 3. Grain size analysis results on artificial
sample used in one-dimensional consolidation
test C-3. Sample prepared from material
retained on no. 325 sieve (0.043 mm).
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Figure 4. Fraction retained on no. 30 sieve, artificial sample,

before 1-D compression (note that about 97 of spherical
shells are broken).

-

Figure 5. Fraction retained on no. 30 sieve, artificial sample, after
1-D compression (note that about 387 of spherical shells
are broken).
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Figure 11. Stress~strain curves for CID triaxial specimens.
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MARINE CONCRETE STRUCTURES INC. MEFAIRIE. LA (INGRAHAM)

MC CLELLAND ENGINEERS INC Houston TX (B. McClelland)

MEDALL. & ASSOC. INC. J.T. GAFFEY [1 SANTA ANA.CA

MEXICOR. Cardenas

MOBIL PIPE LINE CO. DALLAS, TX MGR OF ENGR (NOACK)

NORWAY A. Torum, Trondheim: DET NORSKE VERITAS (Roren) Oslo: 1. Foss, Oslo: J. Creed. Ski: Norwegian
Tech Univ (Brandtzaeg). Trondheim

OCEAN ENGINEERS SAUSALITO.CA(RYNECKD

OCEAN RESOURCE ENG. INC. HOUSTON, TX (ANDERSON)

OFFSHORE DEVELOPMENT ENG. INC. BERKELEY,.CA

PACIFIC MARINE TECHNOLOGY LONG BEACH, CA (WAGNER)

PORTLANDCEMENT ASSOC. SKOKIE, IL (CORELY): Skokie IL (Rsch & Dev Lab, Lib.)

PRESCON CORPTOWSON. MD(KELLER)

RAYMOND INTERNATIONAL INC. E Colle Soil Tech Dept, Pennsauken, NJ

SANDIA LABORATORIES Library Div., Livermore CA

SCHUPACK ASSOC SO. NORWALK, CT(SCHUPACK)

SEATECH CORP. MIAMI, FL (PERONI)

SHELL DEVELOPMENT CO. Houston TX (C. Sellars Jr.): Houston TX (E. Doyle}

SHELL OIL CO. HOUSTON. TX(MARSHALL); Houston TX (R. de Castongrene); I. Boaz, Houston TX

SWEDEN GeoTech Inst: VBB (Library), Stockholm

TIDEWATER CONSTR. CO Norfolk VA (Fowler)

UNITED KINGDOM British Embassy (Info. Offr). Washington DC: Cement & Concrete Assoc (G. Somerville)
Wexham Springs. Slou: D. New, G. Maunsell & Partners, London; Shaw & Hatton (F. Hansen), London; Taylor,
Woodrow Constr (014P), Southall. Middlesex: Taylor, Woodrow Constr (Stubbs), Southail, Middlesex

WESTINGHOUSE ELECTRIC CORP. Annapolis MD (Oceanic Div Lib, Bryan)

WM CLAPP LABS - BATTELLE DUXBURY. MA (LIBRARY); Duxbury. MA (Richards)

WOODWARD-CLYDE CONSULTANTS (A. Harrigan) San Francisco: PLYMOUTH MEETING PA (CROSS. 11D

AL SMOOTS Los Angeles. CA

BARA,JOHNP. Lakewood.CO

BULLOCK La Canada

F. HEUZE Boulder CO

R.F. BESIER Old Saybrook CT

WM TALBOT Orange CA
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