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ABSTRACT:

In order to verify the stability evaluation flow of slopes with prevention piles installed, a model

test of a slope was conducted. Prevention piles were designed to be installed on a slope with a distribution
of successive weak layers, ensuring the safety factor of 1.2 for the design maximum seismic coefficient (K,)
equal to 0.6, based on past stability evaluation flows. A slope model installed with prevention piles based on
the design was created and a dynamic centrifugal force model experiment was conducted. As a result, it was
confirmed that the prevention piles functioned even when the maximum horizontal acceleration (6.31 m/s?)
equivalent to the designed seismic coefficient worked, and that no noticeable change occurred on the slope.
Based on these facts, the validity of the existing stability evaluation flow was demonstrated.

1 INTRODUCTION

In order to improve the seismic resistance of slopes
around important structures, countermeasure
construction is sometimes carried out (Nuclear
Standards Committee of JEA 2016). The use of
prevention piles is one effective measure. An earth-
quake stability evaluation method has been pro-
posed for slopes with prevention piles (Toda et al.
2013). However, the effectiveness of the flow of sta-
bility evaluation has not been sufficiently verified,
since it is difficult to ascertain the behavior of the
actual slopes with the prevention piles installed at
the time of the collapse. In order to verify the flow, a
dynamic centrifugal model experiment was carried
out on a model slope reinforced with prevention piles
(Kobayakawa et al. 2017). In this paper, the effec-
tiveness of the proposed stability evaluation flow is
demonstrated from the results of the dynamic cen-
trifugal model experiment.

2 PREVENTION PILE DESIGN BASED ON THE
STABILITY EVALUATION FLOW

2.1 The outline of the flow

The proposed flow is shown in Figure 1. Prevention
piles for landslides are usually designed according
to the guidelines for the steel pipe pile for landslide
(Board of directors of the guidelines for the steel pipe

pile for landslide 2013). In this guideline, the concept
of design differs depending on the pile deterrence
mechanism. However, since the stress state of the
piles and the surrounding ground during the earth-
quake is complicated, it is difficult to presume the
deterrence mechanism in advance. Therefore, in this
flow, the specifications of the prevention piles were
decided based on the section force of the piles and
the destruction state of the surrounding ground by a
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Figure 1. Flow of the seismic stability evaluation for slopes
reinforced with prevention piles (Toda et al. 2013).
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parameter study of dynamic equivalent linear anal-
vsis. Specifically. the section force of the piles was
set so as to be within the elastic limit. With respect
to the destruction of the ground around the piles, we
checked the slip safety ratio of the ground surround-
ing the piles and determined the setting of the piles
so as to secure an allowable safety factor of 1.2.

2.2 The model slope and pile design

2.2.1 Outline of the model slope

The cross-section diagram of the target slope is
shown in Figure 2. The slope is a model used for
centrifuge shaking tests. Since the size of the
model slope used for the experiment was on a scale
of 1 to 50, and the apparent gravity of the centrif-
ugal acceleration set at 50G, the real scale of the
height of the slope was 10m. The materials used
for the slope consists of artificial soft rock and
discontinuous plane, simulating a weak layer. The
soft rock was compounded as shown in Table 1 in
consideration of the homogeneity and strength of
the material. The rock was left to sit for one week.
The properties of the rock are as follows: The
wet density (p) = 2.07 Mg/m’, the initial shear
modulus of rigidity (G) = 933MPa, tensile strength
(6) = 41.4kPa and the peak parameter for cohe-
sion (¢) = 267kPa and the angle of sheer resistance
(¢) =34.7° and. A Teflon sheet (thickness: 0.2mm)
was used for the weak layer, in consideration of
the ease of making a model and the reproducibil-
ity of physical properties. The mechanical proper-
ties of the weak layer are p, = 2.10 Mg/m3, ¢ = 0,

¢ = 28.6° (at peak) and 19.3° (at residual).
« 15 I>|<-5h’
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Figure 2. Shape of the slope

Table 1. Compound of the artificial soft rock.

Material composition (kg/m’)
Cement 82

Crushed sand 817

micronized powder 817

admixture 1

Water 370

1above shear strength and tensile stressoccurs t1.0e=Fs<1.2
stensile stress ocours 11,2<=Fs<2.0

:above shear strength :2.0«=Fs

Figure 3. Distribution chart of local safety factor
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Figure 4. Distribution chart of tensile stress.

Based on these strengths, when the relationship
between the slip safety factor and the horizontal
seismic coefficient (K)) of the slope is calculated
by the limit equilibrium method, the slip safety
factor falls below 1.0 when K= 0.3.

2.2.2  The design of the piles

Based on the design philosophy of wedge piles and
shear piles according to the guidelines for the steel
pipe pile for landslide, the specification of prevention
piles was determined so that the safety factor would
be 1.2 or more for K, = 0.6 (Flow procedure 1)).
As a result, on the real scale, the outer diameter of
the piles was 0.4m, the thickness 15mm, the spac-
ing between the piles 2m, the length 8m, and it was
determined that the position of the piles would be set
at 13.75m from the intersection of the slip surface
and the ground surface (Flow procedure 2)).

Next, based on these specifications, an equiv-
alent linear analysis was carried out on the slope
model with the prevention piles. The cross-
sectional force of the piles and the stress on the
ground were calculated from the equivalent linear
analysis, and the slip safety factor in front of the
prevention piles and the possibility of progressive
destruction were evaluated. The evaluation results
are shown in Table 2. Procedures 3) and 4) of the
flow meet the inspection reference value. An
analysis of the local safety distribution diagram
(Fig. 3) and the tensile stress distribution diagram
(Fig. 4), however, shows that a stress exceeding
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Table 2. Evaluation results of analyses.

Inspection items Inspection result

Equivalent linear analysis

Shear 0.13 < 1.0:
0O.K.Bending 0.038 < 1.0:
O.K.

Fs=526>12:0.K.

Sectional force of preven-
tion piles (allowable stress
ratio < 1.0) (procedure 4))

Slip safety factor in front
of prevention piles (Fs >
1.2) (procedure 5))

Possibility of progressive
destruction (procedure 6))

Possible occurrence of
destruction in the weak
layers (Fig.5). Tensile
stress exceeding the
tensile strength occurs
around the prevention
piles (Fig.6).

Static non-linear analysis

Shear 0.27 < 1.0:
0.K.Bending 0.116 < 1.0:
O.K.

Fs=2.59>12: O.K.

Sectional force of preven-
tion pile (allowable stress
ratio < 1.0) (procedure 8))

Slip safety factor in front
of piles (Fs > 1.2) (proce-
dure 9))
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Figure 5. Distribution chart of local safety factor and
failure element.

the tensile strength of the rock was generated at
the intersection of the piles and the weak layers,
which made it clear that there was a possibility of
a progressive destruction.

Therefore, a static non-linear analysis shown in
the flow procedure 7) was conducted. The evalu-
ation results are shown in Table 2, and the distri-
bution of destruction elements and the local safety
factor in the static non-linear analysis are shown in
Figure 5. In the static non-linear analysis, there was
a tendency for the tensile failure to progress towards
the front of the prevention piles. Although the slip
safety factor in front of the prevention piles became
lower than that of the equivalent linear analysis, the
section force and the slip safety factor of the piles
satisfy the predetermined criteria. These results
show that based on the flow shown in Figure 1, the
specification of the piles installed on the slope was
appropriately determined.

3 CENTRIFUGAL MODEL TEST OF THE
SLOPE

3.1 OQutline of the test

Stainless-steel pipes with an outer diameter of 8.0 mm
and an inner diameter of 7.4 mm were used at the 1/50
scale of the piles studied in the design were used in the
experiment. Seven piles were installed at intervals of
40 mm in the depth direction of the slope. The lower
end of the model of the pile was fixed to the bottom of
the soil tank, and strain gauges were attached to the
inside of the prevention piles at the center of the model
in the axial direction and the strain was measured.
The slope model and sensor placement are shown
in Figure 6. Two types of experimental case were
conducted: casel without prevention piles and case
2 with prevention piles installed. The slope height
was 200 mm (10 m in real scale). The slope model
was installed in a soil tank of 400 mm in length x
700 mm in width x 300 mm in depth, and two trans-
parent silicone rubber sheets coated with petrola-
tum in between was placed between the side of the
slope model and the wall of the soil tank to reduce
friction. For the input acceleration waveform, a
sinusoidal wave of 1.2 Hz at the actual conversion
frequency was set to 20 waves in the main part, and
four tapers were provided before and after the main
part. The input acceleration was started at a small
level, and a step shaking method was carried out in
which the input level was incrementally increased
after the shaking was completed at each step.
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3.2 Result (casel)

The maximum horizontal acceleration (a,) and the
visual observation results at each step are shown
in Table 3. In shaking step d06 where the horizon-
tal acceleration exceeds 3 m/s?, it was confirmed
for the first time that the rock mass at the upper
part of the weak layers moved downward during
the shaking. The residual displacement accumu-
lated as the steps proceeded since the downward
displacement remained after the end of the shak-
ing at each step. The residual displacement after
the shaking at each step are shown in Figure 7. In
all the measurement results of the displacement,
we can see how the rock mass from the upper part
of the weal layers moves down the slope as the
shaking step advances. The results of calculat-
ing the slip safety factor by the limit equilibrium
method are also shown in Figure 7. The horizontal

Table 3. Maximum horizontal acceleration (4,) and
observation at each step.

Step a, m/s? Observation results

dol 0.30 d01~d05: No deformation
confirmed visually.

do2 0.63 d06~d07: rock mass on the

403 1.48 weak layer moves slightly

downward along the weak

do4 2.01 layer.
d08: rock mass on the weak

dos 235 layer moves 1 mm (at model

scale) downward along the
doo 3.02 weak layer.

d09: rock mass on the weak
07 3.09 layer moves 1 mm (at model
408 350 scale) downward along the

' weak

d09 3.92 layer.d10: rock mass on the

weak layer moves 3 mm (at
d1o 4.27 model scale) downward along

the weak layer.
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Figure 7. Residual displacement at each shaking step and
slip Fs by limit equilibrium method.

acceleration (about 3 m/s?) where the slip safety
factor by the limit equilibrium method was less
than 1.0 and the horizontal acceleration of step
d06 where the accumulative displacement was
remarkably observed were almost in agreement.

3.3 Result (case2)

The maximum a, and the visual observation
results at each step are shown in Table 4. Although
a shaking exceeding the input acceleration of the
design was made for the first time in step d06,
no deformation could be confirmed upon visual
observation. The accumulative residual displace-
ment captured by each displacement gauge are
shown in Figure 8. In the displacement gauge
ST02, the residual displacement transitioned at |
mm or less until step d08, while about 50 mm of
displacement occurred at step d09. In LO1 at the
front of the prevention piles, the residual displace-
ment was 1 mm or less until step d08, as was the
case with ST02, whereas displacement exceeding
the measurement range of the sensor occurred at
step d09.

4 EXAMINATION OF EXPERIMENTAL
RESULTS AND VERIFICATION OF
STABILITY EVALUATION FLOW

4.1 Verification of the design of piles based on the
results of the equivalent linear analysis

As shown in Figure 1, in the stability evaluation
flow of the pile design, the specification of the piles
is first set based on the equivalent linear analysis.
This is because it is considered that the behavior of
the piles can be grasped by equivalent linear analy-
sis in the range of design. Therefore, the validity of
determining the specification of the piles based on
the equivalent linear analysis is shown by comparing
the experiment results of response of the piles and
the surrounding ground with the analysis results.

Table 4. Maximum horizontal acceleration («,)and
obscrvation at cach step.

Step a, m/s*  Obscrvation results
dot 072 401~do8: No deformation
do2 1.64 confirmed visually.
d09: rock mass above the weak
dos 2.65 layers vibrates back and forth
do4 342 after the shaking, then a crack
will generate on the surface of
dos 4.76 the installation of the prevention
do6 6.31 piles. As the vibration contin-
ues, the crack propagates to the
do7 8.64 weak layer, and the rock mass at
dog 9.32 the front of the prevention piles
409 1147 is greatly displaced.
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Figure 8. Relationship between input acceleration and
accumulative displacement.

4.1.1  Analysis condition

An analysis model diagram is shown in Figure 9.
The slope ground was modeled by plane strain ele-
ments considering the non-linear characteristics
of the material, and the weak layer part adopted a
linear joint element. The prevention pile was mod-
cled as a beam element and rigidly connected to the
ground. The number of the piles was converted into
the number per unit depth and then modeled. The
boundary conditions were as follows: The bottom
of the soil tank was completely constrained. A joint
element was provided between the ground and the
soil tank, and the value of the tangential spring of
the joint element was set to 0, and the value of the
vertical spring was set to be rigid so as to make
it equivalent to the vertical roller. The properties
of the soft rock and weak layer mentioned in 2.2
were used. The mechanical and physical properties
of the prevention piles are shown in Table 5. For
the input acceleration, the horizontal acceleration
(AOl-a) and the vertical acceleration (A02) meas-
ured at the bottom of the model were uniformly
input to the bottom of the model. Input waves were
given to every 20 seconds of each shaking step in
the experiment.

4.1.2  Analvsis result and examination
The horizontal maximum acceleration for each step
by experiment and analysis is shown in Figure 10.

sT01 piles
140

Al AlDAT

Weak layer 0.0Tm

Figure 9. Analytical model. The model slope with a weak
layer.

(kN/m’?)

The analysis results of the maximum horizontal
acceleration distribution are almost consistent with
the experimental value, except for measurement
point A 08. The reason why the behavior of
measurement point A 08 was different was that
this measurement point was located in the imme-
diate vicinity of the weak layer, and the upper rock
mass of the weak layer was thinned, and it can be
viewed that it may have been affected by the local
behavior. In the acceleration time history, which
will be described later, the peak acceleration of
the measurement point is also larger than the other
measurement points, but considering the behav-
ior of the entire slope, it is thought to be a local
behavior.

We focus on step d06 where the acceleration
response value became the maximum within the
range of design. As a representative example of the
acceleration response at that step, the responses at
A06, 07, 10, 11 around the piles are shown in Figure
11. The acceleration response values of the analy-
sis results are either equal to or slightly larger than
the experimental results, but have been calculated
almost appropriately. In the range of design where
displacement of the rock mass does not occur, the
acceleration response has been appropriately eval-
uated. The time history of the axial force and the
bending moment of the piles obtained from the
measurement results of the strain gauge attached
to the prevention piles is shown in Figure 12. The
experimental and analytical values are generally
consistent with respect to the section force of a
piles in the rock mass above G.L. - 3.425 m near
the weak layer. At the position of G.L. - 3.625 m,
although the experimental and analytical values are
consistent for the axial force, the bending moment is
slightly larger in the analysis value. It is considered
that the experimental value of the sectional force
generated in the piles were smaller than the analysis
value due to the local non-linearity of the surround-
ing ground where the piles and weak layer intersect.
From the aspect of pile design, however, since the
section force generated by the shake is estimated to
be larger than the actual force, it is a setting on the
side of prudence. For this reason, the evaluation is
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appropriate as it becomes a setting on the safe side
for piling design.

From the above results, it was confirmed that
the response of the ground and piles obtained by
the equivalent linear analysis is consistent with or
slightly larger than the results of the experiment in
the range of the horizontal seismic intensity set at
the pile design. Therefore, it is considered that the
design of the prevention piles based on the equiva-
lent linear analysis is appropriate.

4.2 The validity of the earthquake stability
evaluation flow for slopes with prevention
piles

A shaking experiment was carried out on the slope
model created based on the specification of the pre-
vention piles set by the flow shown on Figure 1. In
the shaking step d06 (maximum a, = 6.31 m/s?) equal
to or greater than the design seismic coefficient
K, = 0.6, it was confirmed that both the slope and
the prevention piles were healthy without significant
change occurrences. From these facts, the validity of
the flow was confirmed. Furthermore, no noticeable
variations such as slip or local failure of the slope
were observed up to shaking step d08 (maximum
a, = 9.32 m/s’) about 1.5 times the design seismic
coefficient, and at shaking step d09 (maximum
a, = 11.47 m/s?), about 1.8 times the design seismic
coefficient, the rock mass at the front of the preven-
tion piles collapsed (Table 4). This result shows that
there is some allowance in the evaluation by this
flow.

5 CONCLUSION

In order to investigate the validity of the stability
evaluation flow of a slope on which prevention piles
were installed, shaking tests were conducted in
the centrifugal force field of the slope model with
a weak layer. Based on the flow, the specification
of the piles was determined so as to secure a slip
safety factor of 1.2 or more against K, = 0.6, and
the piles were installed on a slope with a weak layer.
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The shaking tests of the model slope confirmed that
no noticeable change could be observed in either the
prevention piles or the slope at the assumed input
ground motion level. Based on these facts, the
validity of the flow was demonstrated. For future
earthquake risk assessment, it is necessary to estab-
lish a non-linear time-history analysis that can
evaluate the behavior of the ground and piles in the
range beyond the design input earthquake ground
motions.
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