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[1] While studies of rock and sediment friction are common,
cohesion is a component of the shear strength that is often
ignored despite its potential importance for faulting,
sediment transport, and other geomechanical processes. We
directly measure the cohesion of clay-rich sediment by
measuring its shear strength in a direct-shear apparatus with
no applied effective normal stress (o, = 0). We present
measurements of cohesion for two cases: (1) After vertical
consolidation only, and (2) after vertical consolidation
followed by shear under applied normal stress. Under
consolidation stresses of 90 kPa to 2 MPa, cohesion of both
the unsheared and sheared cases depends linearly on the
(previously) applied load. We interpret the cohesion measured
after shearing under load to be the cohesive strength that
exists throughout the shearing process, suggesting that for
clay-rich materials the coefficient of internal friction should
be used rather than the coefficient of sliding friction. Our
data suggests that the proportion of shear strength resulting
from cohesion can be as high as ~40% at low stresses. We
attribute the cohesive strengthening to hydrogen bonding
between adsorbed water molecules and clay mineral
surfaces resulting from the atomic charge imbalance of the
clays. Citation: Ikari, M. J., and A. J. Kopf (2011), Cohesive
strength of clay-rich sediment, Geophys. Res. Lett., 38, L16309,
doi:10.1029/2011GL047918.

1. Introduction

[2] Shear strength is a fundamental property of Earth mate-
rials and controls processes such as faulting, sediment transport,
and structural development at all scales. It is especially
important when considering the initiation of both subaerial and
submarine landslides, and seismogenic fault slip at higher
stresses. During experimental testing, the shear strength of rock
and sediment can be described using the Coulomb-Mohr failure
criterion:

T = oy +c (1)

where 7 is the shear stress, p is the coefficient of internal fric-
tion, o', is the effective normal stress (applied normal stress
minus the pore fluid pressure), and c is the cohesive strength, or
cohesion [Handin, 1969; Byerilee, 1978]. This is considered
applicable for intact rock and material qualitatively described as
“cohesive”, such as saturated muds and clays [e.g., Lambe and
Whitman, 1969]. The cohesion c is the intercept on a Coulomb-
Mohr diagram where shear stress 7 is plotted as a function of
effective normal stress o, and can be thought of as an intrinsic
strength that exists even in the absence of any external load. The
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coefficient of internal friction ;4 quantifies the proportion of
shear strength associated with purely frictional mechanisms, i.e.,
the real area of surfaces in contact during sliding [Rabinowicz,
1951]. Calculation of i and ¢ require the measurement of the
angle 6 between a shear failure plane and the greatest com-
pressive stress o in triaxial compression experiments, which is
then used to calculate the angle of internal friction ¢:

_ o ¢
6=145 2 )

which allows the internal friction p to be calculated:
1= tan¢ A3)

[e.g., Jaeger et al., 2007]. On a Coulomb-Mohr diagram, the
cohesion ¢ is then typically determined by extrapolating the
failure envelope of slope u to the y-axis [Handin, 1969; Day,
1992]. It is also common to construct the Coulomb-Mohr fail-
ure envelope by measuring shear strength at multiple effective
normal stresses in order to determine ¢ [Krantz, 1991; Schellart,
2000], which is necessary in situations where the conventional
triaxial testing configuration is not used and the angle 6 cannot
be measured (e.g., rotary or direct shear). Therefore, ¢ is not
explicitly measured but calculated using other parameters.

[3] For shear deformation within materials such as loose
sands or if pre-existing sliding surfaces exist, the coefficient of
sliding friction p is used under the assumption that cohesion is
negligible in these situations:

T = O 4

However, this assumption may not be valid for shear on sur-
faces within material considered to be cohesive, or under
hydrothermal conditions where intrinsic rock strengthening can
occur via dissolution-precipitation reactions and grain suturing
[Bos and Spiers, 2002; Muhuri et al., 2003; Tenthorey and Cox,
2006]. If cohesion is neglected, the measured “apparent sliding
friction” would be calculated from a macroscopic shear stress
measurement that includes cohesion, resulting in an overesti-
mation of internal friction. Calculating ¢ by extrapolating the
failure envelope to the y-axis is also problematic because it
assumes that cohesion is constant over a range of effective
normal stresses, however it may be stress-dependent as noted
by Byerlee [1978]. Furthermore, the use of linear extrapolation
questionable in some cases because shear strength dependence
on normal stress has been found to be nonlinear (concave
down) in clay mineral-rich materials [e.g., Saffer and Marone,
2003; Ikari et al., 2007] and in some studies using non-clay
materials [Schellart, 2000].

[4] While a large body of work has been devoted to the
study of the frictional strength of various Earth materials,
cohesive strength has largely been ignored. Here, we present
the first direct measurements of cohesion in a fluid-saturated
clay-rich sediment sample deformed in simple shear. We
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Figure 1. Schematic illustration of the experimental direct-
shear apparatus (not to scale, see text for sample dimensions).

also measure shear strength under applied effective normal
stress and compare these values with the cohesion mea-
surements. We then consider the implications of our data in
terms of the Coulomb-Mohr failure criterion, and assess the
validity of neglecting cohesion when measuring friction
coefficients in sheared clay-rich material.

2. Experimental Methods

[5] We conducted our experiments using a Giesa direct
shear apparatus (Figure 1). The sample cell is a cylindrical
volume within a stack of two steel plates. Relative dis-
placement of the plates enforces simple shear deformation in
the sample. The shear resisting force of the interface
between the two plates is below the horizontal load detec-
tion level of ~2 N. Porous metal frits allow fluid commu-
nication with an open pore fluid reservoir (containing
distilled water) and dissipation of excess pore pressure.
Normal load is applied to the sample with a vertical ram,
and shear is induced by holding the upper plate fixed while
the lower plate is driven horizontally. We used a commer-
cially obtained clay mineral-rich sediment (Griine Tonerde,
Argiletz Laboratories), shown by X-ray diffraction (XRD)
to be composed of 62% phyllosilicate minerals (primarily
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smectite, illite, and mixed layer clays) with other mineral-
ogic constituents being quartz, feldspar, and calcite. We
combined this sediment with silt-sized quartz and distilled
water in a 3:3:2 proportion by weight to form a paste in
which the total clay mineral content was 31%. For com-
parison, we also conducted a small number of experiments
using 100% silt-sized quartz, saturated with distilled water.

[6] For testing the sample paste is placed into the cell,
then loaded to applied normal stresses ranging from 0.09 to
2.0 MPa. The sample was allowed to consolidate until the
compaction rate, or change in sample height, became neg-
ligible (at least ~14 hours). We therefore assume that any
excess pore pressure dissipates during the consolidation
process and the applied stress is the effective normal stress
acting on the sample. Samples are 56 mm in diameter and
typically ~20 mm in height. We conducted two sets of
experiments; in one set we removed the normal load directly
after consolidation and measured the peak shear strength
after displacements of up to ~2 mm. Shear strength without
applied normal load (o', = 0) is a direct measurement of the
cohesion ¢ (Equation 1). In the other set, we sheared the
samples while still under the applied consolidation stress
(effective normal load) to displacements of 7-8 mm and
measured the frictional shear strength upon attainment of a
steady-state value. We then removed the normal load after
shearing to measure the cohesion of the sheared sediment,
¢,. Shear velocity in all cases was 0.5 pm/s. We observed no
surface breaks during cohesion tests, indicating that all
deformation occurred on the prescribed shear surface.
Repeated experiments demonstrate that all measurements
are reproducible to within 5%.

3. Results

[7] When sheared under applied effective normal stress,
residual shear strength of our clay-rich samples ranges from
39 kPa under 90 kPa effective normal stress to 946 kPa
under 2 MPa effective normal stress (Figure 2a). Strength
curves reach steady-state by ~4 mm displacement, and
exhibit no peak. After removal of the normal stress, the
cohesive strength of sheared samples ¢, increases from 15 to
133 kPa as a function of prior effective normal stress, with
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Figure 2. Shear stress as a function of displacement. Effective applied normal stress or vertical consolidation stress is
noted next to each curve. (a) Frictional strength of samples sheared under applied effective normal stress. (b) Cohesive
strength of samples sheared with the normal load removed, after shearing under load. (c) Cohesive strength of unsheared
samples subjected to vertical consolidation only. Gray box in Figure 2a represents the parameter space shown in Figures 2b

and 2c.
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Figure 3. (a) Coulomb-Mohr diagram depicting shear
strength as a function of effective normal stress. (b) Shear
strength data from Figure 3a converted into friction coeffi-
cients. Depth scale assumes a vertical effective stress gradient
of ~10 MPa/km.

peak strength being reached at < 0.5 mm of displacement
upon re-initiation of shearing (Figure 2b). For samples
where the cohesion was measured after consolidation only, ¢
increases as a function of increasing consolidation stress
from 9 kPa under 90 kPa consolidation stress to 70 kPa
under 2 MPa consolidation stress (Figure 2¢). Compared to
the sheared samples, the shape of the cohesion curves for
unsheared samples are broader and require up to ~1 mm
displacement to reach peak strength. For all cohesion mea-
surements, the shape of the curves depends systematically
on applied consolidation stress, with the peak becoming
more pronounced at higher stresses.

[8] In Figure 3a, we show the frictional shear strength T,
sheared cohesive strength c,, unsheared cohesive strength c,
and the frictional strength minus the sheared cohesion (7-cy)
as a function of effective normal stress in a Coulomb-Mohr
type diagram. The quantity 7-c, is equal to the internal
friction times the effective normal stress (uo’,) which is the
purely frictional component of the shear strength. All
quantities increase linearly as a function of normal stress,
with correlation coefficients R* > 0.98. The rates of shear
stress increase per increase in normal stress are 0.47 for the
frictional shear strength 7, 0.41 for 7, 0.06 for ¢, and
0.03 for c¢. All quantities trend towards the origin. These
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rates can be considered friction coefficients, which are shown
in Figure 3b for each individual effective normal stress. Indi-
vidual values of apparent sliding friction (i, equation (4))
range between 0.44 and 0.51, while the internal friction coef-
ficient (u, equation (1)) ranges from 0.26 to 0.44. In order to
compare these values with our cohesion measurements, we
calculated equivalent friction coefficients for ¢ and ¢, which
range from 0.03 to 0.10 and 0.07 to 0.17, respectively. We find
that cohesion is the highest proportion of the overall shear
strength when the applied normal stress is low.

[9] Silt quartz has a peak shear strength of 1.48 MPa and a
residual strength of 1.42 MPa under 2 MPa effective normal
stress. After consolidation but prior to shearing the cohesive
strength could not be detected within the limits of the testing
apparatus. After shearing, we measured ~3 kPa of cohesion.
Because this amount of cohesion is negligible compared to
the normal stress (0.15%), the coefficient of sliding friction
is applicable for quartz, and is 0.71.

4. Discussion and Implications

[10] Our direct measurements of cohesive strength in clay-
rich material result in two important observations: (1) Cohesion
is not negligible even after significant amounts of slip, and
(2) Cohesion depends linearly on applied effective normal
stress, or effective vertical consolidation stress. This indicates
that for clay-rich material such as the one we study here,
coefficient of sliding friction is a not applicable because there
is no circumstance under which the cohesion is zero. It is
therefore more proper to use internal friction, because during
shearing the shear strength consists of both a cohesive and
frictional portion. For the sample we used, which is composed
of ~30% phyllosilicate minerals, cohesion accounts for 0.06
in friction. This is twice the amount of cohesion in samples
that underwent consolidation only, suggesting that cohesion
is also imparted by shear stress. If we consider the proportion
of the shear strength that the cohesion comprises (c,/7), we
find that it can range from 14% at 2 MPa up to 39% at 90 kPa.
This suggests that neglecting cohesion leads to an overesti-
mation of the proportion of the shear strength that should be
attributed solely to frictional mechanisms, and that the rela-
tive importance of cohesion is higher at shallow burial depths
where effective stresses are low.

[11] It can be seen in Figure 3 that the measured shear
strength 7 trends toward the origin, which is consistent with
previous observations [e.g., Byerlee, 1978; Krantz, 1991;
Schellart, 2000; Ikari et al., 2007] and is likely the reason for
assuming negligible cohesion and using the coefficient of
sliding friction when testing disaggregated fault gouges.
However, our data shows that this is misleading because the
cohesion is stress dependent and also trends toward the origin,
and that extrapolation of the Coulomb-Mobhr failure envelope
does not capture the existing cohesion. We note that we have
tested the frictional strength of our samples under normally-
consolidated conditions only, and it is possible that cohesion
may still be determined by extrapolation of the Coulomb-Mohr
failure envelope if the applied normal stresses during frictional
strength measurement are below the maximum in-situ stress
experienced by the sample (i.e., testing is restricted to over-
consolidated sediments).

[12] We observe that the sample composed of 100%
quartz exhibits high overall shear strength and no cohesive
strength both with and without being subjected to shearing
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under normal load, which is in strong contrast with sediment
consisting of ~30% clay minerals or more [e.g., Brown
et al., 2003]. Within the atomic structure of clay minerals,
cation substitutions in the aluminosilicate layer induce a net
negative charge which is balanced by the adsorption of
water molecules onto the mineral surface and, in the case of
swelling clays such as smectite, into the crystal structure
[Sposito et al., 1999; de Jong, 2011]. The first layer of water
molecules adjacent to the clay mineral surface (where an
O atom is within 4 A from the clay) can form hydrogen
bonds with O on the clay surface and with O in the next
layer of water molecules [Marry et al., 2008]. We therefore
suggest that cohesive strength is the result of interconnected
bonds between clay minerals and water molecules acting as
bridges. This mechanism would be absent for quartz, which
has no charge. Because hydrogen bond development is
important in the first few water layers, samples with lower
porosity are likely to be more strongly bonded because clay
mineral surfaces will be separated by less water. This is
supported by our data, which show that cohesion increases
as a function of consolidation stress. Hydrogen-bonded
water molecules may be “trapped” between clay surfaces
during shear, which is consistent with observations by
Morrow et al. [2000], who demonstrated that low frictional
strength correlates with the tendency of charged phyllosili-
cate minerals to adsorb water onto mineral surfaces. Taken
in conjunction with our results, this suggests that the mineral
charge is responsible for both lower overall shear strength
and increased cohesion in clay-rich sediment. In cases
where the shear strength is very low due to the adsorption of
large amounts of water, the proportion of strength associated
with frictional mechanisms may approach the strength of
molecularly thin films of water [Israelachvili et al., 1988;
Moore and Lockner, 2004].

[13] The stress range we investigated in this study corre-
sponds to depths of <~200 m (assuming a vertical effective
stress gradient of 10 MPa/km), making our results relevant to
shallow processes such as submarine landslides. Cohesive
strength is a component used in factor of safety models
assessing the likelihood of a slide occurrence for shallow
marine environments because these models employ the
Coulomb-Mohr failure criterion [e.g., Hampton et al., 1996;
Stigall and Dugan, 2010]. If significant unloading has
occurred, either due to a previous slide or simple erosion, the
slope sediments may have an increased cohesive strength that
will tend to resist slide movement, which will depend on the
thickness of removed material.

[14] We observe that cohesive strength develops rapidly in
clay-rich sediment when consolidated, and increases when the
material is sheared. If we apply these observations to fault
behavior, this suggests that a clay-rich fault gouge would
maintain cohesive strength even while slipping during the
initial stages of an earthquake. This may result in reduced
strength loss over the same displacement, or lower stress drop,
limiting the size of a potential earthquake. Inhibiting the fault
from catastrophically relieving shear stress could also result in
slower fault slip, and contribute to the commonly observed
aseismic behavior of such clay-rich gouges [Shimamoto and
Logan, 1981; Saffer and Marone, 2003; Ikari et al., 2009].
Furthermore, the timescale at which we observe cohesion
development is much shorter than earthquake recurrence
intervals, suggesting that it is not associated with stick-slip
behavior and earthquake nucleation. We suggest that the rapid
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cohesive strengthening we observe at low pressures and tem-
peratures, which we attribute to the bonding of water to
atomically charged phyllosilicate minerals, is fundamentally
different than other processes responsible for cohesive
strengthening such as dissolution-precipitation reactions and
welding of grains at high pressure and temperature, that are
inferred to control earthquake occurrence [Bos and Spiers,
2002; Muhuri et al., 2003; Tenthorey and Cox, 2006].

5. Conclusions

[15] We demonstrate that cohesive strength in clay-rich
sediment is dependent on the effective vertical stress during
consolidation, and persists even when the sediment is sheared
under an applied normal stress. Cohesion of sheared sediment
increases approximately 60 kPa per MPa of overburden,
while cohesion of unsheared sediment increases at half this
rate. On a Coulomb-Mohr type failure diagram, 7, ¢, and ¢, all
trend toward the origin, suggesting that shear strength mea-
surements of normally consolidated sediment could lead to
the erroneous assumption that cohesion is negligible when in
fact it can be 14-39% of the total shear strength. This means
that the frictional behavior of clay-rich sediment must be
described by the cohesion and the internal friction coefficient
rather than the coefficient of sliding friction. We postulate
that the mechanism responsible for the cohesion is hydrogen
bonding between adsorbed water molecules and atomically
charged clay mineral surfaces. We further suggest that this
type of cohesion is fundamentally different than higher
temperature and pressure phenomena such as pressure solu-
tion and grain suturing, and therefore will have different
effects on processes such as earthquake occurrence.
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