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ABSTRACT: The study used the finite difference analysis for a piled slope stability analysis
under vertical seismic loading. The parameters used for the pile–soil–slope system were studied
and the positions of the piles on the slope were analyzed for slope stability. The strength reduc-
tion method was used for the slope stability analysis in the static state. The formation of the
continuous plastic zone in the slope was used to gauge the failure state of the slope under dif-
ferent seismic conditions. Three schemes were designed for the analysis of the piles located in
the upslope, middle, and toe of the slope. The results of the analysis indicated that the net pile
space is a key parameter for the safety factor (FS) of a slope. The functional behavior of the
piles was identified to a single pile from a net space of over 3 m. The FS of the slope was higher
for the pile located in the middle of the slope than for the pile located in the upslope and lowest
for the pile located at the toe. These FS changes were attributed to the failure modes of the
piled slope. A block failure mode was observed for the pile in the middle of the slope. The seis-
mic analysis indicated that the vertical seismic loading resulted in smaller FS for the piled slope
than in the horizontal seismic loading. Therefore, the seismic design of a slope subjected to the
vertical direction of seismic shaking should account for this smaller FS value.

1 INTRODUCTION

1.1 Functions of pile foundation

Pile foundations have been widely used in civil and architecture engineering. Pile foundations
are used to support the upper structures of vertical and lateral forces and to ensure the trans-
fer of the forces to underground strata. Soil-structure interaction analysis typically involves an
analysis of a pile–slope system. Lateral forces are exerted on two pile categories. A pile that
transfers stress to the front when subjected to lateral forces at the top is defined as an active
pile, whereas a pile that results in lateral soil movement when subjected to lateral pressure at
the top is defined as a passive pile.
Taiwan is mountainous, and more than half of the land is located in slopeland areas. More-

over, Taiwan is regularly affected by typhoons, and the collision of tectonic plates under
Taiwan results in frequent earthquakes. Therefore, slope stabilization techniques and slope
stabilization measures are vital. Engineering measures for prohibiting or reducing soil move-
ment to increase slope stability involve the use of piles. The response of a particular pile to a
specific slope is a complex soil-structure interaction and is distinct from the response of a pile
subjected to lateral forces.
The stress transfer mechanism from a soil to a pile can be attributed to arching (Kellogg

1987, Adachi et al. 1989). Both active and passive piles exhibit arching at the pile–soil inter-
face. Common arrangements for stabilizing landslides piles are tangent pile walls, secant pile
walls, staggered pile walls, and spaced pile walls (Figure 1).
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1.2 Slope stability analysis

Slope movement can be reduced by the shear resistance provided by piles in soil because of
the arching effect (Adachi et al. 1989). The spacing of piles changes the formation of the arch-
ing effects. Therefore, spacing is a crucial factor in the design of a piled slope. The safety
factor (FS) of a slope increases when the ratio of net pile space to pile diameter decreases
(Poulous et al. 1995, Cai & Ugai 2003, Jeong et al. 2003, Won et al. 2005, Ashour et al. 2012).
Numerical modelling that uses Fast Lagrangian Analysis of Continua in Three Dimensions

(FLAC3D) yields valuable results for the designation of piles in a slope (Martin & Chen
2005). The results of the current study revealed that using the numerical analysis for the piled
slope stability analysis was suitable and provided valuable results for the pile designation.
The soil shear strength reduction (SSR) method (Zienkiewicz 1975) has been widely used in

numerical static slope stability analysis. The ratio between the reduced and original soil shear
strength at the critical state prior to slope failure is defined as the FS of a slope. The cohesion
(c) and friction angles (ψ) of the soil shear strength are divided by the same ratio Ftrial, and the
process continues until a slope reaches the critical failure state. The formula is as follows:

cF ¼
c

Ftrial

� �

ð1Þ

ψF ¼ tan�1 tanψ

Ftrial

� �

ð2Þ

The following judgement methods are used for determining a slope at the critical and prone
to failure states:

1. The converge of numerical calculation (Ugai 1989)
2. The extent of the plastic zone through a slope (Zienkiewicz et al. 1975)
3. An increase in abrupt displacement at a specified point (Luan et al. 2003)

Major methodologies for the seismic slope stability analysis include pseudo static analysis
(Seed 1979) and Newmark analysis (Newmark 1965). Zheng et al. (2010) proposed the
dynamic time history analysis method based on tensile-shear failure. They also proposed the
dynamic analysis method of strength reduction using FLAC and analyzed the strength reduc-
tion of tensile and shear failure. The results indicated a reasonable FS for the seismic slope
stability analysis.

2 METHOD

2.1 Numerical analysis

The numerical analysis method that uses the FLAC3D finite difference package (Itasca Con-
sulting Group Inc. 2005) was adapted for the static and seismic of piled slope stability
analysis.

Figure 1. Common pile arrangements in a slope (Cornforth 2005).
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A 30° homogeneous soil slope with a rock base was designed to simplify the model for the
FLAC3D analysis. A single row with a circular pile length of 12.5 m and a diameter of 1.2 m
on the top, middle, and toe of the slope was modeled to incorporate changes in the net pile
space (Sc). Sc varied from 0.6 m to 4.2 m (Figure 2). The results for the changes of Sc and
corresponding FS of the piled slope are presented for comparison.

2.2 Assumption

The finite-difference scheme can be used to model out-of-balance forces or stresses acting on
nodes, which can be computed by the equation of motion. The node displacement can be
determined through the integration of the node velocity, which depends on unbalanced forces
at nodes. The node velocity can be inferred from the node strain rate, and the stress increase
calculated using the stress-strain constitute law and the process repeated in the numerical cal-
culation. The iteration continues until the maximum unbalance force at nodes decreases to an
acceptable level.
The analysis steps in FLAC3D are as follows: (1) set up the finite-difference grid, (2) identify

the constitute model and parameters of the materials, (3) configure the initial and boundary
conditions, and (4) get initial equilibrium under gravity then determines the stress or strain of
the analysis. The numerical assumptions for the analysis are as follows: (1) the rock base
beneath the surficial soil has a two-layer slope; (2) the soil mass is isotropic and homogeneous
with the ground water table, (3) the soil is modeled to follow the failure criteria of the Mohr–
Coulomb model; and (4) the pile and base rock follow linear elastic and isotropic models.

2.3 Slope stability analysis

Slope stability analysis includes static and seismic analyses. The SSR method was used for the
static slope stability analysis of the piled slope. A bisection process of the SSR method was
used for the calculation (Yen 2006). The bisection method defines the upper and lower bounds
of the FS first, and then reduces the two values until the difference is less than the threshold
value 0.02, and the average value of Ftrail is defined as the FS of the slope.

The two conditions satisfied during the calculation process in the numerical analysis are as
follows:

1. The ratio of unbalance force is smaller than the threshold value 1 × 10−5

2. The numerical calculation time step is over 300 thousand steps

The slope was in a stable state when the ratio of unbalance force was less than the threshold
value and vice versa. The program stopped when the first condition was satisfied and the pro-
gram restarted when the lower bound value increased. Moreover, the program stopped as the
calculation time exceeded the defined value, and the program restarted when the upper bound
decreased. The experimental results of the static slope stability analysis obtained through the
SSR method are presented in Figure 3.

Figure 2. Finite-difference grid of the piled slope model and scheme of the numerical analysis model.
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The roller boundary in the static slope stability analysis was extended to 8 m and modified to
function as a free-field boundary to avoid the boundary effect. The time history of acceleration
was applied at the base of the model. Ftrial was input manually in the seismic slope stability ana-
lysis. If the plastic zone was extended through the slope, then the Ftrial increased, and vice versa.
The minimum Ftrial to cause the plastic zone extension through the slope is defined as the FS of
the slope for the seismic slope stability analysis. An example for gauging whether the plastic
zone extended through the slope is shown in Figure 4. In this example, with Ftrial = 0.73 in
Figure 4a and Ftrial = 0.74 in Figure 4b, the FS of the slope was 0.74.

2.4 Material properties

The soil material parameters required for the Mohr–Column model are K (bulk modulus), c
(cohesion), ψ (shear dilation angle), φ (internal friction angle), and G (shear modulus). The
piles and rock base of the slope were assumed as isotropic elastic materials, with K and G
required for the analysis. The parameters used for the analysis are presented in Table 1.

2.5 Earthquake records

The seismographic recording of the Chi-Chi earthquake on September 21, 1999 in Taiwan was
used as the input of seismic loading. The data recorded earthquake acceleration every 10 s
after the baseline correction was applied at the base of the numerical model. Figure 5 shows
the recorded time history of acceleration during the earthquake. This case reveals that the ver-
tical direction acceleration could be higher than the horizontal direction and that seismic des-
ignation should consider this additional acceleration.

Figure 3. Results of the static slope stability analysis obtained through the SSR method.

Figure 4. Examples of the extent of the plastic zone (a) non-through and (b) through slope during the

seismic slope stability analysis.

Table 1. List of material property parameters used in the numerical modeling.

Parameter value Parameter Value

Soil cohesion 12.4 kPa Elastic modulus of the rock 24 GPa

Soil friction angle 10°–60° Poisson ratio of the rock 0.2

Soil unit weight 20 kN/m3 Pile length 12.5 m

Elastic modulus of soil 9.6 MPa Elastic modulus of the pile 20 GPa

Ratio of the pile length to the rock base 0.4 Poisson ratio of the pile 0.2
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3 RESULTS AND DISCUSSION

3.1 Results of the static analysis

The FS of the piled slope varied with changes in Sc and the pile locations in the slope
(Table 2). The FS of the piled slope decreased with an increase in Sc, and vice versa (Figure 6).
The pile installed in the middle of the slope exhibited the highest FS compared with the piles
located at the top and toe of the slope. When the net pile space increased from 0.6 m to 4.2 m,
the FS decreased considerably for the pile in the middle of the slope compared with the other
pile locations. The change of Sc on the FS of the slope demonstrated a negligible effect for the
pile installed at the toe of the slope.

3.2 Results of the seismic analysis

The failure mode and FS of the piled slope in the seismic analysis depended on the position of
the piles (Table 3). The FS of the slope was highest for the pile in the middle of the slope in
the vertical direction of the seismic analysis. The pile at the toe of the slope exhibited no
change in FS (Figure 7). The main landslide prevention mechanism for the piled slope was the
formation of soil arching between the piles and the lateral shear resistance of the piles. The
pile at the toe of the slope, with soil arching and shear resistance, was the least affected by the
vertical direction of seismic shaking.

3.3 Comparisons

The seismic analysis for the piled slope subjected to the vertical direction of seismic shaking
was compared with the horizontal direction of seismic shaking.
The pile located in the middle of the slope was used for the comparison. The results of the

analyses are presented in Table 4. Generally, the FS of the piled slope revealed a close result for
the piled slope subjected to the vertical and horizontal directions of seismic shaking (Figure 8).
In the case of net pile space Sc = 0.6 m, the slope subjected to the vertical direction of seismic
shaking had a lower FS than that of the pile subjected to the horizontal direction of shaking.

Figure 5. Time history of earthquake records during the Chi-Chi earthquake in 1999 at Shihgang Dam

Station (source: Central Weather Bureau in Taiwan).

Table 2. Comparison of the static FS of the piled slope.

Case Net pile space (m)

FS

at top in middle at toe

1-1 0.6 1.37 1.74 1.18

1-2 1.2 1.32 1.59 1.16

1-3 1.8 1.29 1.51 1.15

1-4 2.4 1.27 1.46 1.15

1-5 3.0 1.24 1.41 1.13

1-6 3.6 1.23 1.38 1.13

1-7 4.2 1.21 1.33 1.13
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4 CONCLUSION

This study modeled a single pile row located in different locations in a slope for a piled slope
stability analysis. The piles located at the top, middle, and toe of the slope were subjected to
vertical seismic shaking, and the results were studied and compared with those from horizon-
tal seismic shaking. The changes in net pile space and the FS of the piled slope were studied.
The FS of the piled slope decreased with an increase in the net pile space. The FS of the piled
slope was highest when the pile was located at the slope face, whereas the pile located at the
toe exhibited the lowest FS. Therefore, the best slope stability was achieved when a pile was
located at the slope face. The net pile space is a considerable factor for ensuring the stability
of a piled slope. Both the vertical and horizontal directions of seismic shaking exhibited

Figure 6. Comparison of the static FS of the slope for piles at the top, middle, and toe with changes in

the net pile space.

Table 3. FS of the slope for piles in various locations subjected to vertical direc-

tion of seismic analysis.

Case Net pile space (m)

FS

at top in middle at toe

1-1 0.6 0.94 1.06 0.84

1-2 1.2 0.93 1.06 0.84

1-3 1.8 0.92 0.93 0.84

1-4 2.4 0.87 0.92 0.84

1-5 3.0 0.83 0.90 0.85

1-6 3.6 0.81 0.83 0.84

1-7 4.2 0.81 0.81 0.82

Figure 7. Different net pile spaces in various locations in the slope during seismic shaking.
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comparable FS in the piled slope. Furthermore, the effects of the vertical direction of seismic
shaking were not negligible, as in the case of the horizontal seismic shaking design. This study
analyzed the piled slope and studied the effects of piles for landslide stabilization. Different
net pile spaces of arrangements in the slope were modeled using a numerical analysis for deter-
mining the most efficient designation for landslide pile stabilization.
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