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Abstract
Eighteen constant-rate-of-strain consolidation tests were per-
formed on whole-round core samples from Integrated Ocean
Drilling Program Sites C0002, C0006, and C0007. These sites are
located along the Kumano transect of the Nankai Trough offshore
south-central Japan; Site C0002 is in the forearc basin and the
other two are in the frontal thrust zone. Sample depths range
from ~35 to 920 m core depth below seafloor. The objectives of
the laboratory tests were to obtain the compression characteristics
of the sediments, to estimate the maximum pretest consolidation
stress (P′c), and to determine values of hydraulic conductivity (K),
intrinsic permeability (k), and compression index (Cc). Values of
Cc at Site C0002 range from 0.391 to 0.780 (average = 0.584);
comparable values are 0.236 to 0.418 (average = 0.302) in the
trench-wedge facies at Sites C0006 and C0007. Values of in situ
intrinsic permeability (ki) at Site C0002 show no trend with
depth, ranging from 2.67 × 10–17 m2 to 2.56 × 10–18 m2. Estimates
of ki at Sites C0006 and C0007 decrease with depth and range from
1.85 × 10–16 m2 to 6.08 × 10–18 m2. Test-derived values of P′c are con-
sistently greater than the estimates of in situ hydrostatic vertical
effective stress at equivalent sample depths, which means the
specimens are overconsolidated. Environmental scanning elec-
tron microscopy was used to assess the degree of preferred particle
orientation of the microfabric. The index of orientation averages
0.33 at Sites C0006 and C0007 and 0.38 at Site C0002. Most verti-
cal sections show indexes of orientation greater than those for
horizontal sections; exceptions to this pattern include several
samples from Sites C0006 and C0007 where bedding dips >40°.
Samples from deeper intervals of the forearc basin (Site C0002)
and from the accreted upper Shikoku Basin facies at Site C0007
yielded the highest values of orientation index (>0.40), indicating
better alignment of platy grains.

Introduction
Consolidation characteristics of marine sediments and sedimen-
tary rock are used to evaluate diagenetic, hydrologic, and compac-
tion processes during subduction and accretion (e.g., Lee et al.,
1973; Trabant et al., 1975; Carson, 1977; Shepard and Bryant, 1977;
Taylor and Bryant, 1985; Morgan and Ask, 2004; Spinelli et al.,
2007). Greater-than-expected states of consolidation can result
doi:10.2204/iodp.proc.314315316.213.2011 
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from tectonically induced (nonvertical) stress, defor-
mation, cementation, and/or uplift and erosion of
overburden, whereas underconsolidation (values less
than expected) can be caused by excess pore water
pressure (i.e., greater than hydrostatic) and the pres-
ence of gas and gas hydrates. Consolidation tests also
provide estimates of in situ fluid pressure, permeabil-
ity, and bulk sediment compressibility (Karig, 1996;
Saffer et al., 2000; Stump and Flemings, 2002).

As part of the Nankai Trough Seismogenic Zone Ex-
periment (NanTroSEIZE), we conducted 18 constant-
rate-of-strain consolidation (CRSC) tests on 17
whole-round (WR) core samples from Integrated
Ocean Drilling Program Sites C0002, C0006, and
C0007. The sites are located along the Kumano
transect offshore south-central Japan (Fig. F1), and
they were drilled during Expeditions 315 and 316
(see the “Expedition 315 Site C0002” [Expedition
315 Scientists, 2009], “Expedition 316 Site C0006”
[Expedition 316 Scientists, 2009b], and “Expedition
316 Site C0007” [Expedition 316 Scientists, 2009c]
chapters). The CRSC tests were conducted to obtain
the one-dimensional compression characteristics of
the sediments, values of hydraulic conductivity and
permeability, and an assessment of the consolidation
state (maximum vertical effective stress). We fol-
lowed essentially the same testing protocols at two
institutions: Geotechnical Laboratory at the Univer-
sity of Missouri (MU; USA) and the Rock and Sedi-
ment Mechanics Laboratory at The Pennsylvania
State University (PSU; USA).

The microfabric of sediments and sedimentary rocks
can influence their physical properties and compress-
ibility (Avseth et al., 2000; Sunderland and Morgan,
2003). It is also noteworthy that natural clay-rich
sediments and lithified shales show large ranges in
permeability values, and this can be attributed to
their differences in mineral composition, texture,
and grain fabric (Bennett et al., 1991; Neuzil, 1994;
Dewhurst et al., 1999; Yang and Aplin, 2007). To
gather such information for the NanTroSEIZE sam-
ples, we used an environmental scanning electronic
microscope (ESEM) to quantify the alignment of
grains on faces cut parallel to (vertical) and perpen-
dicular to (horizontal) the core axis.

Methods
Sample handling and preparation

All notations and abbreviations for this report are
summarized in Table T1. Shipboard coring tech-
niques on the D/V Chikyu include the hydraulic pis-
ton coring system (HPCS), rotary core barrel (RCB),
and extended shoe coring system (ESCS). The coring
system for each sample is shown in its identification
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code, with H for HPCS, R for RCB, and X for ESCS.
Figures F2 and F3 provide the stratigraphic context
for each WR sample interval. Sample intervals range
from 32 m core depth below seafloor (CSF) to 920 m CSF.
Samples from Site C0002 are from the lower forearc
basin facies (five samples from Unit II) and the basal
starved-basin facies (five samples from Unit III). Sam-
ples from Sites C0006 and C0007 are limited to ac-
creted strata within the hanging wall of the frontal
thrust; this suite includes trench-wedge deposits (six
samples) and the upper Shikoku Basin facies (one
sample).

WR core samples typically measure 10–20 cm in
length. They are usually cut within several hours of
recovery, capped and taped, sealed with wet sponges
in aluminum vacuum bags, and maintained at a
temperature of ~4°C during shipment and storage to
prevent moisture loss prior to the tests. From each
WR core, we subsampled homogeneous and intact
mud/mudstone after examination of X-ray com-
puted tomography (CT) scans. Immediately prior to
testing in the shore-based laboratories, samples are
extruded from the core liners and a trimming jig is
used to shape the cylinders. Sample diameter for the
PSU constant rate of strain (CRS) system is either 50
or 36.6 mm, depending on the required stress levels.
The sample diameter for MU tests is fixed at 41 mm.
Initial height of a sample in the fixed-wall consolida-
tion ring is ~20 mm for most PSU tests and ~24 mm
for MU tests (Table T2).

Samples for ESEM imaging of sediment fabric were
selected from “clusters” of specimens taken immedi-
ately adjacent to WR sample intervals. We cut faces
both parallel and perpendicular to the core axis. The
orientation of bedding (dip angle with respect to
horizontal) for each sample interval is shown on Fig-
ures F2 and F3 (see the “Expedition 315 Site C0002”
[Expedition 315 Scientists, 2009], “Expedition 316
Site C0006” [Expedition 316 Scientists, 2009b], and
“Expedition 316 Site C0007” [Expedition 316 Sci-
entists, 2009c] chapters). These bedding dips are im-
portant for relating microfabric anisotropy to in situ
orientation of planar features within the deposits.

Index properties
After trimming each WR sample for a CRSC test, we
retained two or three pieces of trimmings for water
content measurements. Water content is measured
by oven drying the samples to constant mass at
105°C (ASTM, 2006). Water content is calculated by
taking the difference in the weight of the sample be-
fore and after oven drying and dividing the differ-
ence by the oven-dried weight (Blum, 1997; see the
“Expedition 316 methods” chapter [Expedition 316
Scientists, 2009a]). The calculated values of initial
2
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void ratio include a correction for salt in the pore
water and are reported in Table T2, along with the
values of void ratio (e) from the closest sampling in-
terval of a shipboard measurement of moisture and
density (MAD). Water content measured in shore-
based laboratories can be compared to the shipboard
MAD to assess loss of moisture during shipment and
storage. In some instances, shore-based e values are
higher than shipboard e values; these higher values
can be attributed to differences in composition, tex-
ture, or disturbance between the nearby sampling in-
tervals.

Constant-rate-of-strain consolidation tests
We conducted CRSC tests in an oedometer system
following the general protocols and test configura-
tion specified by the American Society for Testing
and Materials Standard D4186-06 (ASTM, 2006).
Samples were trimmed and then placed in a stainless
steel specimen ring used to maintain a condition of
zero lateral strain. The consolidation cell and lines
were then evacuated of air using a vacuum pump,
and the specimen was backpressured to values of
ub = ~0.2–0.4 MPa (MU) or ub = ~0.3–0.4 MPa (PSU)
using de-aired synthetic seawater (1.75 g NaCl in
500 mL distilled water) for 24 h to ensure saturation
and dissolve any air remaining in the system lines.
During backpressuring, the axial load was specified
to maintain a vertical effective stress (σ′v) of <0.025
MPa in the PSU tests, and the axial load actuator
maintained a height with a strain of 0.2% at MU.

Specimens are laterally confined during tests with a
fixed-wall consolidation ring. Constant-rate-of-strain
loading is applied using a computer-controlled load
frame, with the sample base undrained and the sam-
ple top open to the backpressure. We continuously
monitor the sample height (H, in millimeters), the
applied vertical total stress (σv, in kilopascals), and
the basal pore pressure (u, in kilopascals). The maxi-
mum axial load with the MU loading frame is 44 kN;
for a specimen with a diameter of 4.14 cm, this cor-
responds to a maximum vertical total stress of 33
MPa. For pore water backpressure ranging from 0.2
to 0.4 MPa, the maximum vertical effective stress is
32.6 to 32.8 MPa. The maximum axial load for the
PSU device can reach 50 kN. Fixed-wall consolida-
tion rings allow for specimen diameters of 25, 36.6,
and 50 mm, which correspond to maximum total
stresses of ~100, ~50, and ~20 MPa, respectively.

Tests are extended to peak axial stresses of ~20 MPa
at MU and to either 20 MPa or 40 MPa at PSU (Fig.
F5). For each test, we specify the rate of displacement
(or strain rate) in order to maintain an anticipated
ratio <0.10 for basal excess pore pressure (Δu) to the
total axial stress. Strain rates for the tests are shown
Proc. IODP | Volume 314/315/316
in Table T2. Unloading was recorded for a subset of
the specimens, and these results are shown as part of
the stress-strain and stress-void ratio curves in CRSC
in “Supplementary material.”

We use the following equations to compute the axial
strain (ε), base excess pore pressure (Δu), vertical ef-
fective stress (σ′v; namely, average effective axial
stress within the specimen), hydraulic conductivity
(K), intrinsic permeability (k), coefficient of volume
compressibility (mv), and coefficient of consolidation
(Cv) (ASTM, 2006; Long et al., 2008):

ε = δn/Ho, (1)

Δu = u – ub, (2)

σ′v = σv – (2/3 × Δu), (3)

K = (dε/dt × Ho × H × γw)/(2 × Δu), (4)

k = (K × v)/(ρ × g), (5)

mv = Δε/Δσv, (6)

and

Cv = K/(mv × γw). (7)

Displacements are measured by a linear variable dif-
ferential transformer (LVDT) mounted at the top of
the consolidation cell and are corrected to account
for the compliance of the testing system. Equation 1
defines the natural axial strain of the specimen and
is used for subsequent calculations; we report the
strain as a percentage in all supplementary tables
and figures in CRSC in “Supplementary material.”
In CRSC tests, permeability values are generally only
considered to be reliable once the strain distribution
within the sample reaches steady state (ASTM, 2006).
To calculate intrinsic permeability from hydraulic
conductivity under laboratory testing conditions, we
used a value of fluid viscosity (v) equal to 0.001 Pa·s
for water at 20°C (the temperature at which all tests
were conducted) and a value of fluid density (ρ)
equal to 1027 kg/m3.

As a routine outcome of consolidation tests, compar-
isons are made between each test-derived value of
the maximum pretest consolidation stress (P′c) and a
calculated value of in situ hydrostatic vertical effec-
tive stress (σ′vh) at the equivalent burial depth, as-
suming conditions of monotonic and uniaxial load-
ing (e.g., Holtz and Kovacs, 1981). We employed two
methods to obtain the value of P′c for each test: the
Casagrande (1936) method, which uses the e – log(P)
curve, and the work (strain energy density) method
3
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(Becker et al., 1987), which uses the plot of strain en-
ergy versus effective stress (Fig. F4). In the case of
one-dimensional consolidation, the strain energy
density (SED) is calculated by

SED = [(σ′vL-1 + σ′vL)/2] × ln[(1 – εL-1)/(1 – εL)]. (8)

SED is the work per unit volume done by the effec-
tive stress (Becker et al., 1987; Germaine and Ger-
maine, 2009).

The depth gradient for hydrostatic vertical effective
stress at each site is calculated by subtracting the val-
ues of hydrostatic pore pressure from the overburden
stress (total normal stress). The overburden stress is
constrained by integrating the shipboard bulk den-
sity and depth data (see the “Expedition 315 Site
C0002” [Expedition 315 Scientists, 2009], “Expedi-
tion 316 Site C0006” [Expedition 316 Scientists,
2009b], and “Expedition 316 Site C0007” [Expedi-
tion 316 Scientists, 2009c] chapters). For a normally
consolidated specimen, the test-derived and calcu-
lated values of P′c and σ′vh are equal. Overconsolida-
tion refers to a case in which the value of P′c exceeds
the calculated value of σ′vh at the depth from which
the specimen was cored, and underconsolidation re-
fers to a situation in which P′c is less than σ′vh. We
used a graphical solution to pick the associated val-
ues of void ratio at the points where P′c and σ′vh in-
tersect the consolidation curves.

Microfabric analysis
Instrument settings for the FEI Quanta 600 FEG
scanning electron microscope follow the procedures
described by Yue et al. (submitted). The images are
taken from wet, uncoated specimens with an imag-
ing resolution of ~4 nm, and the dimensions of the
field of view are ~145 by 130 µm with 2000× magni-
fication. The approach used for quantification of the
specimen’s microfabric follows the graphic standard
deviation (sorting) statistics of Folk and Ward (1957),
as described in more detail by Yue et al. (submitted).
After processing each digital SEM image, we con-
struct cumulative frequency curves to show the an-
gle of apparent long axes for particles oriented from
0° to 180° across imaging surfaces, with those sur-
faces cut parallel and perpendicular to the core axis.
The standard deviation of particle orientation (d)
equals

d = [(φ84 – φ16)/4] + [(φ95 – φ5)/6.6], (9)

where φ84, φ16, φ95, and φ5 represent the graphic picks
for the angles of particle orientation at the eighty-
fourth, sixteenth, ninety-fifth, and fifth percentiles,
respectively, on the cumulative frequency curve.
Proc. IODP | Volume 314/315/316
This graphic statistic avoids the laborious calcula-
tions required by moment statistics (Chiou et al.,
1991). Numerically, the maximum value of d is equal
to 72.3° (i.e., a case in which φ84 = 180, φ16 = 0, φ95 = 180,
and φ5 = 0). Each d value is normalized to this maxi-
mum value by calculating the index of orientation
(i), as defined by the following formula:

i = 1 – (d/72.3). (10)

We also display fabric results using rose diagrams to
illustrate the number of grains (apparent long axes)
aligned within each 10° orientation bin from 0° to
180° across the imaging surface. If the fabric of a sed-
imentary deposit shows strong preferred grain orien-
tation relative to the core axis, then the standard de-
viation of orientation will be smaller, the slope of
cumulative frequency curve will be steeper near the
mode, the curve will be more nonlinear, and the in-
dex of orientation will be closer to 1. Interpretations
of these results (e.g., differences between horizontal
and vertical faces) need to take the dip of bedding
into account, as shown in Figures F2 and F3.

Results
Sample identification and a summary of CRSC test
results are shown in Table T2. A complete CRSC data
sheet can be found for each test in CRSC in “Supple-
mentary material.” Figures in CRSC in “Supple-
mentary material” show time series data of vertical
effective stress (σ′v) and basal excess pore pressure
(Δu) for all the tests, the consolidation curves in e –
log(σ′v) and ε–log(σ′v) formats, excess pore pressure
ratio, coefficient of consolidation (Cv), SED, and hy-
draulic conductivity (K) for each CRSC test.

The graphical determination of a P′c value is not reli-
able unless the inflection point on the e – log(P)
curve is clearly defined. The effect of sample distur-
bance on test quality was evaluated following the
criteria of Lunne et al. (1997). This designation con-
siders the overconsolidation ratio (OCR), where OCR
is equal to P′c/σ′vh, plus the change of void ratio dur-
ing consolidation tests. The Δe value is equal to the
difference between the initial pretest void ratio (ei)
and the void ratio at the intersection point of P′c on
the consolidation curve using the SED method. The
rating is based on Δe/ei. Sample quality is poor to
very poor for most specimens (Table T3). Distur-
bance is particularly severe for the specimens from
Site C0006.

P′c values are similar using the Casagrande and SED
approaches (Table T2). All specimens from Sites
C0002, C0006, and C0007 exhibit significant
4
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amounts of apparent overconsolidation (Fig. F5). In
other words, the test-derived values of P′c are greater
than the calculated values of in situ hydrostatic ver-
tical effective stress (σ′vh) at the sampling depths. Dif-
ferences between values of P′c and σ′vh range from
0.31 to 9.14 MPa. The overconsolidation ratio based on
SED-determined values of P′c varies from 1.69 to 8.58.

The compression index (Cc) refers to the slope of the
virgin portion of the e – log(P) curve (Fig. F4). The
index is calculated using the following equation:

Cc = (e1 – e2)/(log σ′v1 – log σ′v2). (11)

Values of Cc range from 0.390 to 0.780 (average = 0.584)
at Site C0002. Values of Cc at Sites C0006 and C0007
range from 0.236 to 0.418 (average = 0.302) in the
trench-wedge and upper Shikoku Basin facies (Table T2).

Calculated values of intrinsic permeability decrease
during CRSC tests as vertical effective stress increases
and porosity is progressively lost (Fig. F6). Permeabil-
ity values for strata from Site C0002 show log-linear
decreases with porosity. Values decrease from a range
of 6.53 × 10–17 to 9.83 × 10–16 m2 at porosities of 52%
to 54% (σ′v = 1–2 MPa) to a range of 1.50 × 10–19 to
3.72 × 10–19 m2 at porosities of 16% to 22% (σ′v = 40
MPa). A plot of permeability versus porosity for Sites
C0006 and C0007 also exhibits a log-linear trend.
Values decrease from a range of 4.11 × 10–18 to 2.00 ×
10–15 m2 at porosities of 43% to 46% (σ′v = 1–2 MPa)
to a range of 3.28 × 10–19 to 1.59 × 10–17 m2 at porosi-
ties of 12% to 19% (σ′v = 20 MPa).

We calculated the in situ intrinsic permeability of
each sample from the in situ void ratio and the po-
rosity values shown in Table T4. We obtained those
values by extrapolating the linear portion of the n –
log(k) relation to the porosity and equivalent void
ratio to match a desired value of P′c or σ′vh on the
SED curves (Fig. F6) (e.g., Long et al., 2008). There is
no consistent trend of intrinsic permeability chang-
ing with depth at Site C0002; values range from
2.67 × 10–17 to 2.56 × 10–18 m2 (Fig. F7). In situ in-
trinsic permeability deceases systematically with
depth at Sites C0006 and C0007 from values of
1.85 × 10–16 m2 at 33 m CSF to values of 5.61 × 10–17 m2

at 400 m CSF (Fig. F7).

We also calculated in situ hydraulic conductivity
from values of in situ intrinsic permeability by tak-
ing into account changes in temperature, fluid den-
sity, and fluid viscosity with depth (Table T4). Tem-
perature-dependent changes in permeant properties
assume a pore water salinity of 35‰ and follow the
equations of El-Dessouky and Ettouny (2002) and
Fofonoff (1985).
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The statistics used to evaluate microfabric are sum-
marized in Table T5. Figure F8 shows all ESEM im-
ages for the horizontal and vertical sections of the
samples. Figure F9 shows the orientations of the par-
ticles (apparent long axes) as rose diagrams, together
with values of standard deviation and index of orien-
tation. Cumulative curves are shown in Figure F10.
Average values for index of orientation are ~0.33
(Sites C0006 and C0007) and ~0.38 (Site C0002).
This index is expected to increase as depth of burial
increases. Vertical sections generally show greater in-
dexes of orientation than the horizontal sections,
which should be expected as mudstones develop a
weak bedding-parallel fissility. Exceptions to this pat-
tern include several samples from Sites C0006 and
C0007 where bedding dips are >40° (Table T5; Fig.
F9). Samples from Site C0002 and the accreted upper
Shikoku Basin facies at C0007 yielded the highest
values of orientation index (>0.40), indicating better
preferred alignment of platy grains. Plots of the in-
dex of orientation versus Cc and P′c show weak posi-
tive correlations (Fig. F11), which indicates that the
mudstone microfabric has very little influence on
the state of consolidation over the range of burial
depths covered by this study.
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F1. A. Map of the Kumano transect region with NanTroSEIZE Stage 1 drill sites. B. Seismic inline section
from 3-D survey showing locations of Sites C0002, C0006, and C0007 (from the “Expedition 315 Site C0002”
[Expedition 315 Scientists, 2009], “Expedition 316 Site C0006” [Expedition 316 Scientists, 2009b], and “Ex-
pedition 316 Site C0007” [Expedition 316 Scientists, 2009c] chapters). C. Sample locations at Site C0002 (red
boxes) plotted on seismic section. D. Sample locations at Sites C0006 and C0007 (red boxes) plotted on seismic
section.
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F2. Lithostratigraphy of Site C0002 showing sample locations (red symbols) and dips of bedding (from
the “Expedition 315 Site C0002” chapter [Expedition 315 Scientists, 2009]).
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F3. Lithostratigraphy of Sites C0006 and C0007 showing sample locations (red symbols) and dips of
bedding (from the “Expedition 316 Site C0006” [Expedition 316 Scientists, 2009b] and “Expedition 316 Site
C0007” [Expedition 316 Scientists, 2009c] chapters).
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F4. Illustration of methods to determine the maximum value of vertical effective stress (P′c) from the
results of CRSC tests. Plot of void ratio vs. vertical effective stress shows determination of P′c following Casa-
grande (1936). Plot of strain energy density vs. vertical effective stress shows the work (SED) method of Becker
et al. (1987), where P′c is defined by the intersection of line segments fit to the initial slope of the reloading
curve (enlarged in insert) and to the virgin compression curve.

P
or

os
ity

 (
%

)

Recompression

V
irgin com

pression

Expansion

P'c

Cc

29

33

38

41

44

47

50

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Specimen MU-25 
Sample 316-C0007D-25R-2, 66 cm

A

C

BV
oi

d 
ra

tio

Vertical effective stress (MPa)

10 1000.01 0.1 1.0

 = 10.32 MPa P'c

0 2 4 6 8

Initial slope 

P'c

S
tr

ai
n 

en
er

gy
 (

kJ
/m

3 )

= 10.45 MPa

4 8 12 16 20 24

Vertical effective stress (MPa)

Specimen MU-25 
Sample 316-C0007D-25R-2, 66 cm

Vi
rg

in
 c

om
pr

es
si

on

2800

2400

2000

1600

1200

800

400

0

300

200

100

0

Proc. IODP | Volume 314/315/316 11



J. Guo et al. Data report: consolidation characteristics of sediments
Figure F5. Plot of P′c values from CRSC tests (Fig. F4) vs. burial depth at Sites C0002, C0006, and C0007. Ref-
erence curves for hydrostatic vertical effective stress σ′vh at each site were derived by subtracting hydrostatic
pore pressure from the values of total normal stress exerted by overburden. Overburden stress is constrained by
integrating the shipboard bulk density and depth data (see the “Expedition 315 Site C0002” [Expedition 315
Scientists, 2009], “Expedition 316 Site C0006” [Expedition 316 Scientists, 2009b], and “Expedition 316 Site
C0007” [Expedition 316 Scientists, 2009c] chapters).
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F6. Intrinsic permeability values obtained during CRSC tests (equation 4) plotted as a function of ver-
tical effective stress and porosity. Specimens are from Sites C0002, C0006, and C0007.
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F7. Estimates of intrinsic permeability plotted as a function of in situ depth for Sites C0002, C0006, and
C0007. Values were determined by projecting the permeability-porosity curve for each mudstone sample to the
equivalent value of in situ void ratio obtained for the points at P′c (SED method) and σ′vh (Fig. F5). In situ per-
meant properties are listed in Table T4.
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F8. Environmental SEM images of horizontal and vertical sections of samples from Sites C0002, C0006,
and C0007. (Continued on next four pages.)

C0002B-10R-3 horizontal C0002B-10R-3 vertical

C0002B-20R-3 horizontal C0002B-20R-3 vertical

C0002B-31R-1 horizontal C0002B-31R-1 vertical
Proc. IODP | Volume 314/315/316 15



J. Guo et al. Data report: consolidation characteristics of sediments
Figure F8 (continued).

C0002B-40R-3 horizontal C0002B-40R-3 vertical

C0002B-47R-1 horizontal C0002B-47R-1 vertical

C0002B-48R-6 horizontal C0002B-48R-6 vertical
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F8 (continued).
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F8 (continued).
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F8 (continued).
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F9. Rose diagrams showing orientation of particles (apparent long axis) on horizontal and vertical sec-
tions of samples from Sites C0002, C0006, and C0007. d = standard deviation of particle orientation (°) and i =
index of orientation. (Continued on next page.) 
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F9 (continued).
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J. Guo et al. Data report: consolidation characteristics of sediments
Figure F10. Cumulative frequency curves showing orientation of particles (apparent long axis) on horizontal
and vertical sections of samples from Sites C0002, C0006, and C0007. The number of values in each bin (10°)
was summed and normalized to 100%.
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Figure F11. Index of orientation for vertical sections of mudstone samples from Sites C0002, C0006, and C0007
plotted against the corresponding value of compression index and test-derived value of P′c.
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Table T1. Nomenclature and symbols used in this chapter.

— = not applicable.

Symbol Definition Dimensions SI units

H Height of specimen L mm

0 Initial height of specimen L mm
K Hydraulic conductivity L/T m/s

i In situ hydraulic conductivity L/T m/s
OCR Over consolidation ratio Dimensionless —
P′c Maximum pretest consolidation stress M/LT2 kPa
SED Strain energy density M/LT2 kJ/m3

Cv Coefficient of consolidation L2/T m2/s
η Porosity Dimensionless —
e Void ratio Dimensionless —
ei Initial void ratio measured on specimen Dimensionless —
en In situ void ratio Dimensionless —
k Intrinsic permeability L2 m2

ki In situ intrinsic permeability L2 m2

m 1/kPa
u Basal pore pressure M/LT2 kPa

b Back pressure M/LT2 kPa
Δ Excess pore pressure M/LT2 kPa
Δ /σv Normalized excess pore pressure Dimensionless —
ε Axial strain Dimensionless %
γw Unit weight of water M/LT2 kPa
σv Applied vertical stress M/LT2 kPa
σ′v Vertical effective stress M/LT2 kPa
σ′iv Vertical effective stress prior to compression M/LT2 kPa
σ′vh Hydrostatic vertical effective stress M/LT2 kPa
ν Dynamic fluid viscosity M/LT Pa-s
g Gravitational acceleration M/T2 m/s2

δn Axial displacement L mm
i Index of orientation Dimensionless —
d °
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sults for samples from Sites C0002, C0006, and C0007. 

D data for closest interval. ‡ = from n – log k curve at value of P′
c (SED method) under uniaxial loading path. **

nd Cv are based on uniaxial stress path, which may differ from actual loading path. NA = not applicable.

H0 
(mm)

Diameter
(mm) Cc Cv

P′
c 

Casagrande 
(kPa)

P′
c SED
(kPa)

P′
vh 

 (kPa)
OCR 

Casagrande OCR SED k (m2)‡ k (m2)**

16.50 41.4 0.642 3.91E–08 6,664 6,818 4,041 1.65 1.69 3.83E–18 6.07E–18
22.00 41.4 0.477 6.94E–07 7,949 8,224 4,853 1.64 1.69 2.07E–17 2.66E–17
25.40 41.4 0.390 3.96E–07 11,959 12,310 5,831 2.05 2.11 1.24E–17 2.25E–17
24.10 41.4 0.540 3.28E–07 12,029 12,402 6,648 1.81 1.87 10.00E–18 1.24E–17
23.00 41.4 0.519 6.96E–08 13,019 12,928 7,260 1.79 1.78 2.67E–17 2.85E–17
25.30 41.4 0.600 4.24E–08 14,475 14,222 7,404 1.95 1.92 5.76E–18 5.72E–18
22.40 41.4 0.780 1.38E–07 14,055 15,604 7,444 1.89 2.10 5.15E–18 8.84E–18
20.02 36.6 NA 9.76E–07 NA NA 5,562 NA NA 1.03E–17 1.45E–17
20.06 36.6 0.483 NA 12,540 13,200 5,547 2.26 2.38 NA NA
20.04 36.6 0.462 1.22E–07 12,492 14,437 5,547 2.25 2.60 2.56E–18 4.42E–18
21.07 36.6 0.589 1.88E–07 14,603 15,886 6,746 2.16 2.35 4.98E–18 6.41E–18

24.40 41.4 0.335 2.67E–06 2,610 2,448 285 9.14 8.58 1.85E–16 6.20E–16
24.40 41.4 0.273 4.66E–06 3,329 3,719 756 4.41 4.92 1.02E–16 3.15E–16
24.40 41.4 0.271 1.57E–07 3,261 3,518 1,301 2.51 2.71 6.08E–18 1.71E–17
24.40 41.4 0.418 1.38E–07 5,404 5,431 1,625 3.33 3.34 5.01E–18 1.44E–17
24.40 41.4 0.278 1.33E–07 4,938 5,067 2,387 2.07 2.12 2.46E–18 4.47E–18
24.38 41.4 0.236 1.10E–07 534 573 264 2.02 2.17 5.61E–17 6.97E–17
24.40 41.4 0.761 4.86E–08 10,447 10,321 3,812 2.74 2.71 4.42E–18 7.02E–18
Table T2. CRSC test conditions, specimen properties, and re

* = measured from trimmings of whole-round samples. † = from shipboard MA
= from n – log k curve at value of in situ vertical hydrostatic effective stress. Cc a

Test 
specimen

Hole, core, section,
interval (cm)

Depth 
(m CSF)

Strain 
rate

(%/h)
ub

(kPa)
e

(initial)*
e

(initial)†

315-
MU-12 C0002B-10R-3, 8 553.80 0.50 410 0.75 0.74
MU-13 C0002B-20R-3, 54 650.37 0.50 413 0.66 0.68
MU-14 C0002B-31R-1, 126 752.26 0.50 414 0.63 0.62
MU-15 C0002B-40R-3, 75 836.58 0.50 414 0.74 0.65
MU-16 C0002B-47R-1, 38 900.88 0.50 414 0.68 0.67
MU-17 C0002B-48R-6, 65 916.31 0.50 413 0.76 0.74
MU-18 C0002B-49R-1, 113 920.63 0.50 414 0.71 0.72
PSU-90 C0002B-17R-4, 8 622.99 0.23 300 1.16 0.95
PSU-96 C0002B-28R-2, 8 724.24 0.23 300 0.61 0.66
PSU-102 C0002B-28R-2, 8 724.24 0.23 300 0.53 0.66
PSU-105 C0002B-41R-4, 8 846.83 0.23 300 0.80 0.68

316-
MU-19 C0006E-5H-1, 128 35.56 0.50 201 0.89 0.92
MU-20 C0006E-16X-1, 113 89.96 0.50 202 0.70 0.83
MU-21 C0006E-22X-6, 5 150.04 0.50 201 0.82 0.66
MU-22 C0006E-26X-1, 126 183.50 0.50 204 0.87 0.62
MU-23 C0006E-34X-3, 59 261.64 0.50 205 0.68 0.65
MU-24 C0007C-3H-3, 104 32.64 0.50 202 0.88 0.86
MU-25 C0007D-25R-2, 66 400.59 0.50 205 0.96 0.94
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Table T3. Quantification of sample disturbance for CRSC test specimens. Ratings criteria are from Lunne et al.
(1997).

en = value at intersection point of P′c using SED method. NA = not applicable.

Table T4. Values of in situ permeant properties, void ratio, and in situ hydraulic conductivity for sample depths
at Sites C0002, C0006, and C0007.

* = value at intersection of P′c (SED method) under uniaxial loading path. † = value at intersection of in situ vertical hydrostatic effective stress. K
is computed from values of intrinsic permeability, in situ fluid density, and in situ fluid viscosity. NA = not applicable.

Specimen
Hole, core, section,

interval (cm)
Depth

(m CSF)
OCR 
SED ei en Δe/ei Rating 

315-
MU-12 C0002B-10R-3, 8 553.80 1.69 0.75 0.49 0.35 Very poor
MU-13 C0002B-20R-3, 54 650.37 1.69 0.66 0.51 0.22 Very poor
MU-14 C0002B-31R-1, 126 752.26 2.11 0.63 0.54 0.13 Poor
MU-15 C0002B-40R-3, 75 836.58 1.87 0.74 0.60 0.18 Very poor
MU-16 C0002B-47R-1, 38 900.88 1.78 0.68 0.61 0.11 Poor
MU-17 C0002B-48R-6, 65 916.31 1.92 0.76 0.69 0.09 Poor
MU-18 C0002B-49R-1, 113 920.63 2.10 0.71 0.58 0.19 Very poor
PSU-90 C0002B-17R-4, 8 622.99 NA 1.16 0.74 0.36 Very poor
PSU-96 C0002B-28R-2, 8 724.24 2.38 0.61 0.42 0.31 Very poor
PSU-102 C0002B-28R-2, 8 724.24 2.60 0.53 0.40 0.23 Very poor
PSU-105 C0002B-41R-4, 8 846.83 2.35 0.80 0.64 0.20 Very poor

316-
MU-19 C0006E-5H-1, 128 35.56 8.58 0.89 0.57 0.37 Very poor
MU-20 C0006E-16X-1, 113 89.96 4.92 0.70 0.31 0.56 Very poor
MU-21 C0006E-22X-6, 5 150.04 2.71 0.82 0.44 0.47 Very poor
MU-22 C0006E-26X-1, 126 183.50 3.34 0.87 0.52 0.40 Very poor
MU-23 C0006E-34X-3, 59 261.64 2.12 0.68 0.38 0.44 Very poor
MU-24 C0007C-3H-3, 104 32.64 2.17 0.88 0.74 0.16 Very poor
MU-25 C0007D-25R-2, 66 400.59 2.71 0.96 0.81 0.15 Very poor

Test
specimen

Hole, core, section,
interval (cm)

Depth
(m CSF)

Temperature
(°C)

In situ fluid properties

Density
(kg/m3)

Viscosity
(10–3 Pa·s)

 In situ values at P′
c  In situ values at σ′

vh 

e* K (m/s) e† K (m/s)

315-
MU-12 C0002B-10R-3, 8 553.80 24.2 1026 0.95 0.49 4.06E–11 0.53 6.43E–11
MU-13 C0002B-20R-3, 54 650.37 28.1 1025 0.87 0.51 2.38E–10 0.53 3.06E–10
MU-14 C0002B-31R-1, 126 752.26 32.1 1024 0.81 0.54 1.54E–10 0.57 2.80E–10
MU-15 C0002B-40R-3, 75 836.58 35.5 1023 0.75 0.60 1.33E–10 0.63 1.66E–10
MU-16 C0002B-47R-1, 38 900.88 38.1 1023 0.72 0.61 3.72E–10 0.61 3.98E–10
MU-17 C0002B-48R-6, 65 916.31 38.7 1022 0.71 0.69 8.14E–11 0.69 8.08E–11
MU-18 C0002B-49R-1, 113 920.63 38.9 1022 0.71 0.58 7.30E–11 0.63 1.25E–10
PSU-90 C0002B-17R-4, 8 622.99 27.0 1025 0.90 0.74 1.16E–10 0.78 1.63E–10
PSU-96 C0002B-28R-2, 8 724.24 31.0 1024 0.82 0.42 NA 0.46 NA
PSU-102 C0002B-28R-2, 8 724.24 31.0 1024 0.82 0.40 3.13E–11 0.46 5.40E–11
PSU-105 C0002B-41R-4, 8 846.83 35.9 1023 0.75 0.64 6.69E–11 0.67 8.61E–11

316-
MU-19 C0006E-5H-1, 128 35.56 2.6 1028 1.65 0.57 1.13E–09 0.74 3.79E–09
MU-20 C0006E-16X-1, 113 89.96 4.1 1028 1.58 0.31 6.48E–10 0.43 2.01E–09
MU-21 C0006E-22X-6, 5 150.04 5.7 1028 1.51 0.44 4.07E–11 0.52 1.15E–10
MU-22 C0006E-26X-1, 126 183.50 6.6 1028 1.47 0.52 3.44E–11 0.65 9.88E–11
MU-23 C0006E-34X-3, 59 261.64 8.7 1028 1.39 0.38 1.79E–11 0.44 3.25E–11
MU-24 C0007C-3H-3, 104 32.64 2.5 1028 1.65 0.74 3.42E–10 0.78 4.25E–10
MU-25 C0007D-25R-2, 66 400.59 12.5 1028 1.26 0.81 3.55E–11 0.88 5.64E–11
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Table T5. Results of statistical analysis of microfabric on horizontal and vertical sections of mudstone using
environmental SEM images. Specimens are from intervals immediately adjacent to CRSC test specimens, Sites
C0002, C0006, and C0007.

Hole, core, section,
interval (cm)

Depth 
(m CSF)

Horizontal section Vertical section

Grains
counted

Standard
deviation

(°)
Index of

orientation
Grains

counted

Standard
deviation

(°)
Index of

orientation

315-
C0002B-10R-3, 8 553.80 260 53.6 0.26 294 45.8 0.37 
C0002B-20R-3, 54 650.37 338 54.5 0.24 251 47.7 0.34 
C0002B-31R-1, 126 752.26 197 51.2 0.29 248 48.8 0.33 
C0002B-40R-3, 75 836.58 167 53.4 0.26 192 51.3 0.29 
C0002B-47R-1, 38 900.88 207 50.8 0.30 217 35.2 0.51 
C0002B-48R-6, 65 916.31 174 51.1 0.29 268 39.2 0.46 
C0002B-49R-1, 113 920.63 429 53.5 0.26 207 48.1 0.34 

316-
C0006E-5H-1, 126 35.54 204 53.2 0.26 155 54.3 0.25 
C0006E-16X-1, 96 88.99 233 50.7 0.30 180 51.3 0.29 
C0006E-22X-6, 20 150.19 179 51.5 0.29 133 43.9 0.39 
C0006E-26X-1, 147 183.71 196 49.5 0.31 180 49.1 0.32 
C0006E-34X-3, 94 261.99 221 50.0 0.31 217 46.5 0.36 
C0007C-3H-3, 103 32.63 228 53.5 0.26 237 51.5 0.29 
C0007D-25R-2, 80 400.73 294 37.2 0.49 311 43.1 0.40 
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