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Abstract

The measurement of groundwater level and surface displacement in a sandy model slope under repeated rainfall was con-
ducted to examine the effect of repeated pore pressure loading and unloading on the slope deformation. The velocity increased
with small fluctuation even immediately before failure. Positive and negative accelerations occurred due to fluctuations in
the velocity. The velocity increased with a considerable rise in the groundwater level and approached its ultimate value
immediately before failure. The surface displacement increased not only with the rise in the groundwater level but also with
the fall of the groundwater level and under a constant groundwater level. The relationships between the velocity and the abso-
lute value of the acceleration derived from the surface displacement were linear on a logarithmic scale and unique for each
stage with increasing and decreasing velocities due to the rise and lowering in the groundwater level. While the relationship
was different during the stage of creep during failure. The relationship had been recognized to be applicable only during an
increase in velocity; in this paper, a new relationship was established for any velocity trend and the method for predicting the
time of failure was proposed based on the relationship between the velocity and acceleration. The time remaining to failure,
which was defined as the difference between the predicted failure time and present time, could approach zero at the actual
failure time when the constant a in the equation was greater than 1.4, and the determining factor in regression analysis for
deriving the constant was high under different periods of measurement before the final event. The time remaining to failure
approaching zero might be an indicator for predicting failure time.
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Introduction

In humid areas worldwide, many landslides have occurred
due to heavy rainfall events, causing substantial damage to
human lives or facilities. The mitigation of this damage is
a serious problem for man. Early warning systems against
rainfall-induced landslides should be established. The pre-
diction of the timing of rainfall-induced landslides based
on the measurement of the soil water content, groundwater
level and slope displacement can be an effective tool for
early warning against such events. In particular, the suc-
cessful prediction of the failure time of a slope based on the
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measurement of the displacement along slopes was reported
in many studies, such as Saito (1965) and Saito and Yamada
(1973) by an extensometer, Crosta and Agliardi (2003) by
GPS, Bozzano (2012); Carla (2019); Mazzanti (2015) by
InSAR, and Abraham (2020); Qiao (2020) and Xie (2020)
by a tilt sensor. The measurement of the displacement on
slopes is often used in practical use for early warning against
landslides, such as that performed in Intrieri (2012) and
Loew (2017). Most of these studies implemented predict-
ing the failure time of the slope based on the modelling of
accelerated displacement prior to slope failure. Saito (1965)
reported that the time—strain (or displacement) relationship
before soil failure can be divided into the following three
stages: (1) primary creep (decelerating creep), (2) secondary
creep (steady-state creep) and (3) tertiary creep (accelerating
creep). He proposed the time—strain relationships for sec-
ondary creep and tertiary creep separately based on meas-
urements of actual landslide movement, creep tests under
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constant stress and model slope experiments (Saito and
Yamada 1973). The formulae for these types of soil creep
relationships have been proposed by many researchers, such
as Varns (1982); Voight (1988, 1989); Xiao et al. (2009);
Bozzano (2012). Saito (1965) proposed the prediction of the
failure time of a slope based on the time—strain relationship.
Fukuzono (1985) presented a linear relationship between
the logarithms of velocity and acceleration derived from the
displacement of a model slope under artificial rainfall with
a constant intensity as follows:

%=a-v" (1

Here, v and 7 are the velocity and time, respectively. a and
a are experimental constants and represent the intercept on
the vertical axis and the gradient of the expression of the
relationship on a logarithmic scale, respectively. The expres-
sion of the relationship can be derived through the regres-
sion analysis of the velocity and acceleration based on the
measured displacement along a slope. He derived the rela-
tionship only based on the measurement of the displacement
on the model slope under sprinkled water with a constant
intensity, which meant monotonically increasing the pore
pressure (unloading of total normal stress). This indicates
that it was not clear whether the relationship was applica-
ble under a constant stress (secondary creep stage). Voight
(1988, 1989) insisted that Eq. (1) was a fundamental physi-
cal law for the failure of various materials under constant
stress and temperature conditions and developed an equation
for rotation and seismic energy release for rock slope failures
instead of strain or displacement and for volcanic eruption
prediction with geodetic, seismic or geochemical observa-
tions. However, it is still unclear under which conditions the
relationship can be established due to the availability of few
experimental observations. It should be validated based on
the experimental data.

Fukuzono (1985) further proposed Eq. (2) below for the
failure time of a slope based on this relationship. Integrating
Eq. (1) and rearranging the terms produces an equation for
deriving the failure time ¢, of the slope, as follows:

vl—a

fr=m+f @)

The constants a and a are important when determining
the failure time with the equation above. Thus, the relation-
ship between the velocity and acceleration is considered key
to predicting failure time. The influence of a on ¢, is much
greater than that of a because a is exponential for v judging
from Eq. (2). This type of prediction method is conveni-
ent for practical use because the failure time of a slope can
be predicted based on the measurement data of only the
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displacement of the slope. Equation (3) can be presented
as follows:

1

L= {at@=n(t, -1} G)

This equation shows that the inverse velocity approaches
zero just prior to failure. Many researchers, such as Crosta
and Agliardi (2003); Bozzano (2012), and Mazzanti (2015),
adopted the inverse velocity as an indicator for predicting the
failure time. They were concerned with the scatter of the val-
ues of the velocity and acceleration due to the measurement
error and tried to minimise the influence of the scatter on the
prediction. Hao et al. (2016, 2017) proposed that the ratio of
the velocity to the acceleration is a better indicator for pre-
dicting failure time with less scatter. It also approached zero
immediately before failure according to his examination.

Natural slopes experience many rainfall events. They are
subjected to repeated loading and unloading of the pore pres-
sure in the slope; therefore, they undergo substantial changes
in stress. Few papers, for example, those by Uchimura (2011)
and Sasahara and Sakai (2017), have examined the effect of
the repeated loading and unloading of pore pressure on the
stress state of a slope. Uchimura (2011) studied sandy soil in
a direct shear box with constant shear stress under the con-
ditions of repeated water supply and drainage, and reported
that the shear displacement increased with increasing volu-
metric water contents (hereafter V.W.C.) during the first
wetting process but remained approximately constant dur-
ing subsequent wetting processes until the V.W.C. increased
to the maximum during the first wetting stage, and finally
developed further with further increases in V.W.C. during
the subsequent wetting stage. Sasahara and Sakai (2017)
also reported the same types of yielding in the curves of
shear strain against suction and surface displacement against
the groundwater level (hereafter G.W.L.) for a sandy model
slope performed under water sprinkling at a constant inten-
sity. The difference in experimental conditions were recog-
nised by Uchimura (2011) and Sasahara and Sakai (2017).
The former was the inclined shear box test under unsaturated
conditions, while the latter was the model slope experiment
that failed due to a rise in the G.W.L. (in saturated condi-
tion). However, the principle of the shear deformation of the
soil layer corresponding to the loading and unloading of the
pore pressure is the same. Those studies demonstrated the
effect of pore pressure preloading by antecedent rainfall on
the relationship between the pore pressure and shear strain
or between the pore pressure and displacement in the slope.
However, the relationship between the pore pressure fluctua-
tion and velocity in a sandy slope has not yet been exam-
ined. Moreover, the influence of pore pressure fluctuation
on the relationship between the velocity and acceleration is
unknown. Under repeated rainfall conditions, failure time
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can be predicted in the early stage of displacement if the
relationship between the velocity and acceleration is consist-
ent between the former rainfall events. It is more convenient
for the practical use of the prediction method.

A review of past literature reveals that the relationship
between velocity and acceleration has remained unclear
for sandy slopes under repeated rainfall conditions. This
paper aims to examine whether the relationship between
the velocity and acceleration proposed by Fukuzono can be
established during the tertiary creep stage and other stages
and then to improve the prediction method based on dis-
placement measurements. Measurements of the G.W.L.
and surface displacement along a sandy model slope were
conducted under repeated rainfall conditions. Measured
data were analysed to examine the relationship between the
velocity and acceleration derived from the surface displace-
ment in the studied slope. Finally, the prediction of failure
time was implemented by a method based on the examina-
tion of the relationship in this paper.

Methodology
Model slope and measurement devices

Measurements of the G.W.L. and the surface displacement
of the H2INIED model slope and H23NIED model slope
were conducted. Figure 1 shows the geometry of the model
slopes and locations of the targets for the extensometers
and water level gauges for the H23NIED modelled slope.

Water level gauge

Soil moisture sensor (10, 20, 30, 40, 50 cm)
Tensiometer (5, 15, 25, 35, 45 cm)

Target of extensometer

Tilt metre (5, 15, 25, 35, 45cm)

Vertical displacement gauge (0, 10, 20, 30, 40, 50 cm)

F=qQp 00

Boundary condition
AD : Rainfall infiltration 600
AB, BC : Impermeable 400
CD : Permeable

Unit : cm

Fig. 1 Model slopes for H23NIED and locations of the measurement
instruments
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Fig. 2 Grain size distribution of soil

H21NIED model slope also had same geometry while the
locations of the targets, measurement devices were differ-
ent (Sasahara and Sakai 2017). Both model slopes were
300 cm long, 150 cm wide and 50 cm deep (gravitational
direction) in a horizontal section; each slope section had a
length of 600 cm, a width of 150 cm and a depth of 57.7 cm.
The steel flume, with an inclination of 30° and glass walls,
and a large-scale rainfall simulator were designed by the
National Research Institute for Earth Science and Disaster
Resilience, Japan. Vertical blades with a height of 1 cm were
located every 50 cm in the longitudinal direction across the
base of the flume to prevent slippage between the model
and the flume. The upper and side boundaries and base of
the flume were impermeable, while the lower boundary at
the end of the horizontal flume was permeable. The model
slope was composed of granite soil; the grain size distribu-
tion, physical and mechanical properties of the soil are given
in Fig. 2 and Table 1, respectively. The model slope was
compacted horizontally by manual stamping every 20 cm
to construct the model slope. Measurement of the wet and
dry unit weight of the undisturbed samples extracted from
the surface of the slope every 50 cm revealed that the void
ratio ranged from 0.652 to 0.678 in the H21NIED model
slope and from 0.60 to 0.61 in the H23NIED model slope
and that the water content of the soil layer was 3.7-4.4% in
the H21NIED model slope and 6.5-7.8% in the H23NIED

Table 1 Physical and mechanical properties of the soil in the model
slope

Maximum void ratio of the soil e, 0.947
Minimum void ratio of the soil e ;, 0.619

Void ratio in the model sliope e 0.652-0.678
Relative density in the model slope Dr (%) 82.1-89.9
Water content in the model slope w (%) 3.744
Hydraulic conductivity ks (cm/s) 0.0368
Cohesion ¢’ (Kpa) 0.0

Internal friction angle ¢’ (°) 349
Specific gravity of soil mineral G 2.658
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model slope. The extensometers and water level gauges
were installed at the surface and the base of the model
slopes, respectively, to measure the surface displacement
and G.W.L. The accuracies of the extensometers and water
level gauges were 0.01 cm and 0.03-0.05 cm, respectively. A
rotating sensor was fixed at the upper boundary of the flume,
and an invar wire was connected to the moving rod for the
extensometer. The distance of the downward movement of
the moving rod was measured by the rotating sensor. The
water level gauge contained a pressure sensor in the probe.
The soil moisture gauge installed above 5 cm from the water
level gauge was used to judge the timing of the termination
of artificial rainfall. The soil moisture sensor measures the
dielectric constant of the soil and should be calibrated with
various volumetric water contents. The calibration factor in
the manual was used to derive the volumetric water content
in these experiments. The sensor has an accuracy of 0.02 m*/
m?. The accuracy of tensiometer is 1 kPa.

Experimental conditions

To simulate the stress state in a natural slope that has experi-
enced many rainfall events, preliminary rainfall events were
conducted before the targeted rainfall event. For H2INIED,
Rains 1 to 3 were preliminary rainfall events, and collapse
of the H21NIED slope occurred during Rain 4, as shown
in Table 2a; for H23NIED, Rains 1 to 4 were preliminary
rainfall events, and collapse of the H23NIED slope occurred
during Rain 5, as shown in Table 2b. A constant intensity of
rainfall was applied to the model slope until the volumetric
water content measured by the soil moisture sensor 5 cm
above each water level gauge increased and then remained
at a constant value during preliminary rainfall events. The
G.W.L,, surface displacement and V.W.C. in the slope were
measured and recorded automatically every 10 s throughout
the test for the H2INIED model slope and every 10-15 s
from the start of the rainfall event to the time at which the
G.W.L. remained constant after each rainfall event for the
H23NIED model slope. The deformation was video recorded
from the side of the model slope, and no slip at the base of
the flume was observed.

Calculation of velocity and acceleration
from measured data

The velocity and acceleration were derived from the meas-
ured surface displacement data. The acceleration (dv/dr); was
derived from two velocities, dv;_, 5 and dv;_ 5. This deriva-
tion requires three surface displacements: sd;_,, sd;_, and sd,.
The increase in the surface displacement and the increment
of time are derived in the forms of (sd;—sd;_,) and (t,—t,_,),
respectively. Dividing (sdi—sd;_,) by (t,—t;_;) gives the
velocity dv;_ 5 corresponding to the time #,_, 5= (t;,—t;_,)/2.
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Table 2 Artificial rainfall conditions (a) H2INIED, (b) H23NIED

Event Intensity Duration
(mm/h)

(a) H2INIED
Rain 1 30 Oct. 20 11:00:36-14:00:00
Rain 2 30 Oct. 23 9:34:25-11:15:00
Rain 3 15 Oct. 26 9:45:00-12:42:43
Rain 4 30 Nov. 4 11:00:00-15:00:00

(b) H23NIED
Rain 1 15 Oct. 24 14:10:00-18:37:50
Rain 2 15 Oct. 27 10:27:01-13:26:46
Rain 3 15 Nov. 1 11:01:48-14:01:48
Rain 4 25 Nov. 4 11:06:04-14:05:49
Rain 5 50 Nov. 10 11:17:35-13:49:45

H21NIED: experiments conducted in 2009
H23NIED: experiments conducted in 2011

The acceleration (dv/dt);_; was derived by dividing the
increase in velocity (dv;_, s—dv;_, 5) by the increase in time

(ticgs—ti15)-

Experimental results
Variation in measured data with time

Figure 3 shows the variation in the G.W.L., surface dis-
placement, V.W.C., suction and shear strain with time in
the H23NIED model slope. The shear strain is derived by
multiplying the difference between the initial tilt and present
tilt by the length of the gauge (9.2 cm). This variation in
the H21NIED model slope was already explained in past
literature (Sasahara and Sakai 2017), and the tendency of
this variation was almost the same as that of the H23NIED
model slope. The G.W.L. rose slightly after Rain 1 and then
gradually lowered at 75 cm from the toe of the slope. The
G.W.L. rose from the start of each rainfall event, reached
a maximum at the termination of the event, then gradually
lowered to approximately — 10 cm and finally remained
almost constant after the termination of rainfall, especially
during Rains 2 to 4, without reaching 450 cm. The G.W.L.
remarkably rose until failure during Rain 5 at all locations.
It rose to 7.7 cm during Rain 2 and then lowered to -8.1 cm
within 87,000 s after the event, rose to 8.8 cm during Rain
3, and then lowered to -7.2 cm within 120,000 s, rose to
10.9 cm during Rain 4 and then lowered to -7.5 cm within
130,000 s at 200 cm. The G.W.L. finally rose to 33 cm at
failure during Rain 5. The G.W.L. at 75 cm and 150 cm was
higher than that at 200 cm but lower at 300 cm. The G.W.L.
did not reach 450 cm, which was positioned near the upper
boundary of the flume. The water level gauge could not
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Fig.3 Variations in the groundwater level and surface displace-
ment with time at different locations on the H23NIED slope model.
G.W.L.: groundwater level

measure negative values in principle, so the negative water
level data were anomalous. A negative water level was also
measured after a rainfall event in the H21NIED model slope

and in other sandy model slopes when a pressure sensor-type
water level gauge was adopted. Thus, such results might be
due to the suction in unsaturated conditions near the base of
the slope after the drainage of groundwater.

The surface displacement increased from 0.2 to 0.3 cm
after Rain 1 at all locations and then increased during Rain
2. The surface displacement increased to approximately
1.0 cm at 75 cm, 160 cm and 300 cm, to 1.3 cm at 200 cm,
and to 0.4 cm at 450 cm. Then, it decreased slightly after
Rain 2 and remained almost constant until the start of Rain
5, not changing considerably during Rains 3 and 4. The rea-
son for the constant G.W.L. during Rains 3 and 4 might
have been because the maximum G.W.L. during Rains 3
and 4 was lower than that during Rain 2. Sasahara and Sakai
(2017) reported that the surface displacement during sub-
sequent rainfall events increased slightly until the G.W.L.
reached its maximum during the antecedent rainfall event.
The surface displacement might have increased if the G.W.L.
during Rains 2 or 3 rose beyond the maximum G.W.L. that
occurred during Rain 2. Finally, the surface displacement
significantly increased until failure during Rain 5 at all
locations. The maximum displacement immediately before
failure was 8.0 cm at 75 cm, 7.7 cm at 160 cm, 4.3 cm at
200 cm, 3.6 cm at 300 cm and 0.43 cm at 450 cm.

The V.W.C. increased substantially during the rainfall
events and then decreased gradually after the events. The
measurement value at 40 cm depth showed repeated fluc-
tuation from 0 to 50%; thus, it was judged to be abnormal,
it plotted outside the graph. The rate of the decrease was
larger just after the event and then decreased with time to
an almost constant value. The V.W.C. at deeper layer was
larger than that of the shallower layer. The V.W.C. at 10 cm
depth during the event was 25-30%, while it was 16-18%
after the drying period (no rainfall period). The V.W.C. in
50 cm during the event was approximately 40%, while it
decreased to approximately 30% after the event. It increased
significantly beyond the maximum value (25-40%) under
antecedent rainfall events until failure at the final rainfall
event. The final V.W.C. at each layer was almost the same
and ranged from 40 to 45%.

The suction significantly decreased during the rainfall
events and increased gradually after the events. In particu-
lar, it was more than 10 kPa at first and then decreased to
less than 5 kPa at 5 cm depth and approximately 3 kPa (other
depths) at Rain 1. The maximum suction at the start of the
subsequent rainfall event was approximately 5-6 kPa at 5 cm
and 3—4 kPa at other depths, and it increased up to approxi-
mately 5 kPa at 5 cm and 3 kPa at other depths. The rate of
the increase was larger at first just after the event and then
decreased with time. The suction at 5 cm depth was higher.
The suction decreased significantly below 0 kPa at every
depth corresponding to the saturation of the soil layer dur-
ing Rain 5.
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The shear strain at 35 cm depth and 45 cm depth showed
large fluctuations; thus, the measurement at both depths was
judged to be incorrect. The shear strains at other depths did
not show significant variation from Rain 1 to Rain 4 without
small fluctuations. The fluctuation might be due to measure-
ment error. The shear strain at 5 cm depth, 15 cm depth and
25 cm depth decreased largely during Rain 5. This was due
to large shear deformation that occurred just prior to the fail-
ure of the slope. The shear strain measured at 5 cm, 15 cm
and 25 cm in the slope did not indicate significant increase
during Rains 1 to 4. It was different from the variation in the
surface displacement which increased during rain 2, while
the shear strain might have been large at other depths if the
measurement of tilt meters at the depths could have been
correct.

It should be emphasised that the surface displacement
remained constant with the rise in the G.W.L. under Rains 3
and 4. This might be the effect of antecedent rainfall under
repeated rainfall conditions.

Variation in velocity, acceleration and G.W.L.
with time

Figure 4 shows the variations in the velocity, acceleration
and G.W.L. with time during Rain 5 at 200 cm from the toe
of the H23NIED mode slope. The surface displacement data
were extracted with a difference of more than 0.01 cm from
the measured data. The velocity significantly increased from
1,475,700 s to 1,476,000 s (0.017 cm/s) and then decreased
until 1,476,300 s. This might be due to the significant rise in
the G.W.L. from 4 cm at 1,475,500 sto 11 cm at 1,475,800 s
and the gentler increase from 11 cm at 1,475,800 s to 15 cm
at 1,476,300 s, respectively. The absolute value of the accel-
eration also increased and then decreased within those peri-
ods. The absolute value of the negative acceleration was
of the same magnitude as that of the positive acceleration.
This indicates that the velocity repeatedly underwent slight
increases and decreases of the same magnitude. The velocity
remained almost zero until 1,478,000 s, while the absolute
value of the acceleration was approximately 1077 cm/s? in
this period. The absolute value of the negative acceleration
was of the same magnitude as that of the positive accelera-
tion in this period. This slight acceleration might have been
due to the repeated slight increases and decreases in velocity.
Next, the velocity and acceleration significantly increased
until failure at 1,478,655 s. The acceleration was almost
positive in this period, which indicates an almost monotonic
increase in the velocity, while the G.W.L. showed only a
slight increase with time during this period.

The velocity showed a significant increase and decrease
from 1,475,700 s to 1,476,300 s, remained near constant
(nearly zero) until 1,478,000 s and then significantly
increased until failure during Rain 5 at 200 cm in the
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Fig.4 Variations in the velocity, absolute value of acceleration
and groundwater level with time during Rain 5 at 200 cm in the
H23NIED model slope. v velocity. Idv/dil absolute value of accelera-
tion. G.W.L. groundwater level

H23NIED model slope. This variation might correspond to
the primary creep for the decrease in velocity, the secondary
creep for almost constant velocity and the tertiary creep for
the final significant increase in velocity. However, the vari-
ation in the velocity was not monotonic, and the velocity
increased with a small fluctuation in velocity, contrasting
the theory of Saito (1965).

Discussion
G.W.L. and velocity to surface displacement
The shear displacement, velocity and G.W.L. only increased

significantly during Rains 2 and 5 in the H23NIED model
slope within a short time relative to the duration of the entire
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experiment, as shown in Fig. 4; therefore, the variation in
these metrics with time cannot be clearly shown in graphs.
The velocity and G.W.L. versus surface displacement are
shown in Fig. 5 to clearly show their variations through-
out completed experiments in the H21NIED and H23NIED
model slopes. The data were extracted with a difference in
the surface displacement of more than 0.01 cm because the
accuracy of the extensometer was 0.01 cm.

The relationship between the G.W.L., velocity and sur-
face displacement 300 cm from the toe of the H21NIED
model slope are shown in Fig. 5a. The surface displacement
increased to 1.5 cm during Rains 1 and 2 without a rise in
the G.W.L. (Stage I). The shear deformation of the slope
might have proceeded with the suction decrease during and
just after Rains 1 and 2. The shear displacement increased
slightly from 1.5 to 1.7 cm with the rise in the G.W.L. to
13 cm just after Rain 3 (Stage II); subsequently, the shear
displacement slightly progressed from 1.7 to 2.0 cm with
the lowering of the G.W.L. (Stage III). The shear displace-
ment increased significantly from 2.0 to 10.0 cm with the
second rise in the G.W.L. to more than 30 cm during Rain
4 (Stage IV). The variation in the surface displacement was
divided into Stages I to IV according to the loading (rise)
and unloading (lowering) of the pore pressure (G.W.L.) in
the slope. Notably, the surface displacement increased not
only with the rise in the G.W.L. (loading of pore pressure)
but also with the lowering of the G.W.L. (unloading of pore
pressure). The latter might have been due to the delay in
the slope deformation from the pore pressure loading in the
slope. The velocity remained almost zero until a surface dis-
placement of 2 cm was reached in Stages I to III. Then, it
significantly increased with the significant rise in the G.W.L.
and then increased more gently after a surface displacement
of 4 cm was reached under a nearly constant G.W.L. The
velocity increased with the combination of a significant
rise in the G.W.L. and a subsequent constant G.W.L. in this
stage. The surface displacement indicated small progress
when the G.W.L. was less than the maximum value in pre-
vious rainfall event while it increased significantly with
the G.W.L. more than the maximum in previous rainfall as
mentioned by Sasahara and Sakai (2017). This yielding of
the surface displacement against the G.W.L. was one of the
effect of antecedent rainfall.

Figure 5b shows the G.W.L. and velocity versus the sur-
face displacement at 200 cm from the toe of the H23NIED
model slope. The stage of the increase in the surface dis-
placement was also divided by the rise in and lowering of the
G.W.L. The surface displacement increased to 0.6 cm with-
out the generation of the G.W.L. during Rains 1 and 2 (Stage
I). The surface displacement started to increase during the
middle of Rain 2 and continued to increase after that event
to 1.2 cm with the rise in the G.W.L. to 8.6 cm (Stage II). It
slightly increased to 1.3 cm with the lowering of the G.W.L.

G.W.L. (cm)

sd (cm)
(a) at 300 cm in H21NIED model slope

v
60 —
1 II| Vv VI
40 Raif|[3 Rain 5
- , ain
§ Rgin 1 X
; 20 T Raip 2
g <
0
. #Rain4 A L
20 ; 2 3 4
sd (cm)
11
0.05
0.04 } ¢ o
2 003 }
Z o0 | v . VI
001 | . .~
°
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(b) at 200 cm in the H23NIED model slope

Fig.5 Variations in the groundwater level and velocity with increasing surface
displacement in the H21NIED model slope and H23NIED model slope
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to — 1.2 cm after Rain 3 (Stage III) and then increased to
1.5 cm with the rise in the G.W.L. to 10.2 cm after Rain 4
(Stage IV). Note the rise in the G.W.L. occurred after Rain
4 in Stage I'V. The surface displacement increased to 3.4 cm
with a slight rise in the G.W.L. from 10.2 to 13.9 cm dur-
ing Rain 5 (Stage V). The discontinuous data resulted from
large jumps in the surface displacement. Then, the surface
displacement increased to 4.3 cm with a significant rise in
the G.W.L. to 25.4 cm, as was the case during Rain 5 (Stage
VI). The velocity increased after Stage IV, especially dur-
ing Stage VI, with the combination of a significant rise and
subsequent steady state in the G.W.L. The velocity signifi-
cantly fluctuated during Stage V. The yielding of the surface
displacement against the maximum G.W.L. during previous
rainfall was also recognized in this model slope.

It should be emphasised that the surface displacement
proceeded slightly with the lowering in the G.W.L. dur-
ing Stage III at 300 cm in the H21NIED model slope and
200 cm in the H23NIED model slope. This was supposed to
be caused by the delay of the increase in shear deformation
of the soil layer corresponding to viscous-plastic behaviour.
The mechanism of the increase in the surface displacement
with decreasing G.W.L.s should be examined in near future.

The surface displacement increased larger at Stage [V
under constant G.W.L. in H21NIED model slope than at
Stage VI under constant G.W.L. in H23NIED model slope.
The surface displacement at 300 cm in H21INIED and
200 cm in H23NIED model slopes were 24.8 cm and 4.3 cm
both at failure of the slope, respectively. The increase in the
surface displacement at Stage IV in H21NIED model slope
and Stage VI in H23NIED model slope were 22.8 cm and
1.9 cm, respectively under constant G.W.L.. One of the rea-
son of the difference might have been the shape and location
of the slip surface. Figure 6a, b indicates the longitudinal
shape of the surface (solid line) and slip surface (dashed
line) in H21NIED model slope and H23NIED model slope.
The location of the slip surface was at the foot of the slope
section and the inclination of the slip surface was steep in
H21NIED model slope. Steep slip surface at the foot of the
slope section might have restricted the movement of land-
slide mass in the slope section and it might have made the
creep behaviour under constant G.W.L. more significantly.
The mechanism of the difference should be examined in
future.

Relationship between the velocity and acceleration

The relationship between the velocity and acceleration
is examined here for the prediction of failure time under
repeated rainfall to demonstrate the influence of the rise in
and lowering of the G.W.L. All the experimental periods
are the target of this examination because the velocity did
not increase monotonically and fluctuated, even immediately

@ Springer
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Fig.6 The longitudinal shape and location of the slip surface in
H2INIED and H23NIED model slope

before failure. Therefore, the tertiary creep stage (accelerat-
ing stage) could not have been easily defined in the experi-
mental results. Positive and negative accelerations of the
same magnitude were generated repeatedly according to the
small fluctuation in the velocity, even immediately before
failure. In the following analysis, positive acceleration was
adopted when the surface displacement increased with the
rise in the G.W.L. and negative acceleration was adopted
when the surface displacement increased with the lowering
of the G.W.L. because the velocity tended to increase dur-
ing the significant rise in the G.W.L. Positive acceleration
was also adopted when the surface displacement increased
without a G.W.L. because the velocity tended to increase
without G.W.L. during Rains 1 and 2, Stage I at 300 cm in
the H21NIED model slope and during Rains 1 and 2, Stage
I at 200 cm in the H23NIED model slope.

Figure 7a shows the relationship between the velocity
and acceleration derived from the surface displacement at
300 cm from the toe of the H21NIED model slope. Positive
acceleration was adopted in Stages I, II and IV, and nega-
tive acceleration was adopted in Stage III at 300 cm. In the
figure, all the negative accelerations are shown as their abso-
lute values. The relations in each stage can be expressed by
unique lines at the logarithmic scale with 1 order of scatter
in the absolute value of the acceleration. The data during the
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latter half of Stage IV deviated from this line at both loca-
tions. The velocity remained near constant at approximately
0.01 cm/s with various accelerations. The video revealed
that the soil mass moved at almost a constant velocity during
these periods. Thus, the data reflect the movement of the soil
mass after failure.

Figure 7b shows the relationships between the velocity
and acceleration derived from the surface displacements at
200 cm from the toe of the H23NIED model slope. Positive
acceleration was adopted in the period with the rise in and
stabilisation of the G.W.L., while the absolute value of the
negative acceleration was adopted in the period of G.W.L.
lowering. The relationships in every stage can be expressed
by a unique line at a logarithmic scale with small fluctua-
tions. No large scatter in the final stage immediately before
failure could be observed in this case.

In these experiments, the relationship between the veloc-
ity and the absolute value of the acceleration is represented
by a single line on a logarithmic scale, regardless of the
condition of the G.W.L. This means that the relationship
was consistent during both the increase in velocity and
decrease in velocity. This develops the utility of Eq. (1) not
only for positive acceleration (dv/d¢> 0) but also for negative

1L.LE-O1

1.E-05 |
2 1.LE-09 OI(positive)
S
= O Tl(positive
SIED [ x (P .)
% II(negative)
—1.E-17 F X "

XTIV (positive)
1.LE-21 L L L )
1.E-08 1.E-06 1.E-04 1.E-02 1.E+00

v (cm/s)

(a) 300 cm from the toe of the H21NIED model slope

1.E-01
X

1.LE-05 F OlI(positive)
z ,‘) O TI(positive)
E LE0 | LD ]
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L.E-17

® VI(positive)
1.E-21 L L L d
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(b) 200 cm from the toe of the H23NIED model slope

Fig.7 Relationship between the velocity and acceleration at a 300 cm
from the toe of the H21INIED model slope and b 200 cm from the toe
of the H21NIED model slope. v velocity. ldv/dtl absolute value of the
acceleration

acceleration (dv/dr < 0). This suggests that the relationship
between the velocity and acceleration is unique throughout
the displacement of the slope.

Table 3a shows the values of a and a for Egs. (1) and
(2), derived from the regression analysis of the relationship
between the velocity and acceleration from the early stage
to the start of the final stage (Stages I, II and III) at 300 cm
from the toe of the H21NIED model slope for predicting the
failure time at the final stage (Stage IV). Only data measured
in the antecedent stage were used for the prediction at the
final stage to validate the unique relationship between the
velocity and acceleration. The value of a was 1.45 with the
data at Stages I-III and around unity with the data at Stages
ITI-IIT and Stage III with the determining factor ranging from
0.19 to 0.40 at 300 cm in the H21NIED model slope. The
determining factor at 300 cm was lower due to the greater
scatter of the acceleration at velocities from 1E-6 to 1E-4 in
Fig. 7a for 300 cm.

Table 3b shows the values of a and a derived from the
regression analysis of the relationship between the velocity
and acceleration from the early stage to the start of the final
stage at 200 cm from the toe of the H23NIED model slope.
Durations for the analyses were from Stages I, II, III, IV and
V to the start of Stage VI. The value of a ranged from 1.65
to 1.51 with a determining factor of 0.98 to 0.83 at 200 cm
in the H23NIED model slope.

Scatter along the trendline for the relationship between
the velocity and acceleration exhibit small differences in
terms of the model constants a and a in regression equation
representing Eq. (1). The relationship between the veloc-
ity and acceleration at different stages might essentially
be unique, while the scatter due to the measurement error
influences the value of the model constants in the regres-
sion equation. The value of the model constants varied
slightly depending on the duration of the measurement. It is

Table 3 @, a and R® derived by the regression analysis for Eq. (1) of
the relationship between the velocity and acceleration at (a) 300 cm
from the toe of the H21NIED model slope and (b) 200 cm from the
toe of the H23NIED model slope for predicting failure time at final
stage

o a R?

(a) 300 cm from the toe of the H2INIED model slope

Stages I-111 1.4543 —1.5399 0.3972
Stages 1I-111 0.9292 —4.1903 0.1863
Stage 111 1.0651 —3.48 0.3359
(b) 200 cm from the toe of the H23NIED model slope
Stages I-V 1.6462 —0.3749 0.8697
Stages 1I-V 1.5955 —0.4953 0.8345
Stages I1I-V 1.5149 —0.3585 0.9087
Stage IV-V 1.5603 —0.0752 0.9748
Stage V 1.5595 —0.1778 0.9756
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important to determine the model constant @ and a in Eq. (1)
for predicting failure time in a series of rainfall events.

Fukuzono (1985) reported the linear relationship between
velocity and acceleration on a logarithmic scale, as shown in
Eq. (1), during tertiary creep in a model slope under constant
rainfall. In this paper, the relationship expressed in Eq. (1)
was proven to be accurate not only during the increase in
the surface displacement velocity (tertiary creep) but also
during the decrease in the surface displacement velocity.
Moreover, a unique relationship between the velocity and
acceleration could be established, even in different stages
of repeated increases and decreases in the G.W.L., while
model constants in the regression equation of Eq. (1) varied
slightly depending on the duration of the measurement due
to the scatter caused by measurement error. Thus, how to
determine the duration of the data for precise prediction of
the failure time of the slope should be examined.

Prediction of failure time

The relationship between the velocity and acceleration
was derived at each location in both model slopes, and the
corresponding constants a and a in Egs. (1) and (2) were
determined in a previous chapter. Now, the failure times in
the H21NIED model slope and H23NIED model slope are
predicted by Eq. (2) with the constants a and a in Table 3 to
examine the influence of the difference in the duration of the
measured data on the constants. The results at 300 cm in the
H21NIED model slope and 200 cm in the H23NIED model
slope are explained here. The results of the predicted failure
time are examined with the value of @ because the influence
of a on the predicted failure time in Egs. (1) and (2) is much
greater than that of a.

Figure 8 shows the time variation in the predicted time
derived by Eq. (2) and the constants a and a in Table 3a and
the time remaining to failure during the final stage at 300 cm
in the H21NIED model slope. The time remaining to failure
is defined as the difference in the predicted failure time to
the present time. The predicted failure times with different
durations for the data were almost the same, ranging from
1,306,950 to 1,310,324 s, falling very closely to the present
time. The time remaining to failure with the data at Stages
II-IIT and Stage III was very small (— 10 s~0 s), with an «
of almost unity and a determining factor of less than 0.33.
It could be considered almost zero throughout the period.
This indicates that the predicted failure time was almost
equal to the present time throughout the period, and it is
not good for use in the prediction. While the time remain-
ing to failure was — 200 s at 1,306,430 s at first and then
smoothly approached around — 10 s until 1,308,580 s, it
finally remained almost constant from 1,308,580 s to failure
with measured data at Stages I-III. The value of @ was 1.45,
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Fig.8 The variations in the predicted failure time and the time
remaining to failure derived from the model constants in Table 3(a)
during Stage I'V at 300 cm from the toe of the H21NIED model slope.
t.: predicted failure time. #~f: time remaining to failure. The blue line
indicates that the present time is equal to the predicted failure time

and the determining factor was 0.40 for this case. It is good
that the time remaining to failure smoothly approaches zero
with time just prior to failure as the prediction. The time
remaining to failure can be an indicator for prediction. A
continuous decrease in the time remaining to failure indi-
cates approaching the failure time.

Figure 9 shows the time variation in the predicted failure
time derived by Eq. (2), the constants a and « in Table 3b
and the time remaining to failure during the final stage at
200 cm in the H23NIED model slope. The predicted failure
time approached the present time with advancing time and
then converged to almost the same value at the actual fail-
ure time (1,478,655 s), even though the time remaining to
failure varied from — 6000 to — 800 s at the start of the final
stage (1,476,165 s). The time remaining to failure smoothly
approached near zero with time until failure. It is good for
the prediction. Thus, the model constants a and a with any
duration of measured data can be adopted for the predic-
tion. Any data with different durations produced a value of
a of 1.5-1.65 with a determining factor of more than 0.83
in this case.

It was recognised that an a value of more than approxi-
mately 1.45 with a determining factor of more than 0.40
could make good predictions for early warning. The time
remaining to failure smoothly approached zero with time
until failure with this value. This indicates that the result
of the predicted failure time might be better with a high
value of a and a high determining factor. The duration of the
measured data with a high value of a and a high determin-
ing factor should be selected for the prediction in cases of
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Fig.9 The variations in the predicted failure time and the
time remaining to failure derived from the model constants in
Table 3(b) during Stage VI at 200 cm from the toe of the H23NIED
model slope. 7,: predicted failure time. 7,—: time remaining to failure.
The blue line indicates that the present time is equal to the predicted
failure time

repeated rainfall before the final event. Data measured not
only during the period with increasing velocities but also
with decreasing velocities can be used to derive a regres-
sion equation representing Eq. (1). The time remaining to
failure approaching zero could be recognised as an indicator
for the failure of the slope; the sign of the values might not
be important.

Conclusion

Analyses of the measured data of the pore pressure and
deformation of a sandy model slope under repeated rainfall
events were performed to reveal the effect of the repeated
loading and unloading of pore pressure on the slope defor-
mation. The velocity and acceleration were derived from
the surface displacement measured in the slope. The results
are as follows:

1. The velocity fluctuated and did not undergo a monotonic
increase, even immediately before failure. No period
with a constant velocity (secondary creep) or monotonic
increase in velocity (tertiary creep) was observed in the
experiment. This was due to the repeated small increases
and decreases in the surface displacement. Positive and
negative accelerations appeared alternately in accord-
ance with the fluctuation in the velocity. The magnitude
of the negative acceleration was almost the same as that
of the positive acceleration.

2. The surface displacement increased not only with the
rise in the G.W.L. but also with the lowering and stabi-
lisation of the G.W.L. The variation in the surface dis-
placement with the lowering of the G.W.L. was due to
the delay in the water seepage.

3. The relationship between the velocity and the absolute
value of the acceleration derived from the surface dis-
placement was unique for not only the period of increas-
ing velocity but also the period of decreasing velocity
according to the variation in G.W.L. owing to repeated
rainfall, except for the stage during and after failure.
The relationships were linear on a logarithmic scale.
Note that these relationships were the same under an
increasing, a decreasing and a constant G.W.L., without
considering the point after failure.

4. The constants for the equation used to predict the failure
time in the slope proposed by Fukuzono were derived by
linear regression analysis of the relationship between the
velocity and acceleration during different periods before
the final stage at 300 cm in the H21NIED model slope
and at 200 cm in the H23NIED model slope. The predic-
tion of failure time was implemented by the equation and
the time remaining to failure, which was defined as the
difference between the present time and predicted failure
time was derived. The results show that the time remain-
ing to failure approached a constant value close to zero
at the actual time of failure, when the constants were
derived with a high value of a and a high determining
factor. It is good for the prediction of failure time as an
early warning metric. The data measured not only during
the period with increasing velocities but also that with
decreasing velocities can be used to derive the constants.
The time remaining to failure approaching zero might be
a useful indicator for predicting the failure time.

These results improve the utility of the relationship pro-
posed by Fukuzono (1985) from being applicable during
only a positive acceleration to being applicable during the
entire test with increasing surface displacement. This might
allow the earlier prediction of the failure time of a slope
with the Fukuzono method because the measured data not
only immediately before the failure (tertiary creep) but also
during the earlier stage of deformation could be used for
the prediction.
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