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Unsaturated wet sand possesses capillary cohesion that is lost when it becomes saturated. Thus, it can form a cliff,
but a slide may be triggered upon saturation. Here we conduct cliff landslide experiments using cohesive wet sand
where the groundwater seeps in from the hydraulic head h,y located at the rear of a cliff (height H) and vary these
parameters. Importantly, we measure both the total stress o and pore water pressure u to obtain the effective stress
o' = o — u.The experiments show that for a fixed H (> 20 cm), a slide is triggered when the h,, exceeds a critical
level. The slide occurs nearly simultaneous or after the groundwater seeps out from the cliff toe and the vertical veloc-
ity increases approximately exponentially during the slide. As h,, rises, 2 slides are triggered that progress downslope,
and for the highest hy,, the whole cliff is pushed forward after the first slide. On the other hand, when the H is high,
the slide becomes deep seated. The time needed for the water to seep out from the cliff toe decreases with the hyy
and increases with the H, as modeled by a permeable flow with a permeability that decreases with the ¢’. The o
(vertical) is initially uneven and deviates from the lithostatic value by arching. For tall cliffs, the o, near the cliff toe
falls precipitously soon after the seepage starts prior to the rise in u, indicating that a stress redistribution occurred as
the wet sand loses cohesion and slip plane develops. This also indicates the efficacy of o measurement because the
changes are detected before the groundwater arrives. A stability analysis that models the drop in cohesion and a rise
in u explains the cliff becoming unstable with hy, and the slide becoming deep seated with H. However, it overesti-
mates the factor of safety Fs because it does not include the capillary rise and the fall in o.
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1 Introduction

A rise in groundwater level above an impermeable bed-
rock is considered to be an important cause for trigger-
ing landslides (Whitely et al. 2019). Here the water may
be supplied by infiltration from the surface by rain-
fall and snow melting, from adjacent stream, lake and
river (De Blasio 2011; Highland and Bobrowsky 2008),
and from a change in groundwater path caused by an
earthquake (Morimoto et al. 1967). The landslide pro-
cesses which follow are complex and the resulting slide
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morphology is diverse and evolves with time (Allen 1985;
Varnes 1978). As a consequence, it is difficult to accu-
rately predict when and how a slide will start, progress,
and end. Conversely, this implies that we are still unable
to infer the condition that triggered the slide by observ-
ing the resulting slide morphology.

When a landslide occurs, the shape of a cliff or a
slope evolves with time. The soil, which consists a cliff
or a slope, is mainly a wet unsaturated granular matter
(a multiphase medium with a complex microstructure),
whose rheology varies from solid-like (static, brittle fail-
ure, frictional) to fluid-like (viscous flow) (Andreotti et al.
2013). These features of landslides are difficult to model
theoretically. Accordingly an experimental approach,
which is capable of modeling these features, is needed.
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The role of experiments is to identify the important phys-
ical processes, which are to be included in the theoreti-
cal models, and to reveal the parameter dependence and
scaling relations.

There have been many landslide experiments con-
ducted in the laboratory and in outdoor flumes. Here the
water seeps into an unsaturated granular block or a heap
and the processes are monitored by imagery and sensors.
The water may be supplied from the adjacent hydrau-
lic head (Berhanu et al. 2012; Fox and Wilson 2010; Fox
et al. 2006, 2007; Gregoretti et al. 2010; Lobkovsky et al.
2004; Okeke and Wang 2016; Orense et al. 2004; Tohari
et al. 2007), from the base (Iverson et al. 1997, 2000),
and by rainfall (Berhanu et al. 2012; Iverson et al. 1997,
2000; Moriwaki et al. 2004; Orense et al. 2004; Tohari
et al. 2007). Here we raise 3 issues which have not been
addressed sufficiently in the previous landslide experi-
ments, on which we focus in this work.

The first issue is to model landslides triggered by the
loss of capillary cohesion with seepage, and to quan-
tify the loss of cohesion and its destabilizing effect. The
strength of granular matter is comprised of frictional and
cohesive strengths, both of which depend on the water
content. Frictional strength falls as the pore water pres-
sure rises because the effective normal stress is reduced.
Cohesive strength arising from capillarity is lost when
the granular matter becomes saturated, as studied in soil
mechanics (Fredlund et al. 2012) and in granular phys-
ics (Mitarai and Nori 2006). Cohesion becomes relatively
important compared to friction when the normal stress is
small, which is the situation for shallow and steep slopes
(Iverson et al. 1997), and for slides on planets or satellites
with low gravity (De Blasio 2011; Melosh 2011). It is also
important for soil consisting of fine particles, such as silt
and clay (Whitely et al. 2019), because capillary cohe-
sion scales inversely to the particle size (Andreotti et al.
2013). When the groundwater level rises in a cliff or a
slope, which consists of wet granular matter, the cohesion
below the phreatic surface is lost, and may cause an insta-
bility. Although the importance of the loss of cohesion
for triggering slides has been realized (Fox and Wilson
2010; Fukuoka 1980; Krahn et al. 1989), landslide experi-
ments which quantified the destabilizing effect arising
from this mechanism are limited (Fox et al. 2007; Tohari
et al. 2007). This is partly because the rheology of wet
granular matter (the same as that used in the landslide
experiments) with variable water content is not routinely
measured. Capillary cohesion at intermediate water con-
tent is not clearly understood (Mitarai and Nori 2006,
Sect. 2), and their measurements are still limited (Fred-
lund et al. 2012; Matsushi and Matsukura 2006).

The second is measurement of the total stress o, the
vertical component o, in particular, which is necessary
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for 2 reasons. One reason is to evaluate the deviation
of o, from lithostacy, which affects the stability of a cliff
or a slope. Such deviation can arise by arching (stress
transfer) which occurs in cohesive soil whose support
is partially absent (Terzaghi et al. 1996), when there is a
wall (Duran 2000), and when there are soils with differ-
ent stiffness (Watts and Charles 1988). Another reason
is to evaluate the degree of fluidization. Granular mat-
ter becomes fluidized when the pore water pressure u
balances the o (1 ~ o), which occurs when the u rises
or when the o falls. Thus, both the u and o need to be
measured to quantify the degree of fluidization. However,
compared to the u, the measurement of ¢ in the landslide
experiments has been scarce (Iverson 1997).

The third is how the morphology and spatial scales of
the slide, the time scales needed for the water to seep out
from the cliff toe and to trigger a slide, depends on the
hydraulic head /,, and the cliff height H. Although previ-
ous experiments have varied these parameters (Berhanu
et al. 2012; Fox et al. 2006; Gregoretti et al. 2010; Lobko-
vsky et al. 2004; Okeke and Wang 2016), we do not fully
understand how the landslide morphology depend on the
hy and H, when the cohesion is lost below the phreatic
surface, and how the characteristic length, time, and o,
of the landslide, scale as a function of these parameters.
For a given h,, and H, we may use theoretical models to
estimate the time needed for seepage, the cliff stability,
and the geometry of the slip plane. More comparison
between experiments and theory is needed to verify and
to correct the models.

In this study, we address the 3 issues raised above
using unsaturated wet sand, which loses cohesion by an
order of magnitude when it becomes saturated; a rheol-
ogy which we measured. We use a setup with a hydrau-
lic head that is suited to specifically address the effect of
the rise in groundwater level. This simple geometry also
allows an easier comparison with the theories. We vary
the &, and H, and monitor the whole process of the land-
slide using video imagery and by measuring the o, 4, and
vertical displacement Az.

This paper is organized as follows. First we explain how
the rheology of the wet sand changes with water content.
Then we describe the experimental methods and the
characteristic scales relevant to our experiments. Next
we show the whole time sequence of the cliff landslides
using images and sensor measurements where we vary
the /1,,. Then we show the effects of H (and /) on the
head length of the slide. We analyze the o, u, Az meas-
urements and the images to show how the characteris-
tic scales depend on the H and A, which are compared
with the theoretical estimates and an empirical relation.
Finally, based on the experiments we provide implica-
tions for field landslides.
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Fig. 1 a A photo of the sand particles used for the experiments. b A
schematic diagram showing the structural change of the wet sand
with increasing water saturation S. A box indicates the intermediate
S (left: pendular, right: funicular) in which liquid bridges form. ¢ Yield
stress y versus S (¢ = 0.50 £ 0.02) of the wet sand obtained from
vane rheometry. A curve is a fourth-order polynomial fit toIn 7,
(Takita and Sumita 2013). d Friction coefficient u (O: left axis) and
cohesion ¢ (x: right axis) versus S of wet sand obtained from parallel
plate rheometry (see Additional file 4: Table S1 for the values of u and
¢). The p obtained from the angle of repose 6, of dry sand (S = 0) is
also plotted. A: u = 0.75 from a convex pile (Takita and Sumita 2013),
V: e = 0.80 from a concave crater (Hayashi and Sumita 2017)

2 Physical properties and rheology of wet sand
Figure 1a shows the fine beach sand (Chirihama, Japan)
used in our experiments. The median particle diameter is
d = 0.204 mm (25% d = 0.171 mm, 75% d = 0.245 mm;
measured using Shimadzu, SALD-2200] and confirmed
via microscope), and the density is ps = 2610 kg/m? (see
Table 1 for the notation). The volumetric packing fraction
¢ of sand and water saturation S [volumetric fraction of
water in the pore space 1 — ¢; Mitarai and Nori (2006)]
are used to characterize the volume of sand particles and
water (see Additional file 4, for the method to calculate ¢
and S). It follows that the bulk density of the wet sand p
becomes

p=¢ps+SA—P)pw, (1)

where the p,, = 1000 kg/m? is the density of water.

Figure 1b is a schematic diagram showing how the
structure of the wet sand changes as the water saturation
S increases from dry (S = 0) to fully saturated (S =1)
[modified from Mitarai and Nori (2006)]. In an unsatu-
rated state, liquid bridges and liquid-filled pores exist,
which give rise to the cohesion. At the intermediate S
(indicated by a box), the S-dependence of cohesion is
inconclusive (Mitarai and Nori 2006).

We use 2 methods to measure the rheology of wet sand
as a function of S. First we use vane rheometry to obtain
the yield stress 7, (see Additional file 4: Fig. S1 for exam-
ples of the time-series data), which we plot as a function
of S in Fig. 1c. The figure shows that the 7y of unsaturated
(S ~ 0.3) wet sand is Ty ~ 6000 Pa, which is an order of
magnitude larger than the 7y >~ 230-700 Pa of the dry
(S ~ 0) or nearly saturated (S ~ 0.84) sand (Mitarai and
Nori 2006; Strauch and Herminghaus 2012). At interme-
diate S, similar to Scheel et al. (2008), the 7y is insensitive
to S. Additional file 4: Fig. S1 also shows that when unsat-
urated wet sand is sheared, the shear stress t fluctuates
with time, which indicates a stick-slip. Such fluctuation of
7 is not observed for dry or saturated sand.

Second, we use parallel plate rheometry to obtain the
friction coefficient p and cohesion ¢ by fitting the shear
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Table 1 Notation

A Growth rate of vertical velocity (1/s)
a Acceleration (m/s?)

c Cohesion (Pa)

c Effective cohesion (Pa)

d Particle diameter (m)

Fs Factor of safety

g Gravitational acceleration (m/s?)

H Cliff height (m)

Hmax Maximum cliff height (m)

h Height of phreatic surface (m)

he Capillary rise (m)

hw Hydraulic head (m)

Ko Coefficient of passive earth pressure
k Permeability (m?)

L Cliff length (m)

Lhead Landslide head length of first slide (m)
S Water saturation in pore space
Tseep Seepage time (s)

Tslide Slide time (s)

t Time (s)

u Pore water pressure (Pa)

% Velocity (m/s)

W Cliff width (m)

y Surface tension coefficient (N/m)
Az Vertical displacement (m)

n Viscosity of water (Pa s)

0 Friction angle (°)

A Inverse velocity = 1/v (s/m)

i Friction coefficient

u Effective friction coefficient

14 Bulk density of wet sand (kg/m3)
Ps Density of sand (kg/m?)

Pw Density of water (kg/mg)

o Total normal stress (Pa)

o, Total vertical stress (Pa)

o’ Effective stress (Pa)

T Shear stress (Pa)

T Shear strength (Pa)

Ty Yield stress (Pa)

¢ Particle volumetric packing fraction

stress T versus normal stress o data to the Coulomb’s law of
friction,

T = U0 +¢, (2)

(see Additional file 4: Fig. S2 and Table S1). The u is
related to the friction angle 6 as p = tan6. Figure 1d
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shows the obtained p and c¢ plotted as a function of
S. In Fig. 1d, we also plotted the u of dry sand (S = 0),
obtained by measuring the angle of repose 6, (see leg-
end for details), for comparison. The p = 0.82 + 0.02
(S = 0) obtained via rheometry is close to the u = 0.80
obtained from a concave crater and is slightly larger than
the u = 0.75 obtained from a convex sand pile (see Addi-
tional file 4: Table S1 legend, for details).

Now we consider the S dependence of the i and c. Fig-
ure 1d shows that the u and ¢ at intermediate S = 0.30
—0.53 are smaller and larger, respectively, compared to
those of dry (S = 0) or saturated (S = 1) sand. Similar to
the 7, (Fig. 1c), the ¢ ~ 1300 Pa at intermediate S is an
order of magnitude larger than the ¢ ~ 100-210 Pa of dry
or saturated sand. An S-dependence of an opposite sense
for u and ¢, is consistent with the results of Fall et al.
(2014).

The ¢ of the wet sand can be also estimated from the
capillary pressure, which pulls the sand particles together.
Here the ¢ is given semi-empirically by ¢ ~ 10u(y/d)
(Scheel et al. 2008), where y = 0.072 N/m is the water—
air surface tension coefficient. For our wet sand (S = 0.3),
substituting i ~ 0.6 and d = 0.2 mm, we obtain ¢ ~ 2200
Pa, which agrees with the measured ¢ ~ 1360 Pa within a
factor of 2, verifying the capillary origin of cohesion.

3 Experimental methods

Figure 2 shows the experimental setup consisting of
an acrylic box with the gates, wet sand, hydraulic head,
and sensors. The front gate is an acrylic plate and is
inserted into slot “a” for runs 1-17 and slot “b” for run
18 (Table 2). The back gate is an acrylic frame to which a
steel mesh with a cloth is attached, and it is inserted into
slot “d” The back gate allows the water to seep in from the
constant hydraulic head (/) tank. The water in the tank
is supplied from a faucet (“in”) and a constant #,, is main-
tained by an overflow (“out”).

Sensor pairs consisting of pressure sensor (Kyowa,
PGM-02KG) and pore water pressure sensor (Sensez,
HWT-001) are attached to the base and side of the box
at locations indicated in Fig. 2b. Pressure sensor meas-
ures the total stress o exerted by the wet sand and pore
water (see Additional file 4 for the performance check).
Pore water pressure sensor is covered by a mesh with an
opening of 0.1 mm (smaller than the sand particle diam-
eter d >~ 0.2 mm) and measures the pore water pres-
sure u. From the o and u, we obtain the effective stress
o’ (Sect. 4). A laser displacement sensor (Keyence,
LB-01) with a resolution of 0.01 mm is used to meas-
ure the vertical displacement Az of the top surface of
the cliff. The measurable Az is limited to a height range
of Az < 80 mm owing to the sensor specification. By
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Fig. 2 An experimental setup for cliff landslides. a An acrylic box
with slots “a"-"d" with a thickness of 1.5 cm for the gates. A laser
displacement sensor is positioned above the centerline of the cliff at
a distance of ~ 1.5 cm from the cliff face. b Locations of the pressure
sensor (measures the o) and pore water pressure sensor (measures
the u) pairs. 3—4 pairs (a total of 6-8) of these sensors are used. The
sensors at the bottom (side wall) measures the pressure in the z (y)
direction

time-differentiating the Az, we obtain the vertical veloc-
ity v,. The voltage outputs of these sensors are measured
by a multimeter (Agilent, 34970A) at a sampling fre-
quency of ~ 2 Hz, and the data are recorded by a PC.

The experimental procedure is as follows. First we pre-
pare the wet sand by spraying water onto dry sand and
thoroughly mixing them by hand. Next we measure the
voltage output of the pressure and pore water pressure
sensors under a zero load. Then a cliff is formed by filling
the wet sand into the space (length L, height H) between
the front and back gates after which the front gate is
removed. We take care so that the ¢ of the wet sand is
at a constant ¢ = 0.51 £ 0.01 (Table 2). This is because
the rheology and permeability (Sect. 6.2) of the wet sand
depend on the ¢. Such sensitivity of the landslide rates
to ¢ has been documented (Iverson et al. 2000). The S
of the wet sand we use is S = 0.32 £ 0.08 (Table 2). The
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rheology at intermediate S depends little on the S (Fig. 1c,
d), from which we estimate that the initial variation of the
rheology among the experimental runs is small. Finally,
we fill the tank with water to a specified /. The tank is
filled within ~ 15 s, which is quick compared to the time
required for the water to seep through the cliff (> 49 s,
Sect. 5.8). We define the origin time (¢ = 0 s) as when the
water level in the tank during filling exceeds /,, >~ 1.5 cm,
which is close to the minimum /4,, = 1.8 cm in our exper-
iments. The whole process of the landslide is recorded by
video cameras from 2 or 3 orthogonal directions (Fig. 2a)
and synchronized with the sensor measurements using
an LED lamp. After the water seeps out from the cliff toe,
it spreads and drains from the outlet at the base of the
box such that the water level near the cliff toe is main-
tained at ~ 6 mm, which was measured from the images.
The experimental research reported here was performed
with the ethical approval of the Earth and Planetary Sci-
ence Course, Kanazawa University.

4 Reference scales for the cliff height, stress,

and pore water pressure
First we consider the maximum cliff height Hpyax above
which it collapses under its own weight. The Hmax is
calculated from the cohesive Mohr—Coulomb criterion
(Andreotti et al. 2013) as

2c¢ cos
max

- pg (1 —sin 0)’ )
where p is the bulk density [Eq. (1)] and g is the gravita-
tional acceleration. Here, Eq. (3) assumes zero horizon-
tal stress. For our cliff surrounded by 2 side walls and a
back gate (Fig. 2a), the obtained Hpmax is a lower-bound
estimate because walls stabilize wet granular matter
(Nowak et al. 2005). For the S ~ 0.3 wet sand which we
use to form a cliff, substituting the values for ¢, 6 (Addi-
tional file 4: Table S1), and p, we obtain an Hy,x >~ 33
cm. The Hpax > 20 cm explains the observation that our
initial H = 20 cm cliff does not collapse. However, when
saturated (S = 1), the Hax drops to Hpax =~ 2 cm, indi-
cating that the cliff becomes unstable after seepage. The
collapse of a sandcastle (formed by unsaturated sand) due
to seepage is a familiar example of such instability. In the
shallow region of a cohesive material under extension, a
tension crack can form (Bodé and Jones 2013). Hpayx is
also the maximum depth which such a crack can form.
As above, seepage arrests crack propagation.

For comparison, we also evaluate the Hp,x of natural
soils consisting of finer particles. Matsushi and Mat-
sukura (2006) measured the ¢ and 0 of unsaturated soils
sampled from field slopes around the depth of the slip
plane and derived an empirical relation between ¢ and
water content. Substituting the parameters for sandy soil
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Table 2 A summary of the cliff landslide experiments

Run H (cm) H/Hmax L (cm) H/L ] S hy (cm) hw/H Result Images, movies

1 20.5 0.62 13.5 152 052 031 5.0 0.24 2 slides + spread -

2 20.0 0.60 135 148 0.53 0.30 20 0.10 No slide -

3 20.0 0.60 135 148 051 055 30 0.15 2 slides -

4 20.0 0.60 135 148 0.50 0.39 20 0.10 1 slide Fig.5

5 19.5 0.59 135 1.44 0.50 033 10.0 0.51 2 slides + spread -

6 20.0 0.60 13.5 148 051 0.14 6.0 0.30 2 slides + spread -

7 20.0 0.60 135 148 0.51 040 15.0 0.75 1 slide 4 flooding Fig. 3a

8 20.0 0.60 135 148 050 031 20 0.10 No slide Fig. 4

9 125 0.38 135 0.93 0.49 0.29 20 0.16 1 slide® Fig. 8a

10 12.0 036 135 089 051 036 20 0.17 1 slide -

M 120 0.36 135 0.89 0.53 0.29 6.0 0.50 3 slides + spread -

12 20.0 0.60 135 148 051 031 13.0 0.65 1 slide 4 flooding  Fig. 7 and Additional file 3: Movie S3

13 200 0.60 135 148 0.51 037 1.8 0.09 1 slide Figs. 33, 8a and Additional file 1: Movie S1
14 200 0.60 13.5 148 050 027 80 040 2 slides + spread Figs. 3a, 6 and Additional file 2: Movie S2
15 16.0 048 135 119 050 032 20 0.13 No slide -

16 8.0 0.24 135 0.59 0.50 0.28 20 0.25 3 slides + spread -

17 4.0 0.12 13.5 030 051 0.26 2.0 0.50 1 slide + spread Fig. 8a

18 126 0.38 85 148 0.51 0.36 57 045 3 slides + spread -

H: cliff height, Hmax = 33 cm is obtained from Eq. (3), L: cliff length. The cliff width Wis\/W = 35cm

¢: packing fraction of sand particles. Average + standard deviation:¢p = 0.51 & 0.01
S: water saturation in pore space. Average =+ standard deviation: S = 0.32 £ 0.08
hy: Hydraulic head. 1: sensor data acquisition stopped during the run (x in Fig. 9a)

containing clay and silt into their empirical relation, and
assuming S = 0.3 (comparable to the initial S of our wet
sand), we obtain ¢ ~ 1.7 x 10* Pa at S = 0.3, which drops
to ¢ ~ 3 x 10° Pa when it becomes saturated (S = 1).
Using these values, we obtain Hmax ~ 4 m at S = 0.3 and
Hpax ~ 0.6 m at S = 1. These Hpax values are an order of
magnitude larger than the Hmax >~ 33 cm, ~ 2 cm for our
experiments at the respective S, which can be interpreted
as a consequence of a smaller d. This indicates that our
experiments can be considered a scaled-down model of
the field landslides whose soil consists of clay and silt in
addition to sand.

Second, we consider the total stress o and pore water
pressure u, which are used to obtain the effective stress
o’ (Terzaghi et al. 1996),

O'/ZO'—M. (4')

Sand fluidizes (o ~ 0) when the o falls or the u rises.
For the reference o, we use o9 and &y, which we
explain below. oy is the initial o under lithostacy,

0o = pgH, (5)

where H is the cliff height. 9 is the lithostatic o after the
groundwater seeps in and the wet sand becomes satu-
rated to a groundwater level Ay,

60 =00+ Ao = 0o+ (1 = S)(1 — @) pwghy. (6)

Here, Ao is the stress increase arising from the sand
below /,, becoming saturated.

For the reference u, we use the hydrostatic pressure
Uo,

uo = pwghw, (7)

where h,, is the hydraulic head.

5 Results

Table 2 summarizes the experimental parameters, where
we mainly varied the hydraulic head /4, and cliff height H.
We also tabulated the dimensionless cliff height H /Hpax
[Hmax: Eq. (3)], cliff aspect ratio H/L, and the dimension-
less hydraulic head /., /H. These values indicate that the
cliff is initially stable (H /Hmax < 1); the cliff aspect ratio
varies as H/L = 0.30-1.52, thus covering the H/L ~ 1;
and the &, /H varies widely as hy/H = 0.10-0.75 in the
range limited by hy/H < 1.

In what follows we describe the whole time-sequence
of the landslide in detail where we varied the Ay,
(Sects. 5.1-5.5). Next we show how the landslide head
length Lye.q depends on the H (Sect. 5.6). Then we show
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Fig. 3 Hydraulic head h,, dependence of the styles (in marker shapes) and the total number N of the slides of the H >~ 20 cm, L = 13.5cm
cliffs. a Front views of the landslides at their final stages for three different hy, values. The cliff width isW = 35cm. Left: the hy, = 1.8cm (run 13,
hw/H = 0.09, Additional file 1: Movie S1) case att = 2940 s after a slide is triggered. Center: the hy, = 8 cm (run 14, hy,/H = 0.40, Additional file 2:
Movie S2) case att = 900 s after 2 slides are triggered, followed by a spread. The lower (upper) terrace formed after the second (first) slide. Right: the

hy = 15¢cm (run 7, hy /H = 0.75) case att = 180 s after a slide is triggered, followed by flooding. b N versus hy, (a total of 11 runs; there are 2 runs
with N = 0). The upper horizontal axis is in the hy, /H scale. The 3 large markers correspond to the runs shown in a

how the stress and the characteristic time scales depend
on the H and 4y, and how the slide accelerates during the
slide (Sects. 5.7-5.9).

5.1 An overview of the hydraulic head h,, dependence

Here we describe an overview of the hydraulic head #,,
dependence which we varied as /,, = 1.8-15.0 cm for a
cliff with a fixed height (H ~ 20 cm) and length (L = 13.5
cm). This data set forms the majority of our experiments
(11 out of 18 runs in Table 2). Figure 3a shows the front
views of the 3 runs with different /,, values, and Fig. 3b is
a plot showing how the total number of slides N and their
styles change with the A. At hy >~ 2 cm (hy/H >~ 0.10),
we have N =0 — 1, indicating that this is the approxi-
mate critical /&, above which a slide is triggered. For
hy =2-3 cm (hy/H >~ 0.10-0.15), the N increases
to N =2. We observe that the slides progress in the
downslope direction; the second slide is triggered in the
slide block that has already slid. For 5cm < &, <10 cm

(0.25 < hy/H < 0.50), after the second slide, a fluidized
lateral flow is observed, which we define as a spread (Var-
nes 1978). For iy > 13 cm (hyw/H > 0.65), after the first
slide, the whole cliff translates forward, after which the
water flows out, which we define as flooding.

An explanation of the /4, dependent N is as follows. The
N increasing from N =0 to N = 2 with A is a conse-
quence of the cliff becoming unstable with %, (Sect. 6.3).
A second slide is triggered if the cliff which has already
slid is still unstable, a condition which is attained at high
hy. For the highest Ay, the N drops to N = 1. This is
explained by the pressure of the hydraulic head in the rear
becoming sufficiently high such that it exceeded the basal
friction. In the following sections, we describe the details
of the h,, dependence in the order of increasing /.

5.2 Case without a slide

Figure 4a shows the top and side views of the h, =2
cm case (run 8, &y /H = 0.10), and Fig. 4b shows the
time-series of the sensor measurements. The images in
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Fig. 4 Results of the hyy = 2cm case (run 8, H = 20cm, hy,/H = 0.10), in which no slide is triggered. a Images att = 1320’5, and b time-series data
(5-point running averaged) of total stress o, pore water pressure u (left axis), and vertical displacement Az (right axis). Back, front, and side indicate
the sensor positions, and subscripts y and z indicate the normal direction (see Fig. 2b). A blue A is the seepage time Tseep, Which defines the onset
of stage Il. A star indicates the t = 1320 s when the images shown in a were taken. The red vertical bar and blue x (left axis) indicate the reference o
range, op < o < g lEqgs. (5), (6)], and the u = ug [Eq. (7)], respectively

Fig. 4a were taken after the water seeped out from the
cliff toe. The water that seeped out contains air bubbles
that appear to have originated from the air trapped in
the pores between the sand particles. In the side view,
we observe that a tension crack has formed. However,
the crack is not evident in the top view, indicating that

its propagation is limited. From the images, we observe
that the groundwater seeped out from the cliff toe at
t =733 s, which we define as the seepage time Tieep ( A
on the time axis of Fig. 4b). Using the Teep, we define
0 < t < Tseep as stage I and £ > Teep as stage 1, which
are indicated in Fig. 4b by the different background
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colors. For this run, a slide did not occur after £ = 3000
s had elapsed, which exceeds 4Tep. In another run
conducted at the same /,, (run 2), a slide did not occur
after 3Tseep had elapsed. Accordingly, we classified as
“No slide” when the slide did not occur after > 3Teep
had elapsed.

Now we describe the results shown in Fig. 4b in detail.
First we explain the total stress o and pore water pres-
sure u measurements. We note that at £ = 0, the o, meas-
ured at the base is uneven, such that near the cliff toe,
Oz front > 00, Whereas near the back gate, o,pack < 00,
where o [Eq. (5)] is the lithostatic value (the minimum
of the red vertical bar indicated on the left axis). Such
unevenness indicates the effect of lateral support by the
back gate. An initially uneven o is a common feature of
all runs (Sect. 5.7). In stage I, as the water seeps into the
cliff, we observe that the 0,.1,c rises and the o,.fon¢ falls
simultaneously. The increase in o,pac by ~ 3000 Pa is
larger by more than a factor of 40 than the estimated rise
in Ao = 68 Pa [Eq. (6)], which is the pressure increase
arising from the water that has seeped in. As the water
seeps in, first the u,.pac rises, and then the u,.font rises,
as expected from the forward progression of seepage.
The 0,.front and ,.font are measured at the same hori-
zontal distance from the hydraulic head (Fig. 2b). Note
that the fall in 0.0t precedes the rise in #,.font, indi-
cating that the 0,0yt decreased before the groundwa-
ter arrived. These results indicate that the o distribution
within the cliff changed as soon as the seepage started,
whose possible mechanism will be discussed in Sect. 6.1.
We also note that the o,.p,cc shows temporal fluctua-
tion (red arrows) indicative of stick-slip, which is simi-
lar to that observed when the wet sand is sheared by a
vane spindle (Additional file 4: Fig. S1). In stage II, after
t ~ 1000 s, the o and u remain approximately constant,
indicating a steady-state seepage without a change in o
distribution. At this stage, the 0,.f.ont and o,.pack are both
07 < 00, indicating that the weight of the wet sand is par-
tially supported laterally. We calculate the effective stress
o’ from Eq. (4) and find that the o/ decreases precipi-

z:front

tously from o, ~4840 Paatt =0sto o, . = 100
Pa at t = 1002 s; a drop by a factor of 48. This indicates
that the wet sand has approached fluidization (o, >~ 0).
Next we consider the vertical displacement Az. Figure 4b
shows that the cliff gradually compacts with seepage until
Az ~ 1.2 mm at £ ~ 1000 s, after which the compaction
slows down. When the wet sand becomes saturated with

water, it loses cohesion and compacts. We confirmed
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via parallel plate rheometry that the packing fraction ¢
increases by §¢ ~ 0.10 when the S rises from S = 0.30 to
S =1 (Additional file 4: Table S1). Using this result, we
estimate that a compaction of Az = 1.2 mm results when
the wet sand with a thickness of 7.3 mm becomes satu-
rated, which is about half of the hydraulic head (/,, = 2
cm).

5.3 Case with one slide

Figure 5 shows the result of another run at 4, =2 cm
(run 4, hy/H = 0.10). For this case, the water seeps
out from the cliff toe at Tseep = 585 s, which is com-
parable to the Teep of the run shown in Fig. 4 within a
factor of 1.2. However, after the water seeps out from
the cliff toe (stage II), the cliff creeps forward, and ten-
sion cracks that initiated near the side walls propagate
upward and develop into a horseshoe-shaped crack
when viewed from above. Then a deep seated slip plane
develops, the slide block tilts forward, and finally a slide
is triggered at ¢ ~ 1500 s. In another run at 4,, = 1.8 cm
(run 13, see Additional file 1: Movie S1), a slide was trig-
gered at t ~ 1600 s. Together with the 2 runs described
in Sect. 5.2, a total of 4 runs at 4, ~ 2 c¢m indicate that
hy = 2 cm is the approximate critical 4 to trigger a slide
for a cliff of H = 20 cm. The main cause for why slides
may or may not be triggered under the same /,, = 2 cm
is unknown. We consider that it originated from a small
difference in the experimental condition which we were
unable to control.

Using the vertical velocity v, calculated from the dis-
placement Az, we define the slide time Tgqe = 1441 s
at the threshold of vop = 0.1 mm/s, which approximately
corresponds to the onset of the accelerated phase of the
slide (green O in Fig. 5b). The T4 defines the onset of
stage III, which is indicated by the pink background in
Fig. 5b. Note that the slide is triggered after the water
seeps out from the cliff toe and that the time span of stage
II (Tseep < t < Tylige) is comparable to the time span of
stage I (0 < ¢ < Tgeep). A compilation of the v;, Tgeep and
Tslige for different 4, values will be presented in Sect. 5.8.

Next we explain the ¢ and # measurements. Figure 5b
shows that as soon as the water starts to seep into the
cliff, the 0,.pack rises whereas the o,.¢.on¢ falls, which is the
same as in Fig. 4b. As seepage proceeds, the 0,.font and
U,-front Keep falling and rising, respectively, which results

in the reduction of the effective stress oz’:fr ont [EQ- (4)]. In
detail, the o, . drops fromo) . ~4860Paatt=0s

’
to O :fron

. =280 Paatt =738s, a drop by a factor of 17.

(See figure on next page.)

Fig. 5 Results of the hy, = 2cm (run4,H = 20cm, hy,/H = 0.10), case in which 1 slide is triggered without a spread. a Images, and b time-series
data of the sensor measurements (5-point running averaged). A blue A is the seepage time Tseep. A green O indicates the Az (from which v, is
obtained) that defines the slide time Tyjqe (the onset of stage IIl; see text for details). See Fig. 4 legend for explanations of the red bar and blue x on

the left axis
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On the other hand after the slide is triggered in stage III,
the 0;.front rises whereas the 0.pack and the oy.giqe (height
11 cm) fall. From the video images, these changes are
inferred to be the result of the cliff detaching from the
sidewall and translating forward.

5.4 Case with two slides

Figure 6 shows the results of the /1, = 8 cm case (run 14,
hw/H = 0.40, Additional file 2: Movie S2). The processes
leading to the slide, including the change in o distribution,
are essentially the same as in the case for one slide (Fig. 5).
A difference is that for this case, the A, is sufficiently high
to trigger two slides, which progress downslope. As a
result, two terraces form where the lower (upper) terrace
was formed by the second (first) slide. After the second
slide, the cliff toe becomes fluidized and spreads forward.
The total stress and pore water pressure measurements
show temporal changes similar to those in Fig. 5. We note
that in stages I-II, the oy.qe at a height of 3.5 cm increases
with time. This indicates that the wet sand is being increas-
ingly supported by the side walls as seepage proceeds. The
two time scales that characterize seepage and slide are
Tseep = 218 s and Tgjige = 308 s, both of which are shorter
than those at a lower A, (Fig. 5b). The time span of stage
I (i.e., Tgige — Tseep) also becomes shorter than that in
Fig. 5b.

5.5 Case with one slide followed by flooding

Figure 7 shows the results of the 4,, = 13 cm case (run 12,
hy/H = 0.65, Additional file 3: Movie S3). Similar to Fig. 6,
the 0,.f0n¢ falls precipitously during ¢ ~ 25-45 s before the
U, front Starts to rise at ¢ ~ 45 s, and a slide is triggered at
Tilide = 54 s. In contrast, however, after the first slide is
triggered, the cliff translates forward, and the water floods
out from the constant /,, tank. We also note that the slide is
triggered (at Tyjiqe plotted as green O in Fig. 7b) 4 s before
the water seeps out from the cliff toe (at Teep as blue A).
As a result, stage I transitions directly to stage III without
stage II.

5.6 H-dependent landslide head length Lyeaq

Now we show the effect of H on the slide morphology. Fig-
ure 8a shows the top views of the runs with 3 different H
values where the /1, >~ 2 cm and L = 13.5 cm are the same.
These images were taken after the first slide was triggered
and show that the Ly,¢,q (White arrow) increases with the H;
i.e., the slide becomes deep seated. On the other hand, as
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evident from the images shown in Figs. 5, 6 and 7, the Lyeaq
varies little with the /,, when the H >~ 20 cm is the same.

We measured the Lye,q and plotted them as a function
H in Fig. 8b, where the marker sizes (colors) indicate the
hy. The figure shows that as the H increases, the Lpeaq
approaches the maximum value limited by the cliff length
L = 13.5 cm. A comparison with the Lye,q estimated from
the stability analysis, which also includes the L = 8.5 cm
case (run 18), will be given in Sect. 6.3.

5.7 Anuneven initial vertical stress o; and its temporal
change with seepage

Figure 9a shows the compiled result of initial o, as a
function of cliff height H (H/L). Here the measurements
of o, near the cliff toe (0,.f0nt) and near the back gate
(0zback) are classified depending on whether it rises or
falls with seepage. In the figure, we added the reference
lithostatic og [Eq. (5)], which separates the super-litho-
static case (0, > o0p, above the line) from the sub-litho-
static case (o, < 0p, below the line). The figure shows
that when H/L > 0.59, the 0,.font is super-lithostatic
whereas the 0,0 is sub-lithostatic and that their dif-
ference (0,.front — Ozback) increases with H/L. An une-
ven o that is larger (smaller) at the front (back) can be
explained as a consequence of arching, supported by the
back gate and facilitated by cohesion (Nowak et al. 2005;
Terzaghi et al. 1996). For dry granular matter in a thin
rectangular box, it is well known that when H/L exceeds
H/L ~ 1, we have 0, < oy (i.e., the Janssen effect) (Duran
2000). The deviation from lithostacy which we observed
for tall (large H/L) cliffs suggests a similar origin. For
H/L > 0.89, we find that the o0,.font falls, whereas the
Ozback rises with seepage, indicating a compensating
change as seepage proceeds. On the other hand, at a
small H/L, the 0,pack > Ozfront (H/L = 0.30) and the
Ozback (H /L = 0.59) falling with seepage differ with the
results at a larger H/L. It appears that for these small
H/L cases, because the effect of arching is less, the initial
stress heterogeneity in the cohesive wet sand determines
the variation of 0.

The fall of 0,..0n With seepage of tall cliffs is a strik-
ing result of our experiments. In Fig. 9b, we compare the
Ozfront at £ =0 and at £ = Tyeep (i.e.,, when the ground-
water seeps out from the cliff toe). The figure shows that
for tall (H/L > 0.89) cliffs, the fall of 0,.on¢ is signifi-
cant such that it becomes sub-lithostatic. We emphasize
that if lithostacy holds, then the 0,.f,0n¢ should rise with
seepage, since o,.fone = 0’ + u [Eq. (4)]. Thus, the fall in

(See figure on next page.)

Fig. 6 Results of hy, = 8 cm (run 14,H = 20 cm, hy,/H = 0.40) case in which 2 slides are triggered, followed by a spread (Additional file 2: Movie
S2).almages, and b time-series data of the sensor measurements (5-point running averaged). A blue A is the seepage time Tseep. A green O
indicates the Az (from which v, is obtained) that defines the slide time Tgjige. See Fig. 4 legend for explanations of the red bar and blue x on the left

axis
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Fig. 7 Results of the hyy = 13¢cm (run 12,H = 20 cm, hy, /H = 0.65) case in which a slide is triggered followed by flooding (Additional file 3: Movie
5$3).aImages, and b time-series data of the sensor measurements (5-point running averaged). The Tgjige = 54 s (green O) and Tseep = 585 (blue A)
are nearly simultaneous. See Fig. 4 legend for explanations of the red bar and blue x on the left axis
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Fig. 8 Cliff height H dependence of the landslide head length Lhead.
a Top views after the first slide of the H = 4,12.5, 20 cm cliffs (runs
17,9,and 13, respectively) with L = 13.5cm and hy, >~ 2 cm. White
arrows indicate the Lhead. b Lheag Of the first slide versus H (and H/L), of
a total of 14 runs. The size of O corresponds to the hy, in the range of
hw 2 2cm (smallest O in black) to hy, = 15cm (largest O in red). A
black broken line is the Lneaq calculated from the stability analysis for
hw = 2cm. The calculated Lyeaq of an H = 20 cm cliff depends little
on the hy, (see text in Sect. 6.3)

0y-front indicates that the fall in ¢’ overwhelms the rise in
u. A possible mechanism for this observation will be dis-
cussed in Sect. 6.1.

5.8 Time scales for seepage and triggering a slide

Here we show how the 2 characteristic time scales, Teep
and Tgjge, which define the onset of stages II and III,
respectively, depend on the /,, and H. Figure 10a shows
the vertical displacement Az versus time for different /4,
values at the same H =~ 20 cm, including the 2 runs with-
out a slide. The slow initial growth of Az corresponds to
the compaction of the cliff prior to the slide. O indicates
the Az at the Tyj;qe, which was defined from the thresh-
old velocity vo = 0.1 mm/s as indicated by O in Fig. 10b.
Figure 10b shows the v, of the 9 runs in which a slide
was triggered. The figure shows that the v, increases by
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Fig.9 aInitial (t >~ O's) total stress o, versus cliff height H (and H/L)
of runs 1-17 inTable 2 (L = 13.5cM). 04-front aNd 05:pack iNdicate the
o, measured near the cliff toe and the back gate, respectively (see
Fig. 2b for these locations). A (/) indicates the runs in which the
rise (fall) in o, occurred with seepage. x indicates run 9 (see Table 2
legend). A broken (solid) line indicates the lithostatic og [Eq. (5)]
calculated for ¢ = 0.51and S = 0.14 (0.55), which is the minimum
(maximum) S in Table 2, and separates the super-lithostatic (o7 > op)
case above and sub-lithostatic (o, < oq) case below. b 0,.font at
t=0s(0O)andatt = Tseep (<) versus H.The marker sizes correspond
to the hy,. The lithostatic 6 after seepage [Eq. (6)] was calculated
assuming a parabolic phreatic surface with hy, = 2 cm. The &9
increases by only a little (< 6%) forhy, = 15cm
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2-3 orders of magnitude with time, which we analyze in
Sect. 5.9.

In Fig. 10c, we plot the Tsp (measured from the
images, Sect. 5.2) and the T4 as a function of A, (at
a fixed H ~ 20 cm). The figure shows that both the
Tseep and Tyjige decrease with the &y, by a factor of ~ 15
and =~ 34, respectively. The time delay of the T4 rela-
tive to the Teep (i€, the time span of stage II) also
decreases with the /4. In detail, for 4, =10 cm we
obtained Tgjige — Tseep = 14 s, whereas for /1, > 13 cm,
we obtained Tseep — Tlige = 2 — 4 s (see Additional file 4
Fig. S5 in semi-log to observe that Tseep > Tylige). Thus, at
hy > 13 cm, the Tseep and Tyjige are nearly simultaneous,
and stage II is absent (e.g., Fig. 7). In Fig. 10d, we plot the
Tseep and Tyjige as a function of H (at a fixed /1y >~ 2 cm).
The figure shows that both the Tseep and Tyjige increase
with the H. A model and an explanation of the /4, and H
dependences described here will be given in Sects. 6.2
and 6.3 .

5.9 Progressive acceleration of a slide

Figure 11a is a scaled version of Fig. 10b which is a close-
up of v, at around ¢ = Tyjjde- A linear trend in semi-log
plot suggests an exponential growth of v,. We fit the data
to

vz /vo = exp (A(f — Tgide)), (8)

where A (1/s) is the growth rate. Here we used the time
span of longer than >~ 15 s (> 30 data points) such that
the relative error §A/A is minimized. Figure 11b shows
the obtained A plotted versus /. A small error bar A
indicates a fair fit to Eq. (8). We find that the A is in the
range of A = 0.03-0.30 (1/s), and apart from a large A at
hyw =13.0 and 15.0 cm, no A, dependence is found.

Here we also calculate the vertical acceleration a, and
study how it scales with the v,. Such scaling has been
obtained for field landslides in view of forecasting the
time of failure which we explain below [see Intrieri et al.
(2019) for a review]. Fukuzono (1985) proposed that
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during a slope failure, the acceleration a scales with the
velocity v as

a= A", )

and obtained an exponent o = 1.5-2.2 from slope fail-
ure experiments. He then introduced an inverse velocity
A = 1/vversus time ¢ plot and argued that because « ~ 2
corresponds to a linear trend in the A — ¢ plot, the fail-
ure time can be predicted from the intercept with the ¢
axis. Voight (1988, 1989) showed o ~ 2 for rockslide
and failure of materials, which corresponds to the situa-
tion where the crack propagation controls the slip veloc-
ity. However, Petley et al. (2002) showed that there are
also slides resulting in an asymptotic (non-linear) trend
in the A — ¢ plot that correspond to o < 2. He proposed
that such slides result from a ductile failure or from
slides on an existing slip surface, the former of which
was confirmed experimentally by Petley et al. (2005). An
o =1 corresponds to the exponential growth [Eq. (8)].
An o ~ 1 has been obtained for a surface movement at
Mt.Toc, 3 years before the failure (Voight 1988), and for
a slide on a structurally stabilized slope (Bozzano et al.
2014). Here we similarly analyze our v, to obtain the c.
Figure 11c shows the A versus ¢ version of the plot shown
in Fig. 10b, where we used the time span in the range of
t > Tglide- The figure shows an asymptotic trend similar to
those reported by Petley et al. (2002). We note that inter-
mittent decelerating events can be identified indicating a
stick-slip behavior. We time-differentiate the v, to obtain
the a, and plot the a, versus v, in Fig. 11d, where we only
used the 2, > 0 mm/s? and v, > 0.1 mm/s data. We fitted
the data to Eq. (9) and obtained the power law exponent
«a. Figure 11e shows the obtained « as a function of /. As
expected from the asymptotic trend in Fig. 11c, we find
a < 2 without 4, dependence. The « is scattered around
the o ~ 1, as expected from an approximate exponential
growth shown in Fig. 11a. Here we do not, however, dis-
cuss whether the exponential [Eq. (8)] fit (with 1 parameter
and a shorter time span) or a power-law [Eq. (9)] fit (with
2 parameters) is suitable. Vane rheometry measurements
(Additional file 4: Fig. S1) indicate that when the wet sand
becomes saturated, the rheology becomes viscous. We
thus infer that the asymptotic trend in the A — ¢ plot for

(See figure on next page.)

using the same k;and k; values used in ¢

Fig. 10 aVertical displacement Az versus time (5-point running averaged) of the H >~ 20 cm, L = 13.5 cm cliffs. Hydraulic head h,, varies in

the range of hy, = 1.8-15 cm (numbers annotated). Solid (broken) lines indicate the cases in which the slides were triggered (not triggered). O
indicates the Az at the Tgjge, which is defined from the threshold velocity vq (see b). b Vertical velocity v, versus time (5-point running averaged)
calculated from a using the runs in which a slide was triggered. O indicates the Tyjige defined at the threshold vg = 0.1mm/s. € Tseep (A) and Tyjide
(O) versus hy, of the H >~ 20 cm cliffs (see Additional file 4: Fig. S5 for a semi-log version). The upper horizontal axis is in the h,, /H scale. Solid and
broken curves indicate the Tseep calculated by solving Eq. (10) using 2 permeability (k) values: k; = 5.0 x 10~ "m?and k> = 1.8 x 107"'m?. d Teeep,
Tqjide Versus H for a constant hy, >~ 2 cm (see Additional file 4: Fig. S6 for the Az vs. time plot). There are no measurements of Tgjge for 4 runs (slide
not triggered (3 runs), sensor data acquisition stopped (1 run); see Table 2 legend). The 2 horizontal lines indicate the Tseep calculated for hy, = 2.cm
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all of our /4, cases can be similarly interpreted as a result of
viscous deformation (Petley et al. 2002).

6 Discussions
6.1 Redistribution of effective stress with seepage

and the resulting failure
Experiments show that for tall (H/L > 0.89) cliffs, the
O:back (near the back gate) rises whereas the 0,.¢.on¢ (near
the cliff toe) falls with seepage (Fig. 9a), and that o,.font
becomes sub-lithostatic at £ = Tseep (Fig. 9b). The rise
in 0,.pack cannot be explained by the rise in u alone. The
fall in 0.0t Starts prior to the rise in u, measured at the
same horizontal distance from the hydraulic head, indi-
cating that the groundwater has not yet arrived. These
observations indicate a redistribution of effective stress
o’, arising from a change in arching, that is related to the
loss of cohesion with seepage and the development of the
slip plane.

Figure 12a is a schematic diagram showing the stress
change inferred from the measurements. The figure
models the situation shown in Fig. 6 with H =20 cm
and &y, = 8 cm. At £ = 0 s, the 0,.f0n¢ is super-lithostatic
whereas the 0.,k is sub-lithostatic, indicating an arching.
At t ~ Tgige, We observe that tension cracks formed near
the cliff top, indicating that an active failure by horizontal
extension occurred. Tension cracks form because cohe-
sive wet sand resists tensile stress o (< 0) estimated to be
o > —c/u ~ —2300 Pa (S = 0.3) (Andreotti et al. 2013).
Such cracks only form near the cliff head, above the phre-
atic surface, as we showed from Eq. (3). On the other hand,
near the cliff toe, we infer that the sand is compressed hori-
zontally by the pressure of the hydraulic head, such that a
passive failure occurred. This stress pattern is consistent
with that inferred from field landslides, where extension
and compression features form at the head and toe, respec-
tively (Whitely et al. 2019), and a slip plane which is steeper
at the head (Carson 1971; Matsukura 2008); a consequence
of steeper failure angle (measured from the horizon-
tal) under tension, compared to that under compression
(Fig. 12a, right).

The pattern of o’ in granular matter is commonly
described using force chains or networks (Andreotti et al.
2013; De Blasio 2011). Figure 9a suggests that at £ =0
s, near the cliff toe the force chains are directed verti-
cal, whereas near the back gate they are directed toward
the back gate. Such enhanced wall-effect for unsaturated
granular matter, compared to saturated granular matter,
has been shown by Nowak et al. (2005). When seepage
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starts from the rear of the cliff, the cohesion below the
phreatic surface drops which we consider weakens the
force chains directed toward the back gate. We infer that
the force chain redirection toward the base contributed to
the rise in 0,.pack. The fall in 0,00 Occurs simultaneously
with the rise in 0.,k from which we infer that this is also
a result of the force chain redirection. A possible explana-
tion is that the force chains near the cliff toe redirected
toward the side walls (in the y-direction), as a consequence
of horizontal compression (in the x-direction, see Fig. 12a
right). Such redirection toward the wall, perpendicular
to the direction of imposed stress, is a property of granu-
lar matter as imaged by photoelasticity (Duran 2000). We
infer that this redirection supported the weight of the wet
sand and thereby reduced the o,. Indeed a complementary
increase of oy measured at the side wall (at a height 3.5 cm)
is evident in stages I-II of Fig. 6b. Here the oy rises with
seepage, exceeding the expected rise from the u. We also
note that the o, recovers and rises in stage III as evi-
dent in Figs. 5b, 6b and 7b. We infer that this stress recov-
ery is a consequence of the cliff detaching from the side
walls which weakened the force chains directed in the
y-direction.

A consequence of the fall in 0,.f.0n¢ is that it promotes
failure near the cliff toe, which we explain below. Fig-
ure 12b shows the effective Mohr’s circle representation of
the passive failure condition in the x — z plane near the cliff
toe at ¢ = Tgjge of Fig. 12a. Here we compare the follow-
ing 2 cases. The first is when the o is at a lithostatic value.
From op >~ 3109 Pa [Eq. (6)] and u >~ 784 Pa [Eq. (7)], we
obtain the o, >~ 2325 Pa [Eq. (4)]. From the Mohr’s cir-
cle, we obtain o] >~ 11616 Pa (coefficient of passive earth
pressure K, = o, /o, =~ 5.0) for a failure to occur. The sec-
ond is when we use the measured o, 2~ 953 Pa (< oy), and
u >~ 688 Pa at t = Tgige =~ 308 s, from which we obtain
o, =~ 265 Pa. From the Mohr’s circle, we obtain o} >~ 1838
Pa (K, >~ 6.9) for a failure to occur. Comparing the o, val-
ues for these 2 cases, we find that the oy, for the experimen-
tal case is reduced to ~ 16% of the lithostatic case. This
shows that the fall in 0,.¢.on¢ promotes failure.

6.2 A permeable flow model for seepage

Here we model seepage and calculate the Tseep and com-
pare it with the measured Tseep shown in Fig. 10c, d. We
assume a permeable flow driven by a horizontal pressure
gradient (the Dupuit approximation), whose velocity is
determined by Darcy’s law (Bear 1972; Turcotte and Schu-
bert 2014). We use this simple model which assumes 1-D

(See figure on next page.)

Fig. 11 a A scaled version of Fig. 10b with the exponential [Eqg. (8)] fits (broken lines). Tgiqe is defined at the threshold vg = 0.1mm/s. b Growth rate
A obtained from the fits in a plotted versus hydraulic head hy,. ¢ Inverse velocity (A = 1/v,) versust — Tqiqe Version of Fig. 10b. d Acceleration a,
versus velocity v, (see text for details). The marker colors correspond to the hy, shown in c. A line indicates a power-law fit [Eq. (9)] to the hy, = 10cm
case (/) from which we obtain a power-law exponent o« = 1.1 £ 0.1. e & versus hy, obtained from the power-law fits
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Fig. 12 a A schematic diagram to scale showing the inferred

stress changes with seepage. The long axis of a rectangle indicates
the major principal stress o, defined positive when the arrow is
directed inward. The figure models the situation of run 14 (H = 20.0
cm,L = 13.5¢cm, hy, = 8 cm shown in Fig. 6). A red square (circle)
indicates the pressure sensor attached to the base (side wall) and
measures the o; (oy). Left: at the beginning of seepage (t = 05s).
Right: att = Tgjqe. Near the cliff head, o is the inferred major principal
stress, such that active failure (horizontal tension, o, < 0) occurs
and a tension crack forms. At the cliff toe, the oy is the inferred major
principal stress, such that passive failure (horizontal compression,

oy > 0) occurs. The failure angle is steeper at the head (see text). b
Effective Mohr’s circle representation of a passive failure at the cliff
toe shown in a right. A black line is the Mohr-Coulomb criterion

for saturated (S = 1) sand (see Additional file 4: Table S1 for u’, ¢’).

b ~ 25°is the failure angle measured from the horizontal for the
experimental case
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(horizontal) flow because our goal is to clarify whether
a simple model can explain the measured Teep and its /1,y
-dependence. The nonlinear diffusion equation, which gov-
erns the height /(t, x) of the phreatic surface, is expressed
as

oh(t,x)  kpwg 8( 3h(t,x)>

ot = ¢) ax BP0 (10)

where k is the permeability, n = 1.0 x 1073 Pa s is the vis-
cosity of water at 20 °C, and «x is the horizontal coordinate
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measured from the origin (x = z = 0) defined at the cliff
toe. For k we use the Kozeny—Carman formula (Bear
1972; Mavko et al. 2019),

(- ¢)Pd?

K¢ (11)

where K is an empirical constant that depends on the par-
ticle shape and tortuosity (the ratio of the total flow-path
length to the sample length). Previous works have sug-
gested K = 180 for spherical (Bear 1972), and K = 4000
for aspherical particles (McKenzie 1984). For the ¢ and
d we use ¢ = 0.51 (Table 2) and d = 0.2 mm. The initial
condition is # = 0 cm in the cliff (0 < x < 13.5 cm) and
the boundary condition is /(¢,x = 13.5 cm) = h,, at the
constant hydraulic head. We numerically integrate Eq.
(10) until the water seeps out from the cliff toe. The seep-
age time Tseep is defined when X(z,x = 0 cm) at the cliff
toe exceeds the d.

First we consider the /1, dependence shown in Fig. 10c.
We calculated the Tseep by varying the ki, using 2 values
of k, k1 =5.0 x 1071 m? and kp, = 1.8 x 10~ m?, so
that the calculated Teep (cyan curves in Fig. 10c) bound
the measured Tseep (blue A). The curves explain the /1,
dependence well (see also Additional file 4: Fig. S5 for a
semi-log version). To evaluate whether these values for
k are reasonable, we calculated k using Eq. (11) by sub-
stituting ¢ = 0.51, d = 0.2 mm, and using K = 180 and
K = 4000 as cited above, and obtained k = 1.0 x 10710
m? and k = 4.5 x 1072 m?, respectively. This range of k
overlaps ki and ky, indicating that their values are physi-
cally reasonable.

Next we consider the H dependence shown in Fig. 10d.
The Tgeep increasing with H suggests that k decreased
with H. The k depends on both ¢ and K [Eq. (11)]. The
initial ¢ does not depend on H (Table 2), and although
the ¢ increases by 0.15-0.75% through compaction dur-
ing seepage (Additional file 4: Fig. S6), no systematic H
dependence is found. Here we note that effective stress
o}, which is averaged horizontally (using o/, 0/, ),
and over a time span of 0 < £ < Tieep, increases with H
(Additional file 4: Fig. S7), as expected from lithostacy.
Thus, we infer that the total flow-path length (the tor-
tuosity, hence K) increased with o_z’ (hence H), because
the sand particles were in a closer contact, and that this
resulted in the k to decrease.

Darcy’s law, used in Eq. (10), assumes a laminar flow
(Bear 1972; Turcotte and Schubert 2014). Here we eval-
uate whether this assumption holds by calculating the
Reynolds number Re = pyvxd/n, where vy is the time-
averaged seepage velocity. Using an upper bound of
Vx ~ 3 mm/s, which is the fastest case with /&, = 15 cm
(run 7), we obtain an upper bound estimate of Re ~ 0.6.
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Fig. 13 A schematic diagram showing the geometry of the method
of slices used to evaluate cliff stability. The slip plane is circular (center
C, radius R), passing through the origin (O). The landslide head length
Lhead is measured from the intercept of the slip circle at the top or
rear plane of the cliff. The phreatic surface h(x) is parabolic, such that
h(0) = 0and h(L) = hy,. Wet sand is saturated (unsaturated) below
(above) the h(x), and corresponding values of p, i/, ¢’ are used. Ax

(= 1.35mm) is the slice width. z, f;, and §; are the height, length, and
slope angle of the slip plane, respectively, at the slice number /. s;and
7jare the resisting and disturbing tangential stress, respectively, at the
slip plane

A value of Re < O(1) validates assuming a laminar flow
(Bear 1972) for the seepage in our experiments.

We note, however, that the flow assumed here is sim-
plified because it neglects the vertical flow. The flow
becomes 2-D when when dh/dx becomes of the order
of unity (Turcotte and Schubert 2014), which is real-
ized at the front of the phreatic surface. Vertical flow is
also driven by suction. Here the resulting capillary rise
hc scales as he < y /(1 — ¢)pwgd, and using an empiri-
cal formula in Terzaghi et al. (1996), we estimate to be
around s ~ 10 cm. A fair agreement with the meas-
urements, despite neglecting the vertical flow, may be
because the Tyeep was measured at the cliff toe, just
above the impermeable base, where the vertical velocity
approaches zero.

6.3 Comparison with stability analysis

Here we evaluate the cliff stability and estimate the
geometry of the most unstable slip plane, and com-
pare them with the experiments. Same as in Sect. 6.2,
we use a simple model to clarify the extent of explain-
ing the experiments, which we consider is meaningful
before seeking more complex models. Such analysis in
conjunction with the experiments has been conducted
previously (Fox et al. 2007; Tohari et al. 2007) which we
compare with our result at the end of this section.
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We use the standard method of slices (Bod6 and Jones
2013; De Blasio 2011; Terzaghi et al. 1996) as shown
schematically in Fig. 13. We assume a circular slip plane
passing through the cliff toe and a parabolic phreatic
surface h(x) (Dupuit parabola), which is a solution for a
steady flow with a boundary condition #(x = 0 cm) = 0
cm (Bear 1972; Turcotte and Schubert 2014). A ration-
ale for assuming a circular slip, which is steeper at
the head, is because it is consistent with the horizon-
tal tension (compression) at the cliff head (toe) of the
landslides (Sect. 6.1). A factor of safety F; is defined as
F; = Mr/Mp, where Mg is the resisting moment and
Mp is the disturbing moment for a given slip plane.
Thus, the cliff is unstable (stable) when Fy < 1 (Fs > 1).

Mg and Mp are evaluated as follows. The cliff is
divided into vertical slices, each with a width of Ax. The
height, length, and slope angle of the slip plane at each
slice are defined as z;, /;, and §;, respectively, where i is
the slice number. The resisting and disturbing tangen-
tial stresses at each slice are defined as s; and t;, respec-
tively. F; is then expressed as (Bodé and Jones 2013),

_ % _ > sili _Z {c;li + (w; cos §; — uili)u;»}
S Mp Yl > w; sin §; ’

Fs

(12)

Here w; = pig(H — z;) Ax is the weight of wet sand (H:
cliff height) evaluated at height z;, and ; is the pore water
pressure. We assume that the wet sand is unsaturated
(saturated) above (below) the phreatic surface (height
h;), such that the u; is zero (non-zero: u; = pwg(h; — z;)).
Thus, we use p; = 1488 kg/m?, 1) = 0.60, and ¢, = 1362
Pa (S = 0.3 case) above the 4;, and p; = 1821 kg/ms,
w; = 0.86, and ¢; = 133 Pa below the /; (Additional file 4:
Table S1). We vary the center C of the slip circle (and
the circle radius R), and determine the C which mini-
mizes the Fs. An example of such calculation is shown in
Fig. 14a. From the slip circle, we determine the landslide
head length Lpe,q(< L) as shown in Fig. 13. The calcula-
tion is repeated for different pairs of i, (< H) and H to
study how the Fs and Lye,q depend on these 2 parameters.
Now we compare the calculations with the experi-
ments. First we consider the F;. Figure 14b shows that F;
decreases with /., which is consistent with the existence
of a critical &, above which a slide is triggered. Here we
demonstrate that the order of magnitude drop in ¢ upon
saturation is important. For the 4, = 12 cm, H = 20 cm
case shown in Fig. 144, if we assume that the ¢ remains
unchanged at its unsaturated value below the phreatic
surface, then we obtain F; = 2.14, a factor of ~ 2 larger
than the Fs = 0.99 (red O in Fig. 14b) obtained, which
included the drop in c. The calculated critical 4, >~ 12
cm for a slide to be triggered, however, is overestimated
compared to the critical /,, ~ 2 cm of the experiments.
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Fig. 14 a An example of a factor of safety f calculation in which

the center of slip circle (C) is varied. A black rectangle indicates the
cliff (H = 20cm, L = 13.5cm). A blue curve indicates the phreatic
surface with a hydraulic head hy, = 12cm at x = 13.5cm. Filled
circles indicate the C, and their colors represent the calculated F; (see
legend for their values). A red circle indicates the C at which the Fs s
the minimum (Fs = 0.99). Broken red lines are the slip circle radii, and
ared arc is the slip circle sector. b £ versus hy, calculated for cliffs with
2 different H values (see legend). For each H, the hy, is varied in the
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range of hy, < H. A red O corresponds to the minimum F¢in a

We consider that there are 2 main reasons for this dis-
crepancy, both of which overestimate the Mp in Eq.
(12). First is the neglect of capillary rise, estimated to be
around /1. ~ 10 cm (Sect. 6.2), which causes the cohesion
¢; of the wet sand above the assumed phreatic surface, to
fall. Second is the neglect of 0,.f,0nt becoming sub-lithos-
tatic near the cliff toe at £ ~ Tseep, which promotes failure
(Fig. 12b). In the analysis, lithostacy was assumed, which
overestimates the w; (hence frictional resistance) near the
cliff toe where the §; is small.

Next we consider the Lye,q. In Fig. 8b, we indicated the
Lieaq calculated by varying the H for constant i, = 2
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cm and L = 13.5 cm. The figure shows that the calcu-
lated Lyeaq increases with H (i.e., the slide becomes deep
seated), in accord with the experiments. We also calcu-
lated the Lye.q by varying the h,, at a constant H = 20
cm, and find Lpe,q = 13.5 cm for Ay, < 18 cm, indicating
that the Ly.q depends little on the Ay, which also agrees
with the experiments. Furthermore, we compared the
measured and calculated Lye,q for the L = 8.5 cm case
(run 18) and found Lye,q = 8.5 cm for both. Our analy-
sis thus shows that F; is overestimated, whereas the Ly eaq
increasing with H agrees with the experiments.

Here we also interpret the result shown in Fig. 10c
(also Additional file 4: Fig. S5), where the time
delay Tgige — Tseep (i€, the time span of stage II:
Tseep < t < Tglige) becomes longer when the 4, is lower.
During stage II, we observe that the sand compacts
(Figs. 5b, 6b). We consider that this is a consequence of
the sand becoming increasingly saturated. When the
wet sand becomes saturated (S = 1), it loses capillary
cohesion (Fig. 1d), and compacts under its own weight,
which was verified from rheometry conducted under an
imposed normal stress (see legend of Additional file 4:
Table S1). When the &, is low, the cliff becomes stable
(Fig. 3b, consistent with large Fs at small 4, in Fig. 14b).
A longer time delay can be interpreted as a result of extra
time needed for the wet sand to become saturated, not
only below the phreatic surface but also above it by capil-
lary rise (so that the Fs decreases), to trigger a slide. On
the other hand when the /4, is high, the cliff becomes
unstable. A slide can be triggered at ¢ ~ Tieep, without a
further increase in S.

Finally, we compare with previous works. Tohari et al.
(2007) conducted landslide experiments triggered by
rainfall and groundwater rise and showed that the F; is
overestimated unless the loss of strength by saturation
below the tension crack was included, a result similar to
ours. Fox et al. (2007) conducted experiments in which
groundwater (h,,/H = 0.86) seeps into a quasi 2-D bank
(cliff and slopes), consisting of sand. They found that the
seepage erodes the bank toe and forms an undercut-
ting for steep slopes, after which they collapse, a result
broadly similar to our experiments, but different in detail.
They compared the slip geometry of the experiments
with that obtained from the stability analysis and showed
that the analysis could not predict the failure geometry at
small slope angles because the slip becomes non-circular.

6.4 Implications for field landslides and their caveats

Now we discuss the implications for field landslides from
the perspective of the 3 main issues which we addressed
in this work. First, we consider the loss of cohesion ¢,
by an order of magnitude, with seepage. The ¢ and Hmax
[Eq. (3)] of soil consisting of silt and clay, which are finer
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compared to the sand we use, also drops by an order of
magnitude with S (Sect. 4). Thus, we consider that our
experiments are applicable to field landslides whose soil
consists of fine particles, and those which are shallow and
steep, or at low-gravity (Sect. 1). We note that wet snow
is similarly cohesive (Bartelt et al. 2015) and loses cohe-
sion by an order of magnitude when its water content
increases (Kamiisi et al. 2009). Thus, snow avalanches
triggered by seepage or melting may also share similari-
ties with our experiments.

Second we consider the measurements of total stress
o, which are less common than the measurements of
pore water pressure #. We found that the initial o, of a
tall cliff deviates from lithostacy (Fig. 9a), becoming
high near the cliff toe and low near the back gate, and
that lithostatic assumption is one reason for the factor
of safety F; being overestimated (Fig. 14b). o, has been
measured in the field (Watts and Charles 1988) but less
commonly compared to the horizontal o (Araiba and
Suemine 1998; Askarinejad et al. 2018; Brackely and
Sanders 1992; Cislaghi et al. 2019). Our experiments
show that for cohesive soils, one should be cautious
about assuming lithostacy and therefore it is meaning-
ful to measure o,. We showed that o, monitoring detects
stress redistribution before the groundwater arrives.
This suggests that the o, may be used for an early warn-
ing, thus complementing the geodetic (Az) monitoring
and the A — ¢ plot (Fig. 11c).

Third, we consider the 4, and H dependence of the
landslides. Our regime diagram (Fig. 3b) for H ~ 20
cm showed that diverse slides occur when the 4, rises.
The slide morphology includes 2 slides that progress
downslope, spread, translation and flooding, which
are not modeled by a standard stability analysis which
assumes a slide with a simple geometry that occurs once.
This result alerts that one should also consider the stabil-
ity of the block that has already slid and the possibility
of a basal slip. We found that the slide is triggered nearly
simultaneous or after the groundwater seeps out from
the cliff toe (Fig. 10c), an observation that may be used
to constrain the lower limit of Tgj;q.. We showed that the
Tseep is well explained using permeable flow velocity cal-
culated using the permeability k formula in Eq. (11), indi-
cating its applicability whenever direct measurement of
k is not possible. We also showed that the T, increases
with H (Fig. 10d), which we explained as a result of k
decreasing with the effective stress ¢’. This effect needs
to be included when one seeks to improve the accuracy of
estimating the seepage velocity and hence Tjjge. We also
add that when the soil consists of fine particles, in order
to improve the estimate of F;, one needs to include the
capillary rise 4. and an uneven oy, latter of which is likely
to be enhanced by cohesion.
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Finally, we note the caveats of applying the experiments
to field landslides. The first is the effect of friction, which
scales in proportion to the o, and, hence approximately
to the H. This means that the small H in our experiments
compared to field landslides disproportionately ampli-
fied the effect of cohesion (Iverson 2015), when the par-
ticle size consisting the cliff is the same. The experiments
are not perfectly scaled models of field landslides. The
second is the cliff geometry, whose height H to length
L, and width W ratios were restricted in the range of
H/L =0.30-1.52 and H/W = 0.11-0.59. It is possible
that this geometry, amplified the effect of arching and
contributed to the o, deviating from lithostacy. The third
is the stepwise increase of /4, at t ~ 0's, and the presence
of an impermeable, smooth, rigid base. These conditions
were suited to model seepage using a simple permeable
flow model (Sect. 6.2), but nevertheless, it was simplified.

7 Conclusions

Experiments on seepage-triggered cliff landslides using
unsaturated wet sand were conducted to understand
the instability arising from an order of magnitude loss
of cohesion ¢ below the phreatic surface, which causes
the cliff to become rheologically layered. Diverse styles
of slides were revealed as the hydraulic head 4, was
raised at a fixed cliff height of H >~ 20 cm. When the /,,
is above critical, a slide is triggered (at t = Tgjiqe), which
is simultaneous or after the groundwater seeps out from
the cliff toe (at t = Tieep), Where the effective stress o’ is
drastically reduced. During the slide, its velocity acceler-
ates approximately exponentially with time which, based
on previously obtained empirical laws, suggests viscous
deformation. At a higher /4, 2 slides are triggered that
progress downslope, accompanied by a spread. For the
highest 7, the whole cliff translates forward after the
first slide and a flooding occurs. On the other hand when
the H is high, the slide becomes deep seated (a larger
Lhead)- A stability analysis which includes a drop in ¢
and a rise in pore water pressure u, explains the exist-
ence of critical %, above which a slide is triggered and
the Lpeaq increasing with the cliff height H. However, it
overestimates the factor of safety Fs because capillary
rise and deviation from lithostacy were not included
in the analysis. This result also indicates the necessity
to consider the stability of the cliff which has already
slid. The Tseep decreases with the 4y, and increases with
the H, which are well modeled by a permeable flow
using Kozeny—Carman formula for permeability &, that
includes an additional effect of k decreasing with the o’
For tall (H/L > 0.59) cliffs, the total stress o, near the
cliff toe is initially super-lithostatic but drops precipi-
tously with seepage, prior to the rise in u, inferred to be
a consequence of the cliff toe (head) being compressed
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(extended) horizontally. This drop of o, in addition to
the rise in u, contributes to the drastic reduction of ¢’
at the cliff toe. These results caution assuming lithostacy,
a priori, and also suggests the efficacy of o, monitor-
ing because precursory changes are detected before the
groundwater arrives.
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