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Abstract

This paper describes the results of a centrifuge test that was conducted while varying the interval of
landslide restraint piles and the physical properties of landslide mass to examine the effects of pile interval and
physical properties of landslide mass on the failure of soils between piles. Also methods of determining the
pile interval were studied through FEM analysis. It was found that the pile interval for preventing soil failure
from extending beyond the space between piles varies according to the physical properties of landslide mass,
and that the interval should be narrower for smaller cohesion (c) and internal friction angle (φ). It was also
revealed that an optimum interval of piles can be determined through FEM analysis.
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Introduction

Landslide restraint piles are installed either at a standard interval that has been specified according
the thickness of landslide mass (Table 1) or at a maximum interval of less than eight times the pile diameter
(Committee on Guidelines for Design and Construction of Landslide Control Steel Pipe Piles, 2003). The pile
interval has been determined based on the past experience and laboratory tests. The interval must be selected
such that piles will resist the sliding force load without allowing the landslide mass to deform excessively through
piles. Past laboratory tests were, however, conducted using scale models in a field of 1G (G: acceleration of
gravity) (Landslide Division, Erosion and Sediment Control Department, Public Works Research Institute
(PWRI) 1989; Adachi et al. 1988). Stresses of piles and landslide mass were therefore different from those
at actual landslide sites. The authors conducted a model test using a centrifuge loading device capable of
reproducing strain of piles and landslide mass as if it were under actual conditions, while varying the pile
interval to examine the effects of pile interval and physical properties of landslide mass on the failure of soils
between piles (Ishii et al. 2005).

This paper reports the results of examination of the effects of pile interval and physical properties of
landslide mass on the failure of soils between piles. Finite element analysis was performed in order to simulate
the results of centrifuge test and to examine the methods of determining optimum pile interval for a given
physical properties of soil.

Study of pile interval by centrifuge test

(1) Model
A centrifuge test was conducted to identify changes in mode of soil failure around the pile while varying

the pile interval and the physical properties of landslide mass. The model is composed of landslide mass, slip
surface, base and piles (Fig. 1). An embankment, consisting of Toyoura standard sand and kaolin clay, was
constructed on a flat aluminum alloy base, representing landslide mass and stable foundation. Plastic sheets
sandwiching silicone grease were applied at the interface between the base and the landslide mass to make a slip
surface. Movable wall was installed at the lower end of the landslide mass in order to maintain stable condition
during the initial stage of centrifuge loading under 63G, and to induce sliding by drawing the wall away from
the landslide mass. This testing configuration allows the landslide mass to slide under its own weight.

The test was conducted while varying the pile interval and the physical properties of landslide mass
(Table 2). The physical properties of landslide mass are listed in Table 3. Soil strength parameters were
determined based on the results of a direct shear test. For a mixture with 90% of Toyoura standard sand and
10% of kaolin clay, internal friction angle (φ) was 45.8 degrees and cohesion (c) was 10.1 kN/m2. In another
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Table 1. Thickness of landslide mass and standard pile interval

Fig. 1. Centrifuge test

mixture with a mix proportion of 8:2, internal friction angle (φ) was 45.5 degrees and cohesion (c) was 28.1
kN/m2. The mixture with a mix proportion of 8:2 had higher cohesion. The thickness of landslide mass was
set at 15.9 cm to reflect an actual thickness of 10 m in a 63G centrifugal field. Steel rods of a diameter of 7.95
mm (or 500 mm on a full scale basis) were used as piles. Strain of piles and the load acting on the movable
wall were measured during the test (Fig. 1).

(2) Test results
Fig. 2 gives sketches of the upper surface and longitudinal profile of landslide mass. In cases 1 and

2 with a mix proportion of 9:1 and different intervals of piles, the mixture experienced failure in different
manners. In case 2, failure extended beyond the space between piles and spread towards the upper end. An
interval of piles of 12.6D (D: pile diameter) may have been too wide. In case 1 with a pile interval of 8.4D, the
soil between piles indicated an arched failure projecting toward the upper end in plan view. Marked failure,
however, did not occur such as to cause landslide mass to move through piles. These results indicate that
arch action compensated for the sliding force in the soils between piles (Fig. 3). On the other hand, the soils
on the lower side of the arch structure failed. The process poses no problems because piles are supposed to
restrain the sliding of landslide mass. In cases 3 and 4 with a mix proportion of 8:2 and varying pile intervals,
no failure-inducing landslide mass extended beyond the space between piles. No explicit difference in mode
of failure was observed between the two cases. In both cases, cracks occurred between piles that were arched
toward the upper end or parallel to the line of piles in plan. In longitudinal profile, soils failed near the foot of
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Table 2. Test case

Table 3. Properties of matter value of a landslide mass

Fig. 2. Failure of landslide mass after centrifuge test

the pile.
In cases 2 and 3 with the same pile interval but with different landslide mass materials, failure occurred

around the pile in different matters. In case 2, failure extended beyond the space between piles, but not in
case 3.

As discussed above, soils around the pile fail in different manners according to the pile interval and the
materials constituting the landslide mass. In the design of pile systems, therefore, the interval of piles should
be determined not to cause the phenomenon in case 2.
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Fig. 3. Arch action

Fig. 4. FEM analysis model

Building of an FEM analysis model capable of representing the failure around the

pile

The width of the model shown in Fig. 4 is half the spacing between piles in the centrifuge test (Fig. 1).
The pile was modeled as elastic material using solid elements. Landslide mass was modeled as elasto-visco-
plastic material based on the visoplastic flow rule described by Owen and Hinton (1980), where Mohr-Coulomb
criterion and Drucker-Prager model were the yield function and plastic potential, respectively. The slip surface
was modeled as elasto-visco-plastic material based on Mohr-Coulomb criterion, using joint element. The loading
tests were reproduced for cases 1 through 3 listed in Table 2 and shown in Fig. 2.

In the analysis, landslide mass was made to slide under its own weight, and the distributions and
degrees of bending moments generated in the pile and of strain in soils around the pile were investigated for
comparison with the results of the centrifuge test. In the analysis, the physical property values of landslide
mass and slip surface were specified as obtained by a direct shear test. The tensile strength of landslide mass
was defined so as to reproduce the detachment of landslide mass between piles observed in cases 1 and 3 and
also to cause tensile failure. Tensile strengths were determined so as to reproduce the detachment of landslide
mass in cases 1 and 3 through sensitivity analysis with varying strengths.

The results of reproduction of the centrifuge test are shown in Fig. 5. Longitudinal profile view of the
strain distribution indicates that in case 2 (mix proportion: 9:1, pile interval: 12.6D), a zone of large strain
appeared in longitudinal profile that extended from the foot of the pile toward the mountain (Fig. 5b). This
trend is similar to the results of the centrifuge test in which failure extended towards upper end, causing failure
of the soil behind the piles. Plan view, shows an arched large zone of shear strain. The zone was in agreement
with the occurrence of failure in the loading test. In case 1 with a narrower pile interval (mix proportion:
9:1, pile interval: 8.4D), maximum shear and principal strain increased only in the area where tensile failure
occurred on the lower side of arch action between piles (Fig. 5a). This trend is in agreement with the results
of centrifuge test. In case 3 with a pile interval of 12.6D and a mix proportion of 8:2, failure at the foot of the
pile and cracking near the ground surface were similar to the results obtained from centrifuge test (Fig. 5c).
Higher tensile strength was adopted in case 3 than in case 2, assuming that 8:2 mixture with high cohesion
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Fig. 5. Result of reproduction FEM analysis

Table 4. Parameters for sensitivity FEM analysis

has higher tensile strength than 9:1 mixture with low cohesion.

Study of pile interval using an FEM analysis model

The pile interval that causes failure between piles should be determined in order to assure safe design.
Sensitivity analyses were performed with respect to pile interval and soil properties shown in Table 4. The
model is shown in Fig. 4, where the diameter of the pile was fixed at 1000 mm. The reproduction analyses of
cases 1 and 2 suggest that the dominant failure mechanism is the shear failure since the unstable area is larger
than that induced by tensile failure. Hence, tensile failure was not modeled in this sensitivity analyses.

Fig. 6 shows the distributions of maximum shear strain on a plane parallel to the slip surface at the
depth of 6 m. The figure shows the results obtained with cohesion of 15 kN/m2 and 20 kN/m2. Although
results of other cases are not shown, their trends are similar. The elements with largest maximum shear
strain in each case were located near the bottom of the pile and the values were plotted in Fig. 7. Result of
reproduction analysis of cases 1 through 3 by the centrifuge test ware also added in the figure, which agreed
with the results by FEM analysis.

Fig. 6 shows that an arched zone of high shear strain appeared when the pile interval was set to 10 m
with c of 20 kN/m2 and when the pile interval was more than 8 m with c of 15 kN/m2. In cases, with smaller
pile interval, no zone of high shear strain was found. Shear strain increased rapidly when the pile interval
exceeded a certain level. In the case of a cohesion (c) of 15 kN/m2, for example, the maximum shear strain was
low until the pile interval reached 6 m, but increased to 0.10 at a pile interval of 7 m. The stable pile interval
may be identified in terms of limiting maximum shear strain based on reproduction analyses of the centrifuge
tests, suggesting that instability initiates when the maximum shear strain is between 0.02 and 0.05. Assuming
that limiting maximum shear strain is 0.02, stable pile interval, for the case shown in Fig. 7, must be less than
6D when c is 15 kN/m2 and 8D or 9D when the c is 20 kN/m2.

Fig. 8 shows the relationship between the pile interval and the maximum shear strain with various
internal friction angles. Shear strain increased rapidly when the pile interval exceeded a certain level as shown
in Fig. 7. Fig. 8 shows that the smaller the internal friction angle, the narrower the pile interval that causes
shear strain to increase rapidly. A rapid increase of shear strain at a pile interval suggests the occurrence of
failure extending beyond the area between piles. The optimal pile interval should therefore be narrower than
the interval that causes shear strain to increase rapidly (such an interval is referred to as the maximum pile
interval). Figs. 7 and 8 show that the maximum pile interval became narrower as cohesion and internal friction
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Fig. 6. Distribution of maximum shear strain by FEM analysis with various pile intervals and
cohesion of landslide mass

Fig. 7. Relationship between cohesion(c) and pile interval

angle decreases.
As discussed above, the maximum pile interval varies according to the physical properties of landslide

mass. In the design of landslide restraint piles, therefore, the pile interval should be determined considering
the physical properties of landslide mass.

Conclusions

In this study, finite element analyses and centrifuge test with different pile intervals and physical
properties of landslide mass were performed in order to examine the effects of pile interval and physical
properties of landslide mass on the failure of soils between piles. The findings are described below.

1) The optimal interval of landslide restraint piles should be determined so as to prevent soil failure from
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Fig. 8. Relationship between internal friction angle (φ) and pile interval

extending beyond the space between piles. The pile interval varies according to the physical properties
of landslide mass. The optimal interval becomes narrower as cohesion (c) and internal friction angle (φ)
decreases.

2) Soil failure around the pile can be represented by FEM analysis. The pile interval can be determined
using the distribution and maximum value of shear strain in the soil between piles as parameters.
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