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A nonlocal constitutive law for granular material considering cohesion force
and its applicability verification
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To realize automation and robotization technologies in the construction industry, it is very important to
develop an appropriate constitutive law to predict the deformation behavior of soil and to evaluate the inter-
action between a construction machine and the ground it is working on. In this study, a nonlocal continuum
constitutive law for granular material which considering cohesion force is proposed, and this model is im-
plemented in the material point method in the framework of finite strain theory. The applicability of the
model is also verified by presenting ground excavation simulations and experimental results.

Key Words : Granular Material, Nonlocal Constitutive, Material Point Method, Finite Strain, Exca-

vation Simulation, Experiment
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Weight Impact Tests and DEM Analysis of a Rockfall Protective Soil Embankment for understanding

Deformation and Failure Behavior and Internal Behavior
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A rockfall protective soil embankment is one of the rockfall countermeasure work with excellent
workability and economy, but a performance design method has not yet been established. In this study,
we conducted a medium weight-impact test and reproducible analysis using the discrete element method
for the purpose of the rockfall trapping performance and destructive performance of rockfall protective
soil embankment. As a result, propagation of stress propagating inside soil embankment is important in
understanding internal behavior of a soil embankment.

Key Words : rockfall protective soil embankment, discrete element method , deformation-failure behavior
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Unsaturated seepage flow analysis using phase field method.
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This study is a part of the research aiming to construct a mechanical model that treats unsaturated soil
composed of soil particles, air and water as a two-phase mixture composed of a soil skeleton and pore
fluid. As a preliminary step, an unsaturated seepage flow analysis is attempted in which pore water and
pore air are treated as the same fluid under the condition that the motion of the soil skeleton is neglected.
To treat porewater and pore air as the same fluid, we construct a coupled method that solves the equation
of motion of incompressible fluid flowing in a porous media with the phase-field method using soil
saturation as the interfacial function. In addition, to verify the validity of the proposed method, a
comparison is made with a model experiment for unsaturated seepage flow. As a result, it is shown that
the shape of the infiltrability is generally consistent between the past experimental results and the

calculation results using the proposed method.

Key Words: Unsaturated soil, phase-field method, seepage flow analysis, saturation
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Simulation of soil water retention test

by gas-liquid two-phase flow analysis using the phase-field method

EEEARED, (UHIERRRY, RAaZFESY
Shuji Iwaba, Shotaro Yamada, Takashi Kyouya
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In this study, the suction method, one of the soil water retention tests, is simulated by gas-liquid two-phase
flow analysis using the phase-field method. By changing wettability parameters, numerical simulation
reproduces differences in the water retention properties of soil due to differences in the wettability of soil
particles. The hysteresis in the moisture property curve is discussed by visualizing the movement of water
through a specimen. As a result, it is shown that the ink bottle effect can be a major factor in generating

hysteresis.

Key Words : Gas-liquid two-phase flow, Phase field method, Surface tension, Ink bottle effect
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A Numerical Study on the Characterization of
Permeability Reduction in Non-Darcy Flows
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Ryota Itto, Ikkoh Tachibana, Reika Nomura, Shinsuke Takase, Shuji Moriguchi and Kenjiro Terada
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The understanding of the permeability properties of porous media is a key research topic in many fields
and has been the subject of many studies over the decades. In this study, a series of three-dimensional
fluid simulations at the pore level are performed using the SUPG/PSPG stabilized finite element method to
investigate the seepage behavior during the transition from the Darcy flow to the non-Darcy flow region in
porous media. Based on the simulated results, the flow characteristics are explored to propose a simple and
reasonable modeling with a concept of Equivalent Permeability Coefficient Ratio(EPC-Ratio). As a result,
it was found that the void ratio has relatively low contribution on the EPC-Ratio, and the proposed modeling
can accurately estimate the EPC in the non-Darcy flow region.

Key Words : Non-Darcy flow, Forchheimer-equation, Pore-level Simulation, Permeable Porous Media
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Energy-based evaluation of seismic responses inside an
embankment subjected to basal subsidence in centrifuge
shaking table model tests
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In this study, dynamic centrifuge model tests were performed to investigate the energy-based
characterization of an embankment with basal settlement and liquid-supply. The accelerometer installed
inside the embankment model was utilized to obtain the strain and stress, and the dissipated energy was
computed based on these data. By comparing the outcomes of stress-based and energy-based methods, a
more efficient approach for assessing the liquefaction potential was developed. Additionally, it was
observed that the seismic characteristics were better exhibited by the accumulated energy rather than the

individual loops.

Key Words: Embankment, Centrifuge model test, Energy-based method

1. INTRODUCTION

Embankments are widely used in geotechnical engineering as
a means of providing support and stability to infrastructure built
on soft ground. However, such structures are vulnerable to a
range of hazards, including seismic events and subsidence of the
underlying soil layers. Basal subsidence, which occurs when the
underlying soil settles or compresses, isa common problem that
can significantly compromise the stability of an embankment,
especially in earthquake-prone areas.

In recent years, energy-based approaches have emerged as a
promising tool for evaluating the performance of embankments
subjected to seismic loading. These methods focus on
quantifying the energy dissipation and storage mechanisms that
occur during an earthquake and can provide valuable insights
into the dynamic behavior of the structure [1]. However,
calculating the dissipated energy during a seismic load using
traditional methods can be time-consuming and
computationally intensive. The application of energy-based
approaches to embankment models subjected to basal
subsidence has been limited so far, and more research is needed
to fully understand the potential of these methods in this context.

In this paper, we present a shortcut way to calculate the
dissipated energy during embankment centrifuge tests using the
energy-based method. Our approach assumes that the energy
dissipated during a seismic load can be approximated by the

area enclosed by the hysteretic loop of the stress-strain curve [2].

We apply this shortcut method to an embankment model
subjected to seismic loading in a centrifuge test, and compare
the results to those obtained using traditional methods. Our
results show that the shortcut method provides a simple way to

calculate the dissipated energy during embankment centrifuge
tests, and can be used to improve the efficiency of energy-based
analyses of embankment behavior under seismic loads.

2. MODEL PREPARATION
CONDITION
(1) Materials
The embankment model was constructed using Hiroshima
sand with a water content of 8%, which was sieved prior to use.

AND  TEST

To simulate the underlying soft ground, Urethane was employed
as an impermeable material, with several holes drilled at its
center as illustrated in Fig. 1. The sand used in the experiment
was sourced from Kure City, Hiroshima Prefecture, and was
manufactured by Yamamoto Kenzai Co., Ltd. Prior to use, the
sand was sieved to a maximum particle diameter of Imm. To
model a non-drainage boundary condition, the urethane was
covered with vinyl. The material properties of both the sand and
urethane are presented in Table 1.

To adjust for the permeability coefficient of sand under 50G
centrifugal acceleration, we utilized Metolose (Shin-Etsu
Chemical Co., Ltd.) and mixed it with water and hydroxypropyl
methylcellulose to achieve a kinematic viscosity of 50cSt,
which is 50 times higher than that of water.

41cm

Fig. 1 Drilled Urethane base
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Fig. 2 Liquid supplement pipe

Table 1 Physical properties of materials
Hiroshima sand

Soil particle density pg 2.633 g/cm?®
D10 0.08 mm
D30 0.20 mm
D50 0.34 mm
D60 0.40 mm
Fine fraction content FC 9.2%
Maximum void ratio e,y 1.003
Minimum void ratio e 0.441
Dry maximum density pamay 1.75 g/em?
Optimum water content W, 11.2%
Degree of compaction D, 90%
Coefficient of permeability k 2.4X107° m/s
Urethane
Young's modulus 126~129 kPa
Poisson's ratio 0.282+0.044
Tensile strength 0.39 MPa
Elongation at break 150%
Density 0.18+0.03 g/cm?
25% compression load 29.4~58.8 kPa

(2) Sample preparation

In order to investigate the dynamic behavior of an
embankment subjected to basal settlement, a specific targeted
compaction degree was utilized to prepare an embankment
model using a standardized method. The first step involved
placing a urethane base at the bottom of the soil chamber to
simulate soft ground conditions. To establish an undrained
condition, the urethane was covered with a vinyl sheet. A pipe
was then attached above the urethane base to provide the
necessary liquid inside the embankment model during the
centrifuge test, as illustrated in Fig 2. Finally, the embankment
model was constructed following a standardized procedure:

(a) The water content of sand was adjusted to 8%.

(b) Wooden plates with a thickness of 1 cm were stacked to

provide temporary boundaries for each layer during compaction.

(c) The degree of compaction was maintained at a constant
90%, and sensors were installed inside the model during this
process. Fig. 3 showed the model after compaction.

F2MFETHHERR

Fig. 3 The model after compaction
(d) The wooden mold was removed and the embankment
model was trimmed to the desired shape. Fig. 4 showed the
model after remove the wooden plates, and after trimming.

Fig. 4 The model before and after trimming
(3) Measuring instruments

The model configuration and the location of measuring
instruments are illustrated in Fig. 2 using a prototype scale. The
experimental data was processed under the assumption of a
plane strain condition, meaning there is no variation in the
transverse direction. In each location, accelerometer was
installed to measure the acceleration value that will be used to

obtain stress and strain. On the other hand, earth pressure

- B-08-01 -
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sensors and pore water pressure sensors were also installed to
use the traditional liquefaction evaluation method.

gy

Fig. 5 Model confiuration

The experiment involved two types of input waves: white
noise and ramped sine wave. The white noise was first
introduced to reduce the unevenness of density and stress caused
by compaction. Next, fluid was supplied into the model, and
then the ramped sine waves with the maximum amplitude of
400gal were applied. Among the total number of 30 cycles, the
amplitudes of the first 5 cycles are gradually increased from 0
to 400gal, and those in the last 5 cycles are gradually decreased
from 400 to Ogal.

3. METHOD TO OBTAIN DYNAMIC SHEAR
STRESS AND STRAIN

(1) Shear stress

As shown in Fig.5, 3 accelerometers were installed in
locations a, b, and c, to capture the dynamic response of the
embankment model during the centrifuge test. The recorded
acceleration data was subsequently utilized to compute the
corresponding shear stress and shear strain values.

Fig. 6 shows a schematic diagram showing how to obtain the
shear stress using the wet density (p;), the installation distance
(h) between the accelerometer, and the measured value (a) by
the accelerometer. The shear stress was computed by:

1:1=Zma=pt-(7-a3+ 2 -a2+7-a1) 1)

h;
12=Zma=pt-7-(a3+a2) (2)

e:Accelerometer

Fig. 6 calculation of shear stress in embankment based on
acceleration

(2) Shear strain
Three accelerometers in Fig. 5 and Fig. 6 are used to calculate
the horizontal displacement by double integration of
acceleration expressed below:

| @ avyae = a, @

BBEE BT HHEES

The sampling frequency of the measurements was set to
200Hz, resulting in an interval of time integral of 0.005 seconds.
However, it is common for integrated displacement to contain
unexpected drift due to errors in the recording and numerical
computation. To mitigate this issue, Fast Fourier Transform
(FFT) was employed to analyze the original acceleration records.
Following the application of a high-pass filter, the integration
was performed in the frequency domain to exclude the drifting
component of the displacement. The shear strain was
subsequently calculated as the differential displacement
between two accelerometers, which can be expressed

mathematically using Eq. (4), where Ad denotes the differential

displacement between the two accelerometers, and Ah
represents the distance between them.
Yn = Ad,/Ah, (4)

4. ENERGY-BASED METHOD

In this investigation, the soil was characterized as a
viscoelastic material, which implies that when subjected to
cyclic loading, the resulting strain exhibits a phase shift relative
to the applied stress. This results in a closed-loop strain-stress
relationship, as illustrated in Fig 7. The elliptical loop enclosed
by the area AW represents the energy dissipated during a single
loading cycle [2]. In contrast, the energy stored elastically
during cyclic loading reaches a maximum value of W at the peak
of stress or strain, corresponding to the area of the triangle OAB
or OA'B".

5
A
s’
AW\\ Ta
Y
0 B" B~
T ow
S —
Ya '

Fig. 7 General stress-strain relationship of viscoelastic
material

5. EXPERIMENT RESULTS

In this study, the stress and strain components were
segregated into cycles, and the energy dissipated in each cycle
(AW) was calculated by determining the area enclosed by the
hysteretic loop of the stress-strain curve. This area is a measure
of the energy per unit volume, and it is recommended to
normalize it with the initial effective consolidation stress(o’,)

- B-08-01 -
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to obtain a dimensionless value [2]. The shear strain and the
Normalized Dissipated Energy (NDE) of each loop are shown
in Fig. 8. It is noteworthy that there is a close relationship
between the dissipated energy in each loop and shear strain. The
dissipated energy varies with the changing shear strain and does
not show any apparent signs of liquefaction.

0.01 310
—Shear strain
0.005 “NDE
2
0
1
-0.005
-0.01. A 0
0 10 20 30 40 50

Time(s)
Fig. 8 Normalized dissipated energy

The earth pressure and pore water pressure at location a were
measured, and the results are presented in Fig. 9. It can be
observed that the effective stress decreased and liquefaction
occurred during the dynamic loading. To compare the results
obtained from the energy-based method, a stress-based method
was utilized to evaluate the liquefaction potential during the
dynamic load step. The excess pore water pressure ratio
(EPWPR) was widely used in the past, which is defined as the
ratio of the maximum excess pore water pressure generated
during an earthquake to the effective confining pressure of the
soil. However, for embankment centrifuge tests, the baseline
drift can be observed, and using the initial earth pressure may
affect the precision. Therefore, the effective stress decrease ratio
(ESDR) [4], which is defined as the ratio of the decrease in
effective stress to the initial effective stress due to the
application of cyclic loading, was employed to improve the

accuracy.
100
—Earth pressure
o —Pore water pressure
o
=
©
—_
>
[%)]
7]
o
)
o

10 20 30 40 50
Time(s)

Fig. 9 Pressure condition at location a
Fig. 10 presents the normalized accumulated dissipated
energy (NADE) and effective stress decrease ratio (ESDR). The
ESDR value reached 1.0,
liquefaction. The NADE remained constant during the static
steps while an increase is observed during the dynamic steps due

indicating the occurrence of

to energy dissipation. However, it is important to note that the

BBEE BT HHEES

liquefaction potential based solely on the NADE is insufficient
but it requires reference to undrained cyclic shear tests. Previous
research using triaxial and hollow cylinder torsional tests of the
same material used in centrifugal model test indicated that
liquefaction may occur when the NADE value ranges from 0.03
to 0.04 [5]. In this case, liquefaction occurred when NADE
approached to 0.05, demonstrating reasonable consistency
between the liquefied range of NADE obtained from undrained
cyclic shear tests and the centrifugal model.

0.06
0.04
0.02
‘ 0
0 10 20 30 40 50
Time(s)

Fig. 10 ESDR and NADE at location a

6. CONCLUSION

The accelerometer installed inside the embankment allows
for the calculation of shear stress and shear strain, from which
the dissipated energy can be obtained by measuring the area
enclosed by the hysteretic loop of the stress-strain curve. While
the dissipated energy for each individual loop varies with the
shear strain, the accumulated dissipated energy is a better
quantity for evaluating the seismic behavior of an embankment
and assessing its liquefaction potential.
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Importance of elasto-plasticity of soil for deformation analysis of seabed ground under wave loading
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The numerical analysis focuses on the elasto-plastic properties of soils leading to instability, such as
liquefaction, of seabed ground under ocean wave loading. The decrease in mean effective stress (MES),
which cannot be explained by elastic models, is expressed as loss of structure due to cyclic shear loading.
Furthermore, the recovery of MES due to drainage and plastic compression during subsequent permanent

wave loading is also represented.

Key Words : Seabed Liquefaction, Elasto-Plasticity, Finite Element Method
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Seismic performance evaluation of river levees due to input seismic motion with equal response spectra but
different durations
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In this paper, the effects of dominant period and duration of the input seismic motion on the damage of
river embankments are numerically investigated. The results show that when the long-period component
of the input seismic motion is dominant, not only liquefaction in sand layers but also strong shaking in
clay layers, which are conventionally considered to be less susceptible to seismic damage, disturbs the
ground, resulting in extensive damage. In addition, it was pointed out that it is important to consider the
effect of duration of seismic motion for detailed damage estimation, especially in the case of soft ground
with elasto-plastic response, although the seismic response spectrum is often specified for the design of

river embankments.

Key Words : Seismic duration, Dominant period, Seismic response analysis
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Benched slopes are often more stable than bare slopes with the same inclination. To study the failure
characteristics of benched slopes and the boundary effect, two centrifuge experiments were conducted with
slope models having varying breadth and bench height. In addition to observation of the failure mechanisms,
shear strength reduction factors calculated from recorded earth pressures were used to reflect the inner state
changes of the slope. The results showed that 1) slopes with higher benches were stronger, and 2) broader
slopes failed more easily, but their reduction factors decreased more slowly because of lower shear strain.

Key Words : benched slope, strength reduction factor, boundary effect, centrifuge test

1. INTRODUCTION

A benched slope is created by cutting into the slope to create
a series of horizontal steps. This kind of transformation can
make the slope more stable while keeping a relatively large
amount of usable flat space. Hence, it is widely used in the
construction practices, such as open-pit mines [1].

Evaluating the stability of a benched slope is very
complicated because the failure mode can be changed with
different shapes of benches. It is traditionally analyzed by 2D
limit equilibrium methods (LEM) and the shear strength
reduction technique (SSR) based on the numerical simulation.
S. R. Kaniraj and H. Abdullah [2] developed simple solutions
for an embankment with berm based on moment equilibrium.
Singh et al. [3] pointed out the advantages of LEM, being simple,
versatile and can produce reliable results for most homogenous
materials. Koca [4] conducted SSR by finite element method
(FEM) and compared the result with LEM. In addition, limit
analysis method (LAM) has also been adopted. Chen [S] applied
the upper-bound technique of limit analysis on a two-stage non-
homogeneous anisotropic slope with logarithmic spiral failure
surface. Gao [6] deduced the factor of safety of a slope with
multiple benches by the upper-bound method combined with
SSR.

The above-mentioned researches were in 2D condition. Yang
et al. [7] used a horn failure mechanism [8], by which the
analysis for a benched slope reinforced with piles was extended
into 3D condition. However, the lateral confinement was not
considered in their studies. So, this influencing factor of slope
stability may be overlooked. Furthermore, experiments about
the benched slope are rarely found, which are needed to verify

the previous work.

In this study, two centrifuge model tests using a soil chamber
with different breadths were conducted for benched slopes. A
set of earth pressure sensors was buried in the models and
attached on the wall of soil chambers to monitor the change of
vertical stress in the slope and lateral stress on the sides. Shear
strength reduction factors were calculated from monitored data
and their characteristics were analyzed before and after failures

happened.

2. SHEAR STRENGTH REDUCTION RATIO

In the shear strength reduction technique based on the Mohr-
Coulomb failure criterion [9, 10], the shear strength reduction
ratio 74 is used to describe the relationship between the shear
stress 7y and the developed shear stress 74 as Eq. (1), where
¢, ¢, ¢4 and ¢4 are the internal friction angle, the cohesion,
the reduced internal friction angle and the reduced cohesion,
respectively. Moreover, the reciprocal of r; is the factor of

safety as Eq. (2).

p :z;d=tan¢d:id 1
¢ T, tang ¢
FS:i 2)
T

By the reduced Rankine’s passive earth pressure theory,
effective horizontal stress oy, can be expressed by a function of
effective vertical stress o, involving r; and coefficient of

lateral earth pressure K as Eqs. (3) and (4)

o, =Ko, +2rdcx/E 3)
K —tan?| Z s tan”' (7, tan ¢) ()
4 2
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the 74 can be expressed by the effective horizontal stress oy,

and the effective vertical stress g, as Eq. (5). The derivation
can refer to [11].

o, -0,

= - L (5)

2\/(0'V tang +c)(o, tang +¢)

Here, the range of r; is -1 to 1, so it is better to call it
reduction factor here to show the difference. The FS is revised
as Eq. (0).

1

"’d‘

FS (6)

According to this theory, the effective horizontal stress in the
slope is in the active state when the 74 < 0, in the isotropic state
when 75 = 0 and in the passive state when the r; > 0. If the
absolute value of 7, is greater than 1, i.e., the FS < 1, failure
will occur. This method establishes the relationship among the
state of the earth pressure on the slope boundary, the stress state

and the stability of the slope through 7.

3. CENTRIFUGE TESTS

(1) Experimental equipment

The experiment was conducted using the centrifuge in the
Geotechnical Centrifuge Center, Disaster Prevention Research
Institute (DPRI), Kyoto University. The centrifuge has an
effective radius of 2.5 m and the maximum centrifugal
acceleration is 200g.

In the tests, two types of soil chambers were used, each with
a different size. They were made of aluminum alloy fabricated
with a transparent reinforced glass for visual observation. The
dimensions of soil chambers A and B were 63x40x30 cm?® and
63x20x30 cm?, respectively. The aim of changing the size was
to observe the lateral boundary effect.

(2) Model description

The soil model A (see Fig. 1) had two slopes facing each other,
which allowed for the simulation of different model geometries
in one test. Both slopes had an inclination of 65°. The slope on
the left-hand side had a higher bench on the slope toe (7.5 cm)
while the slope on the right-hand side had a lower bench (3.75
cm). The benches are marked by the shadows.

The configuration of gauges is also shown in the figure,
where 23 earth pressure sensors, 4 laser sensors are installed. In
the tope view, the circular shape means that earth pressure
sensor was placed horizontally to measure the vertical earth
pressure, and the rectangular shape means that one was placed
vertically to measure the horizontal earth pressure on the wall.
The soil model B was generally the same as model A except the
breadth is the half.

The material used in both models was sieved Hiroshima sand

taken from Kure Shi, Hiroshima prefecture. Table 1 lists its

FBBEE BT HHER

basic properties. The soil model made from this sand was
adjusted to have a water content of 8% and compaction degree
0f 80%. The shear strength of the soil was measured by constant
load direct shear tests, resulting in ¢ =31.4" and c =
4.3 kPa.

The established model A and B are shown in Fig. 2.
According to Culmann’s method [12] and Mohr—Coulomb
failure criterion, the model slope is stable because the cohesion
is dominant in 1g condition. With the increase of the centrifugal

acceleration, the difference between the driving force and the
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Fig. 1 Diagram of slope model A (model scale)
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Table 1
Parameters Value
Soil particle density ps 2.633g/cm?
D10 0.08 mm
D30 0.18 mm
D50 0.32 mm
D60 0.40 mm
Uniformity coefficient Uc 5.31
Curvature coefficient Uc’ 1.12
Fine particle content Fc 9.2%
Maximum void ratio ;4. 1.007
Minimum void ratio e, 0.444
Optimum dry density 1.75 g/cm?
p(l,opt
Optimum water content w 11.2%
Hydraulic conductivity k 2.4x105m/s

(pa = 1.70 g/cm?)
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friction along the potential sliding surface gradually rises. When
it overcomes the cohesion, the sliding occurs.

(3) Test procedure

In each case, the horizontal ground was firstly compacted in
3 cm layers homogeneously until achieving the total height of
18 cm, then the ground was scraped to form two slopes with the
bench part. After being installed into the centrifuge, all sensors
were reset. The slope model was accelerated to 50g firstly, then
kept in that state for a certain period of time. Next, the
acceleration was increased by 10g increments each time until
both sides of the model failed. Finally, the centrifugal
accelerations were decreased gradually. The failure moments

were recorded by the high-speed camera.

(b) Model B
Fig. 2 Established benched slope models (model scale)

4. TEST RESULTS

(1) Slope sliding

a) Model A (breadth of 40 cm)

Both slopes did not fail under 50g. The fist failure occurred
on left-hand slope at 66g, it was a local sliding on the bench part
near the glass side (see Fig. 3 (a)). At 69g, second local sliding
happened on the bench part of the left-hand slope near the
aluminum side (see Fig. 3 (b)). And around the same time, a toe
sliding showed up on the right-hand slope near the glass side.
The toe sliding on the right-hand slope expanded along the crest
at 77.6g (see Fig. 3 (¢)). No more sliding happened until the end

of the test. The maximum centrifugal acceleration was 90g.

FBBEE BT HHER

b) Model B (breadth of 20 cm)

The 1% toe sliding occurred on the glass side of the right-hand
slope at 58g (see Fig. 4 (a)), followed by the 2™ sliding on the
bench of the left-hand slope at 59g (see Fig. 4 (b)). Local sliding
and toe sliding on the right-hand slope expanded along the crest
at 80g and 82g, respectively as finally shown in Fig. 4 (c).

laser sensor

(a) First sliding

laser sensor

(b) Second and third sliding

laser sensor

4t sliding

- .

o

(c) Fourth slidng

Fig. 3 Slope sliding happened in model A

(2) Variation of 1y

For each slope, two r,; values can be calculated for a given
height, resulting in eight r; for one model. For example, in the
right slope, a horizontal earth pressure sensor (P10 on the center
line of the model) and two vertical earth pressure sensors (P6 on

the back wall, P8 on the right wall) are located 6 cm above the
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bottom of the soil chamber. Combining P10 with P6 and P8

obtains two 7. Ta
a) Model A (breadth of 40 cm)
The r; change with respect to the centrifugal acceleration of (N ggﬂ % ‘
model A is plotted in Fig. 5, with three curves in each subfigure: "7 Average
the dotted curve for horizontal earth pressure on the left or right . . ""’NIL”\ IJ .
wall, the solid curve for horizontal earth pressure on the back 20 40 60 80 100
wall, and the dash curve for their average. Two vertical arrows e et g
in Fig. 5 (c¢) and (d) denote the start and expansion of toe sliding -1
along the crest, respectively.
Centrifugal acceleration (g)
laser séﬁ‘s-or s 74 (a) rq calculated from P7, P9 and P11
== T4
4 = P13-P17 I
.......... P15-P17
--- Average | r

_1 S - 1

Ta

l_

_.2 L

20 40 60 80 100

.
oo’ Seo - ”\ &3
,a_; b tate 3oy
' .Q- - r i AN YT

Centrifugal acceleration (g)

(b) ry calculated from P13, P15 and P17

‘ — P6-P10
.......... P8-P10
--- Average

V™ 69l 177.6

1 |

2u slldmg /

\ Target

Ta

l_

Centrifugal acceleration (g)

(c) rq calculated from P6, P8 and P10

— PI2-P16
S P14-Pl6
--- Average

W 69]’ l77.6

0 60 80 100
-

-
v

1

Centrifugal acceleration (g)

(d) ry calculated from P12, P14 and P16

(c) Final state Fig. 5 r; with respect to centrifugal

Fig. 4 Slope sliding happened in model B
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At the beginning, each curve decreases from its positive
initial value with the increase of centrifugal acceleration, which
means that the slope transforms into the active state from the
isotropic state or the slightly passive state and becomes more
and more dangerous. Except the Fig. 5 (c), the solid curve is
lower than the dotted curve although they have the same trend,
indicating that the model has a larger deformation near the back
wall than near the left wall or right wall due to the slope
movement. The average curve is made due to this uneven
deformation to depict the overall state of the slope. For each
slope, the average curves on the lower position (see Fig. 5 (a)
and (c)) drop slower than that on the higher position (see Fig. 5
(b) and (d)) because the slope part behind the bench is more
stable than that above the bench. On the other hand, the curves
of the right-hand side (Fig. 5 (c) and (d)) decrease faster than
the left-hand side (Fig. 5 (a) and (b)) in the same height because
the slope with a lower bench is weaker than the slope with a
higher bench. Besides, the average curve bounces upwards
when the toe sliding happens, which is marked by inclined
arrows in (Fig. 5 (¢) and (d)). This mechanism is not obvious
for the left-hand slope when the sliding is only in the bench part.

b) Model B (breadth of 20 cm)

In Fig. 6, r; changes with the centrifugal acceleration for
model B due to the slope movements similar to Fig. 5. The
average curve of the higher position decreases faster than the
lower position, and the right-hand slope with a lower bench
decreases faster than the left-hand slope with higher bench. Fig.
6 (d) shows a delay between the bouncing back of the average
curve when toe failure occurred.

(3) Comparison between models A and B

In section 4. (1), model A experienced total toe sliding
earlier than model B, with 77.6g and 82g, respectively,
indicating that the broader slope is less stable than the narrower
slope. Since both models finally achieved the same lateral
resistance limited by active earth pressure when r; approached
to or exceeded -1; therefore, the lateral resistance per breadth of
a narrower slope is higher than a broader slope, implying a
higher factor of safety.

The vertical displacements at the middle point in the slope
crest for both models, which developed to 2.5~3 mm resulted in
an estimated shear strain of 3 mm/(0.5%40 cm)=1.5% for
slope model A and 3 mm/(0.5X20 cm)=3% for slope model
B as shown in Fig. 7. Since active earth pressure is induced by
the strain release of slope, the average curve of r,; for model A
in Fig. 5 decreases more slowly than its counterpart in Fig. 6 for
model B. Due to a larger shear strain, the narrower slope
underwent the yielding (r; approached to active limit) earlier
than the broader slope. Note that the LD4 in model A was out of
range at 77.6g because the target of laser sensor failed down

caused by the toe sliding but LD4 in model B malfunctioned.
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Fig. 7 vertical displacement with respect to

centrifugal acceleration

5.  CONCLUSIONS
(1) The stability of a benched slope is greatly affected by the

dimension of the bench. The slope with a higher bench can
contribute to a more stable slope than a lower bench, even with
the same bench width. The failure mode of these two types of
benched slope also varies. For the slope with a lower bench, toe
sliding is dominant while in those with a higher bench, the
failure transforms to the bench part.

(2) Based on the earth pressures inside the slope and on the
slope boundary, the shear stress reduction ratio r; can be
calculated. This ratio relates the theory of retaining wall to the
slope stability and can be regarded as a warning sign if the value
is less than -1. Also, it can indicate failure, especially when it
bounces upwards around the time of toe sliding although this
mechanism is not always obvious when the sliding is located in
the bench part. Nevertheless, r; decreased more slowly in
broader slopes because they underwent lower shear strain, so it
may not be reliable to compare the failure potential between
models with different breadths by using only 7.

(3) As the experimental results clearly showed that the
narrower slope model is more stable than the broader slope
model. Therefore, a three-dimensional failure mechanism of the

benched slope is needed to predict the condition of slope failure.
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Evolution process of toe sliding failure of a dip slope model
lying on a bedding plane with toe support
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This study investigates the evolution process of toe sliding failure in a dip slope model with toe support
on a bedding plane using physical model experiments and particle image velocimetry (P1V) analysis. The
results show that the toe angle is a crucial factor in slope stability and significantly influences the failure
mechanism and mode of deformation. The analysis reveals that a reduction in the toe angle results in a
shift from fore-thrust failure to toe sliding failure, indicating the significant role of this parameter in slope
stability. The findings provide valuable insights into the factors influencing the evolution of toe sliding
failure and can help accurately evaluate slope stability analysis.

Key Words: Toe slope, Dip slope, Particle image velocimetry

1. INTRODUCTION

The stability of slopes is an important concern in many
engineering and geological applications, as slope failures can
lead to property damage, loss of life, and significant economic
costs. One common failure mechanism of slopes is toe sliding,
which occurs when the toe of the slope begins to slide along a

High-speed
VDO camers

support surface, leading to instability and collapse. While the

mechanisms of toe sliding have been studied extensively in the Fig, 2 Experiméh tal installation

literature, there is still much to learn about the evolution process

of this failure mode, especially for slopes lying on a beddin
) : &P y ) p ying o g A physical model at 1G was utilized to investigate the
plane with toe support. Understanding this process is critical for . . . . L
desiani d maintaini ble | ) ) | and failure mechanism associated with surcharge loading-induced
esigning and maintaining stable slopes in various natural an
gning ) g P instability of a slope on a bedding plane. As shown in Fig. 1, the
man-made environments. . .
) ) . . soil slope model was constructed on a bedding plane and toe
In this study, we investigate the evolution process of toe .
liding failure in a dip S| del 1vi beddi | support, with lateral confinements employed based on the
sliding failure in a dip slope model lying on a bedding plane
o g ) P H p_ | y 9 d ) Ig_p methodology proposed by Pipatpongsa et al. (2022) [1].
with toe support, usin sical experiments and particle image . .
) PP gphy P ) P g Additionally, a surcharge was installed at the top of the slope to
velocimetry (PI1V). We focus on the influence of the toe angle : . ) . . .
) ) induce failure by applying additional weight. A high-speed
and other key parameters on the failure mechanism and mode of . . .
. ) R camera was used to record the slope motion during failure, and
deformation of the slope and discuss the implications of our . . .
o N ] the videography area covered the entire slope model to facilitate
findings for slope stability analysis. ..
movement analysis in subsequent stages of the study.

2. METHODOLOGY For the slope stability experiment, silica sand no.6 was used
Lateral confinement as the material for constructing the slope models through the

compaction method mentioned below: Acrylic plates were

Surcharge
a

installed as the bedding plane and lateral supports, as shown in
Fig. 2. In addition, toe support was covered by Teflon material.

The surcharge load cart was designed specifically to enable the

Toe addition of metal weights, as depicted in Fig. 2. The basic

support

properties of silica sand no.6 and interface properties on acrylic

»
7 High-speed VDO camera

plates are presented in Table 1.
Once the construction of the slope model was completed, a

Fig. 1 Schematic diagram of the experimental setup surcharge load cart was installed on the top of the slope. The
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surcharge weight was incrementally increased by adding metal
weights until the slope reached its collapse point. In this study,
12 slope models were tested under varying geometric conditions,
as shown in Table 2. The research objective focuses on the effect
of the geometry of the toe support. Therefore, slope angles of
30° and 50° were studied, considering a change in the toe angle.
Fig. 3 illustrates the perspective captured by the high-speed
camera, including the slope angle (a), toe angle (B), thickness,

and length.

Fig. 3 Slope model compacted on bedding plane and
being confined by two lateral supports

Table 1 Basic properties of Silica sand no.6

Bulk density (y) 13.68 kN/m?
Water content (w) 10.0%
Friction angle (¢) 33.2°
Apparent cohesion (c) 0.57 kPa
Friction angle of roller cart (¢r) 6.1°
Interface friction angle of humid sand on o
. 29.4
acrylic plate (¢i)
Interf_ace adhesion of humid sand on 0.26 kPa
acrylic plate (ci)
Interface friction angle of humid sand on 21.0°
Teflon plate (¢t) )
Interface adhesion of humid sand on
Teflon plate (Ct) 0.03 kPa
Table 2 Geometry conditions of slope model
Test | Thickness | Length | Breadth Slope Toe
No (mm) (mm) (mm) angle angle
a® | BE®)
Al
A2 60
A3
B 30 40
C 20
D 0
El 60 300 209 20
E2
F 20
Gl 50 .
G2
H -20

BBEE BT HHEES

3. PARTICLE IMAGE VELOCIMETRY

During the experiment, a high-speed camera with a resolution
of 800x600 pixels and a frame rate of 200 fps was employed to
capture the movement of the slope model from one side during
the loading process. However, due to the limitations of visual
observation, it was difficult to analyze the recorded video. To
address this challenge, particle image velocimetry (PIV) was
proposed as a technique to accurately analyze the movement of
the slope. In this study, the movement of the slope was analyzed
using the PIVIab software, which is a MATLAB application
specifically designed for particle image velocimetry (PIV)
analysis [2]. It has been demonstrated by Senatore et al. (2013)
that PIVIab is a reliable tool that can be utilized for granular
material analysis. The results of the experiment confirm that it
soil  deformation

is possible calculate

characteristics without the use of markers. Soil velocity

to accurately

measurements obtained from PIV analysis can be used to
calculate the strain fields [3].

Fig. 4 Velocity vectors from PIV analysis for A2

Fig. 4 illustrates an example of the vector velocity results for
test A2 obtained from the PIV analysis. The velocity vectors are
represented by green arrows and define both the direction and
magnitude of the movement for each frame. To isolate the soil
model in the image analysis, a mask (red zone) was used to
eliminate other areas. PIV algorithms typically compare groups
of pixels within a specific area called an "interrogation window"
(IW). The optimal size of the IW and frame rate can vary
depending on the experimental conditions. Senatore et al.
(2013) recommend an average of 10 particles per IW to
maximize the accuracy of the PIV algorithm. They also suggest
that the particle displacement should not exceed 25% of the IW
length to avoid errors in velocity measurement. In this study, IW
sizes of 64, 32, and 16 were used as the analysis settings. To
further improve the accuracy of PIV analysis, these 3 passes
were used in multi-pass PI1V, where the results of each pass were
used to improve the estimation of IW in the next pass.
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4. RESULTS

Fig. 5 illustrates the displacement vectors of the slope
movement, where slope angles of 30° and 50° were investigated
while taking into account a variation in the toe angle. The results
from PIV analysis show the evolution process of toe sliding
failure. The movement of the surcharge was fixed by 2cm down
the slope, to ensure consistency and display the results under the
same failure condition. Tests Al, A2, and A3 were performed
with identical geometry conditions, specifically slope angles (o)
of 30° and toe angles (B) of 60°. The tests resulted in failure due
to the fore-thrust failure mechanism during the loading process,
as depicted in Fig. 5(a) to 5(c). Similarly, tests B and C were
conducted with reduced toe angles of 40° and 20°, respectively,
and the observed failure mechanism was fore-thrust failure.

Regarding the slope angle of 50°, tests E1 and E2 were
conducted under identical geometry conditions (a=50° and
B=40°) and resulted in failure due to the fore-thrust failure
mechanism. Additionally, tests F and G were carried out with
reduced toe angles (B) of 20° and 0°, respectively, and the
failure mechanism observed was fore-thrust failure.

Tests A, B, E, and F exhibited fore-thrust failure throughout
the entire loading process, while in tests C and G, the failure
mechanism shifted from fore-thrust to toe sliding once the
surcharge loading displacement exceeded 10 cm (see Fig. 6).

On the other hand, the results of the last test (D and H) in Fig.
5(f) and Fig. 5(I) show significant deformation along with slope
due to sliding at toe, indicating that the toe angle plays a crucial
role in the overall stability of the slope.

5. DISCUSSION

Based on the results of the PIV analysis, it is clear that the toe
angle is a critical factor in slope stability, as it significantly
influences the failure mechanism and mode of deformation of
the slope. Tests A, B, and F consistently showed fore-thrust
failure until the end of the loading process, indicating the role
of toe angle in slope stability. Conversely, tests C and G
exhibited a change in the failure mechanism from fore-thrust
failure to toe-sliding as surcharge loading displacement
exceeded 10 cm. Additionally, tests D and H experienced
significant deformation due to toe sliding failure, further
highlighting the significance of the toe angle in slope stability.
These results suggest that the toe angle should be considered as
an important parameter in slope stability analysis and design.
The summary of results is illustrated in Table 3.

To analyze the failure mechanisms based on the experimental
results, it is important to note that when the sum of the slope
angle (o) and the toe angle (B) equals 90°, the direction of the
surcharge loading will be perpendicular to the toe support. In
such cases, the reaction force acting on the slope will be the

BBEE BT HHEES

passive earth pressure. A reduction in toe angle has the effect of
decreasing passive earth pressure, while simultaneously
increasing the interface friction between the soil and toe support.
A slope is susceptible to fore-thrust failure if the sum of the
slope angles () and toe angle (B) is high. Conversely, if a sum
of o and B is slow, the slope is prone to toe-sliding failure.

Table 3 Experimental results of failure condition

Test | Slope angle | Toe angle

Ne a(®) B ()

Failure condition

Al Fore-thrust
A2 60 Fore-thrust
A3 30 Fore-thrust

B 40 Fore-thrust

C 20 Fore-thrust and Toe-sliding
D 0 Toe sliding

E1l Fore-thrust

40

E2 Fore-thrust

F 50 20 Fore-thrust

Gl 0 Fore-thrust and Toe-sliding
G2 Fore-thrust and Toe-sliding
H -20 Toe sliding

6. CONCLUSION

In conclusion, this study presents physical model experiments
that investigate the failure mechanism associated with surcharge
loading-induced instability of a slope on a bedding plane. The
utilization of particle image velocimetry (P1V) analysis enables
accurate measurement and analysis of the soil deformation
characteristics during the experiment. The results emphasize the
critical role of the toe angle in slope stability, as it significantly
influences the failure mechanism and mode of deformation of
the slope. The findings demonstrate that a reduction in the toe
angle leads to a shift from fore-thrust failure to toe sliding
failure, indicating the importance of this parameter in slope
stability.
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Wide-area Slope Stability Analysis based on Limit Equilibrium Theory
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Two-dimensional slope stability analysis based on the Limit Equilibrium theory has been widely adopted in
practice, while there has not been sufficient discussion on the applicability of Limit Equilibrium Methods
in three-dimensional condition. In this study, the performance of representative three-dimensional Limit

Equilibrium Methods is investigated with a simple slope model, and then a wide-area slope stability analysis

is conducted considering an actual terrain data. The result indicates that there is no significant difference

among the methods in terms of the comparison with the actual disaster using ROC curves, while there is a
difference in the values of the factor of safety. In other words, there is a possibility that a simple method,
which has the lowest computational cost, can output similar results obtained by other methods by only

changing the threshold of the fator of safety.

Key Words : Limit Equilibrium Method, Wide area, Slope stablibity analysis
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Application of model experiments and data assimilation analysis
for seepage and failure behavior of unsaturated slope
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Multiple unsaturated slopes were tested under the same seepage and rainfall infiltration to obtain
measurement errors in centrifuge testing. Finite Element Modelling was carried out to validate and
compare with the experimental results. The effect of the magnitude of observation noise on the accuracy
of parameter estimation was discussed by employing the particle filter technique.

Key Words : Particle filter, Numerical validation, Unsaturated slope, Observation noise
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The applicability study of geologic boundary surface identification
by inverse analysis using ground excavation displacement
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This study confirms the applicable conditions under three-dimensional conditions for the problem of
geologic boundary identification by inverse analysis using ground excavation displacement. In order to
conduct a fundamental study, the observed data were generated by numerical analysis, and a linear elastic
material model was assigned. Assuming that the geologic boundary is planar, identification experiments
were conducted for several correct solutions. As a result, it was confirmed that the identification accuracy
varied greatly depending on the position and angle of the geologic boundary surface of the correct solution.
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