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characteristics of sediment layers on water
film formation in submarine landslides
Shogo Kawakita1,2, Daisuke Asahina2* , Takato Takemura3, Hinako Hosono3 and Keiji Kitajima1

Abstract

Through two lab-scale experiments, we investigated the hydraulic and mechanical characteristics of sediment layers
during water film formation, induced by elevated pore pressure—considered one of the triggers of submarine
landslides. These involved (1) sandbox experiments to prove the effect of water films on mass movement in low
slope gradients and (2) experiments to observe the effect of the tensile strength of semi-consolidated sediment
layers on water film formation. Portland cement was used to mimic the degree of sediment cementation. We
observed a clear relationship between the amount of cement and pore pressure during water film formation;
pressure evolution and sediment deformation demonstrated the hydraulic and mechanical characteristics. Based on
the results of these experiments, conditions of the sediment layers during water film formation are discussed in
terms of pore pressure, permeability, tensile strength, overburden pressure, and tectonic stresses. The results
indicate that the tensile strength of the sediment interface provides critical information on the lower limit of the
water film formation depth, which is related to the scale of potential submarine landslides.
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1 Introduction
Submarine landslides are known to damage offshore and
coastal infrastructure and cause damaging tsunamis
(Moore et al. 1989; Hampton et al. 1996; Locat and Lee
2002). The destabilization of submarine sediments is
possibly triggered by elevated pore-fluid pressure, which
spreads across sediment layer interfaces and can reduce
their shear strength. The occurrence and evolution of
pore pressure formation in sediments is influenced by
their hydraulic and mechanical (HM) conditions, such as
permeability, strength, and overburden as well as tec-
tonic stresses (Jolly and Lonergan 2002; Elger et al.
2018). A better understanding of such conditions associ-
ated with sediment layers and interfaces is important for
predicting and mitigating geohazards related to submar-
ine landslides.

Submarine landslides induced by elevated pore pres-
sure have been studied by field observations, seismic re-
flection surveys, physical experiments, and numerical
simulations (Rzadkiewicz et al. 1997; Biscontin et al.
2004; Gee et al. 2007; Stigall and Dugan 2010; Otsubo
et al. 2018). For example, the relationship between sub-
marine landslides caused by elevated pore pressure and
gas hydrates has been studied (Sultan et al. 2004; Berndt
et al. 2012; Elger et al. 2018). Dissociation of gas hy-
drates reduces sediment permeability, resulting in the
accumulation of free gases and the elevation of pore
pressure. Elger et al. (2018) used seismic data to show
that elevated fluid pressures in the gas hydrate stability
zone moved to shallower layers or the sediment interface
through pipe formation. They also showed that lateral
overpressure built up in shallow sediments possibly trig-
gers submarine landslides. Morita et al. (2012) used 3D
seismic data to show a typical slumping deformation, ac-
companied by parallel dikes that are considered as the
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evidence of dewatering structures. They discussed the
relationship between seafloor stability and dewatering
structure, which was closely related to natural gas distri-
bution and slumping formation mechanisms. The effect
of compressibility and sedimentation rate on overpres-
sure generation has also been investigated to understand
low-gradient and large submarine landslides (Urlaub
et al. 2015). Utsunomiya et al. (2019) surveyed the stra-
tigraphy and material features of coarse-ash and lapilli-
tuff beds, with intruding clastic dykes due to elevated
fluid pressure, to understand the preferential formation
of slip planes in submarine landslides.
An elevated fluid pressure creates a space (or propa-

gates a crack) within sediments in various directions,
which affects seafloor stability, depending on the HM
conditions and anisotropy of the surrounding sediments.
For example, horizontal openings in the sediments can
be classified as water films, layered fractures, or sills,
whereas vertical openings are recognized as pipings,
sand boils, or dykes (Cheng et al. 2001; Gudmundsson
and Brenner 2002; Jolly and Lonergan 2002). The fluid
pressure conditions needed to form such spaces in un-
consolidated sediments were studied through theoretical
and laboratory experiments (Lu et al. 2014). Tsuji and
Miyata (1987) used the sand-clay mixed analog sedi-
ments to study the structure developments of the ele-
vated pore pressure induced by upward fluid flow. Their
observation showed various structures of the pore pres-
sure, such as a dish-shaped structure formed in the hori-
zontal direction, vertical dewatering structures, and their
connectivity. Sandstone dykes and sills have been inves-
tigated for geological evidence and their controlling
mechanisms related to tectonic and overburden stresses
(Jolly and Lonergan 2002).
Elevated fluid pressure within sediment layers in-

duces mechanical changes (i.e., effective normal stress
and shear strength reduction) and potentially triggers
submarine landslides (Field et al. 1982; Hampton
et al. 1996). Water films have been considered as a
possible form of elevated pore pressure in the sedi-
ment layer, and their depth and lateral scale could
affect the mobility of submarine landslides (Kokusho
2003). Kokusho et al. (1999, 2000) conducted sandbox
experiments to study water film formation by lique-
faction; the effect of a low permeability layer (silt
seam) on the water film and its dynamic characteris-
tics were observed. Liu and Qiao (1984) performed
shake table tests on two-layer deposits and observed
the development of a water lens to a water interlayer
(or water film). Centrifuge shake table tests demon-
strated the formation of water interlayers in layered
sand (Fiegel and Kutter 1994) and scaling laws of
submarine landslides with different gravity levels (Gue
et al. 2010).

As mentioned above, studies on the effect of water
film formation on mass movements have primarily been
conducted in unconsolidated sediments. However, re-
search on HM conditions of semi-consolidated sediment
layers during water film formation is scarce. This is
partly due to the difficulty in measuring properties of
semi-consolidated sediment layers (e.g., tensile strength),
especially at the sediment interface. Information on HM
conditions and sediment properties is critical to under-
stand the lower limit of the water film formation depth,
which could affect the scale of submarine landslides.
This paper aims to better understand HM characteris-

tics as well as to constrain the conditions of sediment
layers during water film formation; of particular interest
is the process of water film formation in unconsolidated
and semi-consolidated sediment and its dependence on
the surrounding conditions. We present two lab-scale
experiments that studied the formation of water films
associated with elevated pore pressure. The first sandbox
experiment demonstrates the liquefaction of unconsoli-
dated sediments to understand the effect of a water film
on the mass movement. The results helped to visualize
the three stages related to the water film phenomenon.
The second experiment was conducted to study water
film formation due to an elevated pressure by upward
fluids flowing into semi-consolidated sediments, similar
to those found in gas hydrate-bearing sediments. The ef-
fect of the tensile strength of a bedding plane on water
film formation using artificial semi-consolidated sedi-
ments was investigated. In natural sediments, bedding
planes are consolidated by burial diagenesis with
cementing materials. Here, Portland cement was used as
cementing material to control the degree of consolida-
tion of the bedding plane. The results revealed the rela-
tionship between the amount of Portland cement and
pore pressure to form a water film. HM conditions of
the sediment layers during water film formation are dis-
cussed in terms of pore pressure, overburden stresses,
sediment permeability, and tensile strength.

2 Sandbox test: water film effect on mass
movement
2.1 Experimental setup
Through a series of sandbox experiments, we ob-
served mass movement in low slope gradients induced
by a water film. Figure 1 illustrates a sediment analog
model with three layers of commercial silica sand,
filled in an acrylic box with dimensions of 600 × 300
× 360 mm; and a fine sand layer sandwiched between
coarse ones. Figure 2 shows the accumulation curve
for the grain sizes of two types of silica sand. We also
performed a single-layer sandbox test using coarse
particles to study the effect of fine sand layers on the
mass movement.
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The sand was carefully sprinkled into the box with an
angle of inclination, filled with water to a certain depth,
ensuring no pre-compaction. The sediment model in-
cluded an upper layer (40 mm thick), a middle layer (10
mm thick), and a bottom layer (40 and 80 mm thick at
each end) (Fig. 1). The middle layer was treated as a low-
permeability layer, while the bottom layer worked as a li-
quefaction layer. The thickness and slope angle were kept
constant throughout the layers within a practically con-
trollable range. A concrete mixing vibrator (3 Hz) was
used to generate excitation, liquifying the sand layers.

In general, when water-immersed sand is shaken in a
small-scale box, it starts to move, and an initially in-
clined layer gets easily leveled. Therefore, it is difficult to
observe both the formation of a water film due to lique-
faction and gravity-driven flow as a series of processes in
one experiment. Hence, we devised a mechanism to pre-
vent lateral flow in the bottom layer by setting a vertical
plate inside the box (Fig. 1). The moving distance of the
upper layer was measured by tracking soil particles using
video images. This study describes the results of one
representative experiment. In this study, the term

Fig. 1 Illustration showing the saturated sand layers and the position of the vertical plate

Fig. 2 Grain size accumulation curve for fine and coarse silica sand
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liquefaction indicates that the pore pressure in the sand
layer increases by excitation, and the sand particles are
no longer bonded. When the sand is liquefied, the total
stress between the sand particles becomes equal to the
pore pressure (i.e., excess pore pressure ratio > 1).

2.2 Results
Figure 3 shows the evolution in the movement of single-
layer coarse sand. Saturated sand started compacting in
a vertical direction immediately after excitation (Fig. 3b).
A small amount of sand moved to the left of the vertical
plate; thereafter, the sand slope stabilized to a nearly flat
surface (Fig. 3c). Overall, the movement of sand particles
was limited. Neither a water film nor a large mass move-
ment was observed.
In contrast, the results of the three-layer sandbox

clearly showed distinct mass movement processes
associated with water films (Fig. 4). First, the water-
immersed sand compacted in a vertical direction imme-
diately after excitation and eventually settled (Fig. 4b).
Then, a water layer formed at the interface between the
middle and bottom layer (Fig. 4c), known as the water
film phenomenon. In the early stage of the water film
formation, two large dish-structures were observed. Sub-
sequently, the dish-structures were combined into one
to form the water film; its visible length was ~ 400 mm
with no discontinuity and its thickness was about 0.5–2
mm. Thereafter, a large amount of sand above the water
film moved to the left (Fig. 4d, e). As soon as this lateral
movement was triggered, the water film was not visible
and the fine sand in the middle layer moved slightly up-
ward to the upper layer surface, causing multiple sand
boils (or piping) (Fig. 4e). As the intensity of sand boil-
ing gradually diminished, the sand settled by filling up
the space on the left. The maximum post liquefaction

settlement achieved was about 55 mm. Particle move-
ment in the horizontal direction of the single-layer test
was 27 mm, and that of the three-layer test was 116
mm.
The above observations imply several HM interactions

at layer interfaces. Excitation of the sandbox induced li-
quefaction, during which the water-immersed sand seg-
regated into water and sand. Water, flowed into the
bottom layer, rose and the water accumulated below the
middle fine sand layer that acted as a permeability bar-
rier due to a permeability contrast between the bottom
and middle layer. The water film reduced the shear re-
sistance at the layer interface. The large mass movement
with low gradients can be explained by a reduced shear
strength associated with the water film, recognized as a
specific feature of submarine landslides (Kokusho 1999;
Kokusho 2003). Moreover, intense sand boiling during
the lateral mass movement indicated elevated pressure
in the water film. Pipe structures formed in the upper
layer, which became elongated and thinned due to lat-
eral mass movement. Kvalstad et al. (2005) presented a
similar mechanism, showing evidence from field surveys
of submarine landslides. The upper layer was elongated,
and normal faults formed around the submarine land-
slide. The pipe structures indicated an elevated pore
pressure in sediments and were recognized as common
phenomena accompanying submarine landslides (Morita
et al. 2012; Elger et al. 2018; Utsunomiya et al. 2019).
Two conditions are necessary to enable lateral mass

movement: the presence of a permeability barrier, essen-
tial to water film formation (discussed in detail in Sec-
tion 4), and the upper layer needs to have space for
movement before the inclination of sand stabilizes. As
mentioned, the vertical plate facilitates the separation of
two processes: sand liquefaction in the bottom layer and

Fig. 3 Single-layer sandbox test; frontal view in illustration (left) and actual image (right) at different stages: a Before excitation, b during
liquefaction, and c after mass movement. In the illustration, brown and dark yellow represent the vertical plate and coarse sand, respectively
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gravity-driven flow caused by the water film. Although
the sandbox test demonstrates the effect of a water film
on lateral mass movements, it has limitations in simulat-
ing actual submarine landslides, such as the box size, ex-
citation period, influence of the vertical plate that
prevents the lateral flow of the bottom layer, and scaling
effect of the mass movement, etc. The following section
introduces one of these aspects: the effect of the tensile
strength of semi-consolidated sediment layers on water
film formation.

3 Tensile strength test of sediment layer interface
3.1 Specimen description
The relationship between the tensile strength of
semi-consolidated sediment and water film formation
was studied through an analogous model composed
of a two-layer sediment, bentonite and Toyoura
sand. Bentonite was used due to sufficient contrast
of material properties for water film formation, un-
obtainable if only sand was used. The bentonite used
in this study contained smectite (46–49%), chalced-
ony (37–38%), and other materials (13–17%), and
was considered as impermeable (Shirazi et al. 2010).
Figure 5 shows the grains size accumulation curve
for Toyoura sand and Bentonite. Ordinary Portland
cement was used as a binding material to change the

cementation of the sediments and their interface.
Two-layer specimens were cast in an acrylic hollow
cylindrical cell (length: 70 mm, inner diameter: 37.5
mm), as shown in Fig. 6. Table 1 shows the mixture
proportions of the sediment models. The thickness
of the bentonite and Toyoura sand layer was set to
45 mm and 40 mm, respectively, and kept constant
to retain the same contact area between the speci-
men and inner wall of the acrylic cell. For both
layers, the weight ratio of cement to cement com-
posites (“CC ratio”) was set to 0%, 10%, 20%, 30%,
and 40%, respectively. For the Toyoura sand layer,
the amount of water to the cement composites was
kept at 20%. Because the workability of the bentonite
layer is greatly affected by the amount of water, we
had to add a certain amount of water to obtain ad-
equate workability. For the bentonite layer, the
amount of water that can be added was limited to
60 g. This amount was determined in such a way
that adequate workability is achieved for the 0% CC
ratio, which had the least workability. We carefully
cast the bentonite layer to avoid generating a flow
path between the bentonite layer and the inner wall
of the acrylic cell. The top and bottom of the acrylic
cell were sealed with a vinyl sheet to prevent drying
during curing. The two-layer specimen was cured

Fig. 4 Three-layer sandbox test; frontal view in illustration (left) and actual image (right) at different stages: a Before excitation, b during
liquefaction, c during water film formation, d beginning of lateral movement, and e after large mass movement with sand boiling. In the
illustration, brown represents the vertical plate, while dark and light yellow represent coarse and fine sand, respectively. Blue represents a
water film
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with pre-compression under a steel weight (to give a
dead load of 13.7 N) for 3 days.
The bentonite layer is used to provide sufficient

contrast between the upper and bottom layers in
the analog model, but there are differences in the
conditions with the actual seafloor. The actual sea-
floor sediments are usually saturated, while the ben-
tonite layer is not as easy to control for saturation
due to its impermeable and high swelling properties.
Also, submarine sediments may be more permeable
rather than impermeable like bentonite. The influ-
ence of these aspects of bentonite is beyond the
topic of this paper but will study in a subsequent
paper.

3.2 Equipment and experimental procedure
The water film formation was studied by upward fluids
flowing into semi-consolidated sediments. Figure 6 illus-
trates the experimental setup. It was comprised of hy-
draulic loading systems, measuring units, a reaction
frame, and a hollow acrylic cylinder to visualize the
process during water film formation. Hydraulic loading
was manually controlled by an air pump. Pressure sen-
sors with accuracies of 0.3 kPa (up to a maximum of 1
MPa) were attached. Three pressure sensors were placed
accordingly to measure fluid pressure. A dial gauge was
attached to the top pedestal to measure vertical speci-
men deformation (Fig. 6a). Filter paper and porous fabric
were placed at the base of the specimens and outlets of

Fig. 6 Experimental configuration: a Schematic representation of the tensile test for the two-layer specimen. Fluid pressures were measured by
pressure sensors installed at the fluid pressure inlet (bottom), layer interface, and upper layer; and b photograph of a specimen showing flow
lines to the pressure sensors, a specimen-filled acrylic cell, and reaction frame

Fig. 5 Grain size accumulation curve for Toyoura sand and Bentonite
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the pressure sensor, respectively, to prevent the fluid
path from being clogged.
The experimental flow is as follows.
Step 1. Toyoura sand and bentonite were mixed with

cement and water, and then placed in the acrylic cell for
3 days curing.
Step 2. The acrylic cell was set in the reaction frame,

and the measuring devices were attached as shown in
Fig. 6a. The vertical overload was the weight of the top
pedestal and the bentonite layer, whereas confinement
pressure was not applied.
Step 3. The water pressure was incrementally applied

to the bottom of the specimen from a pedestal fixed to
the acrylic cell.
Step 4. At some point, the bentonite layer rose, and a

space filled with water was formed at the layer interface
(i.e., water film). The existence of a water film was rec-
ognized by deformation, fluid pressure, and visual
inspection.
When a water film forms at the layer interface, the

mechanical balance can be expressed as:

Pwf ¼ T þW=Aþ C ð1Þ

where Pwf is the fluid pressure of the water film, T is
the tensile strength of the layer interface, W is the over-
burden load (i.e., self-weight above the water film), A is
the specimen’s cross-sectional area, and C is the cohe-
sion between the upper layer of the specimen and the
inner wall of the cell. To measure the cohesion, C, we
conducted a simple push-out test. For the push-out test,
only one bentonite layer was prepared in the acrylic cell,
in the same manner as in the tensile test. We measured
the push-out force using a steel piston attached to the
reaction frame and load cell.

3.3 Results
Figure 7 shows photographs of the specimen before and
after water film formation. Figure 8 shows the evolution
of pore-fluid pressure and vertical displacement at differ-
ent stages for five specimens with different CC ratios.

The results presented here are a subset of experiments
performed on 14 specimens.
Initially, we visually observed that water penetrated

the Toyoura sand layer when fluid pressure was ap-
plied from below the specimen. Figure 8a–d shows an
increase in inlet pressure, followed by an increase in
layer interface pressure. A water film formed at the
layer interface only for specimens with 0%, 10%, 20%,
and 30% CC ratios (gray areas in Fig. 8a–d). After
the formation of a water film, displacement increased,
while the bentonite layer started to rise (Fig. 7b).
Simultaneously, the layer interface pressure first de-
creased and then increased, which was caused by the
creation of space due to the separation of the sedi-
ment layers, and the volume of the water film in-
creased. The process of water film formation showed
a similar tendency, regardless of the CC ratio. The
fluid pressure in the upper layer was unchanged dur-
ing the test.
With an increasing CC ratio, the tensile strength at

the layer interface increased, while the permeability of
the sand layer decreased, making it difficult for the fluid
pressure to increase at the layer interface, which led to a
delay in water film formation. For the 40% CC ratio (Fig.
8e), the layer interface pressure remained unchanged,
and a water film did not form, the formation of which
was hindered before reaching the maximum capacity of
the test equipment (1 MP).
Figure 9 shows the maximum fluid pressure of the

layer interface prior to water film formation as well
as the tensile strength of the layer interface calculated
by Eq. 1 as functions of the CC ratio. As mentioned
above, the cohesion between the bentonite layer and
the inner wall of the acrylic cell was measured
through the push-out test. The cohesion was calcu-
lated by dividing the push-out force by the contact
area between the bentonite layer and the inner wall.
The cohesion was measured to be 0.76, 3.28, and 3.53
kPa for a CC ratio of 10%, 20%, and 30%, respect-
ively. These cohesion values were less than 5% of the
maximum pore pressure during water film formation.
Because of the low cohesion between the bentonite

Table 1 Mixture proportions of Toyoura sand and bentonite layers

CC
ratio
(%)

Toyoura sand layer Bentonite layer

Sand (g) Cement (g) Water (g) Bentonite (g) Cement (g) Water (g)

0 60.0 0.0 0.0 20.0 0.0 60.0

10 60.0 6.7 13.3 18.0 2.0 60.0

20 60.0 15.0 15.0 16.0 4.0 60.0

30 60.0 25.8 17.2 14.0 6.0 60.0

40 60.0 40.0 20.0 12.0 8.0 60.0

For Toyoura sand, the amount of water to the cement composites was set to 20% for all specimens. For the bentonite layer, 60 g of water was used for all
specimens. This amount of water provides adequate workability for the 0% CC ratio, which had the lowest workability
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Fig. 8 Responses recorded at different CC ratios: a 0%, b 10%, c 20%, d 30%, and e 40%. The scale varies between specimens. Gray areas indicate
periods of water film formation with a notable decrease in pressure sensor 2 and an increase in deformation

Fig. 7 Photograph of the two-layer specimen: a before and b after the experiment
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layer and the inner wall, the vertical deformation of
the bentonite layer, prescribed by the pore pressure,
was also small. Therefore, the lateral expansion (i.e.,
Poisson effect) of the bentonite was considered small,
which would result in a negligible frictional resistance.
During water film formation, a space filled with water
was created at the layer interface, which was visually
confirmed. Therefore, the pore pressure was assumed
to apply uniformly to the upper layer. Based on these
assumptions, the cohesion values were used to calcu-
late the tensile strength according to Eq. (1). Tensile
strength was calculated using the average fluid pres-
sure (Fig. 9). The pressure magnitudes and tensile
strength increased almost linearly with an increasing
CC ratio, although there was some variation.

4 Discussion
Based on the experiments discussed earlier, we
summarize two basic conditions essential for water
film formation in sediment layers. To simplify the
complex HM conditions of the seafloor, we consider
simple two-layered sediment, with the following
assumptions:

� Assuming two simple horizontal layers; therefore, a
water film forms horizontally.

� Assuming three material phases: upper and lower
sediment, and the interface between them.

� Neglecting the viscous effect at the tip of sediment
separation (i.e., crack tip) (Jolly and Lonergan 2002).

� Assuming that water flows from the lower layers
due to liquefaction or gas hydrate-bearing
sediments.

First, we consider a hydraulic condition to generate
hydrostatic pore pressure, PP, and exceed pore pressure,
Pex, at the layer interface. As a condition for generating
a pressure difference at the layer interface, the

relationship between the permeability of the upper layer,
kup, and lower layer, klow, is as follows:

kup < k low ð2Þ
As demonstrated earlier, this condition provides a seal,

causing elevated pressure below the upper layer (Os-
borne and Swarbrick 1997; Jolly and Lonergan 2002).
The pore pressure at the layer interface can be increased
by supplying fluid at a sufficient rate to the layer inter-
face, and if the upper layer has a sufficiently low perme-
ability. If pipe structures or clastic intrusions form
pathways for over-pressured fluids from the lower layer
to the layer interface, the permeability of the lower layer
may not be influential.
Next, we consider mechanical conditions for an ele-

vated pore pressure to form a space (or propagate a
crack) within the sediment. Water films can be classified
as geometrical forms by which elevated pore pressures
can mechanically generate spaces in the sediment. For
simplicity, we focus on two directions, horizontal and
vertical, as the space extended by elevated pore pres-
sures. To form a space horizontally (i.e., water film), the
mechanical balance becomes

PP þ Pex > σv þ T v ð3Þ
where Tv is the tensile strength at the layer interface and
σv is the overburden stress (Fig. 10a). To form a space
vertically, the following equation must be satisfied (Fig.
10b),

PP þ Pex > σh þ Th ð4Þ

where σh is the horizontal stress and Th is the horizontal
tensile strength of the sediment (Jolly and Lonergan
2002). When space is generated vertically in the upper
layer, the exceed pore pressure at the layer interface de-
creases, as demonstrated earlier (Fig. 4). Therefore, the

Fig. 9 Fluid pressure and tensile strength versus CC ratio
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conditions for water film formation can be expressed by
combining Eqs. (3) and (4), in an opposite relationship,
as follows:

σv þ T v < PP þ Pex < σh þ Th ð5Þ
Although the tests in Section 3 have analogous condi-

tions, we confirmed that there is a degree of consolida-
tion where a water film cannot form. The maximum
tensile strength measured during water film formation
was about 100 kPa at a CC ratio of 30%, which was con-
sidered as the lower limit because σv was low enough to
be ignored. Here, we can consider the critical tensile
strength of the layer interface based on the Griffith the-
ory (e.g., Sibson 1998), in which the criterion required
for the formation of an extensional fracture is as follows:

σ ’1 - σ ’3ð Þ < 4T v ð6Þ
where σ'1 and σ'3 are the maximum and minimum ef-

fective stresses, respectively. The coefficient of earth
pressure at rest, K0= σh/σv (the ratio of horizontal to ver-
tical stress) is generally 0.25 to 0.67 in sediments (Wes-
ley 2009). Therefore, the overburden stress is larger than
the horizontal tectonic stress, especially at deeper
depths. Furthermore, as consolidation and diagenesis
(cementation) progress: (i) the permeability contrast be-
tween upper- and lower-layers decreases, resulting in a
low pore pressure gradient; and (ii) the tensile strength
of the layer interface increases, resulting in an

undefinable weak interface. The greater the consolida-
tion stress, such as in sediments with a higher overload,
and the longer the consolidation time, the greater the
sediment consolidation. Consequently, water films do
not tend to form in general regional stress, in well-
sedimented environments, and at deeper depths. How-
ever, this is not the case in areas where the horizontal
stress is the maximum principal stress, e.g., the end of a
slope, or the active tectonic stress associated with sub-
duction zones (Kawamura et al. 2014). Subduction zones
(even at shallower depths) are one of the possible areas
where the horizontal stress becomes the maximum prin-
cipal stress. Thus, submarine landslides due to water
film formation could occur in semi-consolidated sedi-
ments with cohesive strength. Conditions suitable to
water film formation could occur at depths shallower
than where consolidation diagenesis progresses, up to a
tensile strength of 100 kPa in the subduction zone. To
date, information on the tensile strength of marine sedi-
ment cores is limited. Our approach could be used to
measure the tensile strength of semi-consolidated sedi-
ments to systematically estimate the critical depth of
water film formation, which affects the scale of submar-
ine landslides.

5 Conclusions
Physical properties of multiple sediment layers as well as
the evolution of their pore pressure with subsurface in-
stability greatly affect the scale and intensity of

Fig. 10 Schematic cross-section of a sedimentary layer: a Horizontal crack (e.g., water film formation) and b vertical crack
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submarine landslides. Obtaining physical measurements
of submarine landslides at the seafloor is challenging,
largely due to difficulties in investigating relevant scales
and locations. Through laboratory experiments on un-
consolidated and semi-consolidated sediments, we ob-
served hydraulic and mechanical characteristics during
water film formation induced by elevated pore pressures.
We first presented sandbox tests to demonstrate the ef-
fects of water film formation on the lateral mass move-
ment. Then, the pore pressure of semi-consolidated
sediments was measured during water film formation,
and the effect of tensile strength was observed. There-
after, the controlling mechanisms for water film forma-
tion were considered in terms of permeability, tensile
strength, overburden pressure, and horizontal tectonic
stresses.
We demonstrated the formation of water films at the

interface of semi-consolidated sediments under limited
conditions; submarine landslides induced by water films
could occur at a sediment layer interface with progres-
sive consolidation diagenesis, which is strongly related to
the depth below the seafloor.
Although we demonstrated the effect of hydraulic and

mechanical characteristics of sediment layers on water
film formation, limitations exist in simulating the condi-
tions of actual submarine landslides. Water film forma-
tion is greatly affected by both, material properties of the
sediments and external loading. Therefore, further re-
search is required to mimic conditions occurring during
water film formation. A subsequent experimental study
will be conducted to measure sediment tensile strength
from marine cores, which will further the understanding
of conditions required to form a water film.
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