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Piles are extensively used as a means of slope stabilization. A novel engineering technique of truncated piles that are unlike
traditional piles is introduced in this paper. A simplified numerical method is proposed to analyze the stability of slopes stabilized
with truncated piles based on the shear strength reductionmethod.The influential factors, which include pile diameter, pile spacing,
depth of truncation, and existence of a weak layer, are systematically investigated from a practical point of view. The results show
that an optimum ratio exists between the depth of truncation and the pile length above a slip surface, below which truncating
behavior has no influence on the piled slope stability. This optimum ratio is bigger for slopes stabilized with more flexible piles and
piles with larger spacing. Besides, truncated piles are more suitable for slopes with a thin weak layer than homogenous slopes. In
practical engineering, the piles could be truncated reasonably while ensuring the reinforcement effect. The truncated part of piles
can be filled with the surrounding soil and compacted to reduce costs by using fewer materials.

1. Introduction

The use of piles for stabilizing active landslides and as a
preventive measure in the stable slopes has been considered
a reliable and effective technique and has been implemented
successfully in a number of applications over the last few
decades, for example, [1–7]. A traditional stabilizing pile
generally has a full length and pile head extrudes outside
the slope surface whose cross section ranges from circular to
rectangular [8].

The stabilization of unstable slopes with piles is compli-
cated by factors affecting pile performance under the loading
conditions of slope reinforcement and factors controlling
the effect of piles on global slope stability. The current
design practices for pile-reinforced slopes often use the limit
equilibrium methods, where the soil-pile interaction is not
considered, and the piles are assumed to only supply an
additional sliding resistance. Ito andMatsui [3] have analyzed
the development of lateral forces on the stabilizing piles
when the soil is forced to squeeze between piles. Ito et al.
[9, 10] subsequently developed a design method for a pile-
reinforced slope based on this approach. Poulos [5] presented
an approach for evaluating the pressure on single piles

where a modified boundary element method is employed
to study the response of the passive piles, in which the
solution incorporating nonlinear soil-pile interface elements
can represent a hardening or softening response prior to
reaching an ultimate state. Yamagami et al. [11] reported
another limit equilibrium design method for slopes with
one row of piles. The method allows two different critical
slip surfaces for the two slides of the pile, and the forces
acting on the stabilizing piles are estimated based on a given
critical slip surface where the safety factor is prescribed to
ensure slope stability. Recently, Liang et al. [7] proposed a
design procedure for stabilizing an unstable slope with a
row of equally spaced drilled shafts, in which the limiting
equilibrium-based slope stability analysis method was mod-
ified to incorporate the drilled-shaft-induced arching effect
through a semiempirical load-transfer factor. In general, the
ability of the limit equilibrium methods to determine the
stability of slopes reinforced with piles may be in doubt
because the soil-pile interaction is not clearly considered.

To better simulate the actual mechanism of failure,
numerical methods including the finite element method and
the finite differencemethod have been developed quickly and
are becoming increasingly popular for piled slope analysis
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(a) Conventional stabilizing piles (full length)
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Figure 1: Comparison of conventional stabilizing piles and truncated piles.

based on the shear strength reduction method. Chow [12]
presented a numerical model where the piles are modeled
using beam elements and the soil is modeled using a hybrid
method of elasticity theory analysis. Cai and Ugai [13] have
considered the effects of stabilizing piles on the stability of
a slope by a three-dimensional (3D) finite element analysis
(FEA) using the shear strength reductionmethod.The effects
of pile spacing, pile head conditions, bending stiffness, and
pile positions on the safety factor were analyzed and the
location of the critical slip surface was determined by the
maximum shear force of piles. Wei and Cheng [14] showed
that the location of the maximum shear force is not neces-
sarily the location of the critical slip surface for a piled slope,
and the critical slip surface for a piled slope is determined by
the shear strain rate. One of the main advantages of the shear
strength reduction method is that the critical slide surface
is found automatically and it is not necessary to specify
the shape of the slide surface (e.g., circular, log spiral, and
piecewise linear) in advance. Most importantly, numerical
methods automatically satisfy translational and rotational
equilibrium, and pile behavior characteristics can be obtained
simultaneously.

Complicating the issues of pile-stabilized slopes including
prediction of load distribution along piles were effects of
soil type, pile size and spacing, pile orientation, truncating
of piles, and so on [15, 16]. Most previous research has
focused on the response of slopes stabilized with common
full length piles as well as the influence factors. However,
from the perspective of the rational loading of a pile, if
the moment-arm on which the load acts is appropriately
shortened while the pile location is unchanged, the sliding
thrust acting on the stabilizing pile will be reduced.Therefore,
a stabilizing pile with a pile head truncated at a certain
depth underneath the slope surface is more economical
and rational than a conventional full length pile. To the
present author’s knowledge, the effect of truncating on the
stability of pile-reinforced slopes has never been considered
systematically. In this study, the stability of slopes reinforced
with truncated piles is analyzed systematically. A simplified
numerical method is proposed to analyze the stability of
slopes stabilized with truncated piles based on the shear
strength reduction method. Besides, the influential factors
including pile diameter, pile spacing, depth of truncation, and

existence of a weak layer are also systematically investigated
from a practical point of view.

2. Problem Definition and Methodology

2.1. Problem Definition. The problem definition is given in
Figure 1. It can be seen from Figure 1(a) that a conventional
stabilizing pile generally has a full length and pile head
extrudes outside the slope surface. For truncated piles (see
Figure 1(b)), the pile heads are truncated at a certain depth
below the surface of a slope, which is unlike traditional sta-
bilizing piles. The key to slope stabilization using piles is the
control of the sliding mass. Therefore, once the deformation
of the slip surface is suitably restricted, the deformation of
the sliding mass that lies on and moves along the slip surface
may be restricted to a great extent. A truncated stabilizing pile
is proposed for this purpose. The deformation of the sliding
mass around the pile head is partially restricted, allowing the
load of the sliding mass above the pile head to be released to
a certain degree. Thus, the corresponding sliding force is not
acting entirely on the piles, and it is possible to reduce the load
on the piles. Furthermore, the truncated stabilizing pile has a
reduced cost due to its shortened length and smaller load.

The depth of truncation is given by 𝐶𝑥 and the depth
of the critical slip surface is signified by 𝐻𝑎 in Figure 1(b).
To maximize the benefits of the truncated piles, the depth
of truncation 𝐶𝑥 is a key parameter. If 𝐶𝑥 is too small, the
rational capacity of piles cannot be fully achieved; if it is
too large, the overpass sliding might occur over pile head
and thereby decrease the stability of the reinforced slope.
In the interest of generality, the depth of truncation will be
expressed in dimensionless form 𝐶, where 𝐶 = 𝐶𝑥/𝐻𝑎.

2.2. Model of Materials. In this study, the soil material of the
slope is simulated with an elastic, perfectly plastic model.
The yielding is described by a composite Mohr–Coulomb
criterion with a tension cutoff as shown in Figure 2 [17].

The failure envelope from points 𝐴 to 𝐵 is defined by the
Mohr–Coulomb criterion 𝑓𝑠 = 0 with

𝑓𝑠 = 𝜎1 − 𝜎3𝑁𝜑 + 2𝑐√𝑁𝜑, (1)
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Figure 3: Section of a horizontal pile representing parameters in an element.

where 𝜎1 and 𝜎3 are the major and minor principal effective
stresses, respectively; 𝑐 is the effective cohesion of soil;𝜑 is the
internal friction angle of soil; and𝑁𝜑 is a function of 𝜑

𝑁𝜑 =
1 + sin𝜑
1 − sin𝜑. (2)

The failure envelope from points 𝐵 to 𝐶 is represented by
the tension failure criterion of the form 𝑓𝑡 = 0 with

𝑓𝑡 = 𝜎3 − 𝜎𝑡, (3)

where 𝜎𝑡 is the effective tensile strength, the maximum value
of which, 𝜎𝑡max, is given by

𝜎𝑡max =
𝑐

tan𝜑. (4)

The truncated stabilizing piles are treated as a linear
elastic solid material. Routines are developed to calculate
the required parameters including the pile shear force and
bending moment for the analyses. The shear force 𝑄 in
each horizontal pile section (see Figure 3) was calculated by
multiplying the 𝑥-direction horizontal shear stress of each
element by its plan surface area.The plan area of each element
was calculated by dividing its volume by its thickness in the
𝑧-direction. The bending moment 𝑀 developed in each pile
section was obtained by summation of the product of the
vertical stress at each element, the plan area of that element,
and the 𝑥-distance from the center of the pile to the centroid
of the element.

The shear force 𝑄 and bending moment 𝑀 are therefore
given by

𝑄 =
𝑛

∑
𝑖=1

(𝜏𝑖𝑥𝑧 × 𝐴 𝑖)

𝑀 =
𝑛

∑
𝑖=1

(𝜎𝑖𝑧𝑧 × 𝐴 𝑖 × 𝑥𝑖𝑐) ,
(5)

where 𝜏𝑖𝑥𝑧 and 𝜎𝑖𝑧𝑧 are the horizontal shear stress and vertical
normal stress of element 𝐸𝑖 in Figure 3, respectively;𝐴 𝑖 is the
plan area of the element; 𝑥𝑖𝑐 is the centroid distance of the
element from the center of the pile in the 𝑥-direction; and
𝑛 is the total number of elements in a horizontal pile section.

2.3. Simulation of Pile-Soil Interface. In this study, the inter-
faces between piles and soils are characterized by a linear
Coulomb shear strength model. Interfaces have the proper-
ties of friction, cohesion, dilation, normal and shear stiffness,
and tensile and shear bond strength. Figure 4 illustrates the
components of the constitutive model acting at an interface
node (𝑃).

The normal and shear forces that describe the elastic
interface response are determined by the following equations:

𝐹𝑛(𝑡+Δ𝑡) = 𝑘𝑛𝑢𝑛𝐴 + 𝜎𝑛𝐴

𝐹𝑠𝑖(𝑡+Δ𝑡) = 𝐹𝑠𝑖(𝑡) + 𝑘𝑛Δ𝑢𝑠𝑖(𝑡+(1/2)Δ𝑡)𝐴 + 𝜎𝑠𝑖𝐴,
(6)
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Figure 4: Components of the interface constitutive model.

where 𝐹𝑛(𝑡+Δ𝑡) and 𝐹𝑠𝑖(𝑡+Δ𝑡) are the normal and shear force
at time (𝑡 + Δ𝑡), respectively; 𝑢𝑛 is the absolute normal
penetration of the interface node into target face; Δ𝑢𝑠𝑖 is
the incremental relative shear displacement vector; 𝑘𝑛 and
𝑘𝑠 are the normal and shear stiffness, respectively; 𝜎𝑛 is
the additional normal stress added due to interface stress
initialization; 𝜎𝑠𝑖 is the additional shear stress vector due to
interface stress initialization; and 𝐴 is the representative area
associated with an interface node.

In this study, where the use of interface element covers
the pile-soil separation and nonlinear analysis is carried
out, the value for the interface stiffness should be high
enough tominimize the contribution of those elements to the
accumulated displacements. A good rule-of-thumb is that 𝑘𝑛
and 𝑘𝑠 be set to at least ten times the equivalent stiffness of
the stiffest neighboring zone [18]. To satisfy this requirement,
𝑘𝑛 and 𝑘𝑠 for the interface elements are both taken equal
to 1 × 107 kPa/m in the current analyses. These values were
also adopted by Comodromos and Papadopoulo [19] in their
benchmark test on interface elements, which were validated
to represent a rough pile interface.

2.4. Determination of the Factor of Safety (FS). For slopes, FS
is often defined as the ratio of the actual shear strength to
the minimum shear strength required to prevent failure. The
conventional way to compute the FS with a finite element or
finite difference program is to reduce the shear strength until
collapse occurs; FS is the ratio of the soil’s actual strength
to the reduced shear strength at failure. This shear strength
reduction method was used first by Zienkiewicz et al. [20] to
compute the FS of a slope composed of multiple materials.

The shear strength reduction method has two main
advantages over limit equilibrium slope stability analyses.
First, the critical slide surface is found automatically, and
it is not necessary to specify the shape of the slide surface
in advance. In general, the failure surface geometry for
slopes is more complex than simple circles or segmented
surfaces. Second, numerical methods automatically satisfy

translational and rotational equilibrium, whereas not all limit
equilibrium methods do satisfy equilibrium. Consequently,
the shear strength reduction method usually determines the
FS equal to or slightly less than limit equilibrium methods.

To perform a slope stability analysis with the shear
strength reductionmethod, simulations are run for a series of
strength reduction factors 𝐹trial with shear strength parame-
ters 𝑐trial and 𝜑trial adjusted according to the equations:

𝑐trial = 1
𝐹trial 𝑐

𝜑trial = arctan 1
𝐹trial𝜑,

(7)

where 𝑐 (cohesion) and 𝜑 (friction angle) are real shear
strength parameters and 𝐹trial is a strength reduction factor.

Figure 5 shows the proposed numerical method to cal-
culate the FS of slopes reinforced with truncated piles. The
tensile strength of soil, 𝑇, in Figure 5 could be set to zero
generally. The value of 𝐹trial at which collapse occurs can be
found efficiently using bracketing and bisection. First, the
value of 𝐹trial is set to be 1.0 initially in order to judge the
stability of the piled slope. Then, upper and lower brackets
are established. For an initial stable piled slope, the initial
lower bracket is any value of 𝐹trial for which a simulation
converges, and the initial upper bracket is any value of 𝐹trial

for which the simulation does not converge. Conversely, for
an unstable piled slope, the initial upper bracket is any value
of 𝐹trial for which a simulation converges and the initial lower
bracket is any value of 𝐹trial for which the simulation does not
converge. Next, a point midway between the upper and lower
brackets is tested. For an initial stable slope, the lower bracket
is replaced by this new value if the simulation converges,
and the upper bracket is replaced if the simulation does not
converge. Conversely, for an unstable piled slope, the upper
bracket is replaced if the simulation converges, and the lower
bracket is replaced if the simulation does not converge. The
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Figure 5: Numerical method for obtaining the FS of a truncated piled slope.

process is repeated until the difference between the upper and
lower brackets is less than a specified tolerance 𝜀. When this
critical value has been found, the factor of safety of the slope
is equal to the strength reduction factor and FS = 𝐹trial.

It should be noted that there are several possible defi-
nitions of failure, for example, some test of bulging of the
slope profile, limiting of the shear stresses on the potential
failure surface, or nonconvergence of the solution [21]. In the
present analysis, the nonconvergence option is taken as being
a suitable indicator of failure.Themodel is normally assumed
to be in equilibrium when the maximum unbalanced force
ratio 𝑅 is below 1 × 10−5.

2.5. Method of Execution. Theproposed numerical method is
executed with FLAC3D [22], which is appropriate to simulate
the behavior of geomaterials that may undergo plastic flow.

In FLAC3D, the explicit calculation scheme and the mixed-
discretization zoning technique facilitate accurate modeling
of plastic collapse and flow; and the explicit solution scheme
involving a large number of calculation steps progressively
redistributes the unbalanced force resulting from changes of
the stresses or boundary displacements through the mesh.

The model is considered to be in equilibrium when the
maximum unbalanced force for the whole grid is small in
comparison with the total of the applied forces associated
with boundary displacement or stress changes. Denoting𝑅 as
the ratio of maximum unbalanced force to the representative
internal force, expressed as a percentage, a value of 1% or
0.1% may be acceptable as denoting equilibrium, depending
on the degree of precision required. If the unbalanced forces
approach a constant nonzero value, this usually indicates that
failure and plastic flow are occurring within the model.
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Figure 7: Schematic illustration of the analytical truncated piles.

3. Validation of the Proposed Method

3.1. Model Slope. Idealized slopes with a height of 10m,
gradient of 1V : 1.5H, and ground thickness of 10m are
analyzed using a 3D finite difference mesh, as shown in
Figures 6(a) and 6(b). Model A is a homogenous soil slope
while Model B has a thin weak intercalation to simulate the
effect of a thinweak layer. Bothmodels have the samephysical
dimensions. The boundary conditions are given as “smooth-
smooth” for the 3D analysis [23]. Thus, the bottom (𝑧 = 0)
of slopes is fully fixed, while the left (𝑥 = 0) and right side
(𝑥 = 35) of the slope are constrained by vertical rollers, and
the front (𝑦 = 0) and far side (𝑦 = 𝑆/2; 𝑆 is the pile spacing as
stated later) also are constrained by vertical rollers.

Truncated stabilizing piles with outer diameters 𝐷 =
0.4m, 0.8m, and 1.6m are investigated parametrically in the
present study. Piles are installed in the middle of the slope
with a distance of slope toe 7.5m as shown in Figure 7. The
depth of truncation 𝐶𝑥 in the analysis varies in the range 0–
6.0m and 0–4.0m for ModelsA and B, respectively; thus the
relative depth of truncation of 𝐶 ranges approximately from
0 to 1 for both slopes. The pile spacing, 𝑆, varies from 2𝐷 to
8D. Two symmetric boundaries are used so that the problem
to be analyzed really consists of a row of truncated piles with
planes of symmetry through the pile center line and through
the soil midway between the piles. Pile heads are free while
bottoms are fixed.

Table 1: Material properties.

Material properties Pile Soil Weak layer
Unit weight (kN/m3) 25 20 20
Cohesion (kPa) — 10 7
Friction angle (∘) — 20 14
Young’s modulus (MPa) 60,000 200 100
Poisson’s ratio 0.2 0.25 0.25

3.2. Validation of the Proposed Numerical Method. It is well
documented that the FS of slopes assuming elastic-perfectly
plastic constitutive models are insensitive to the construction
sequence. In the current study, model slopes in Figure 6
are equilibrated under gravity initially. The purpose of this
analysis is to calibrate the numerical model to present the
in situ soil conditions. Then, the simulations are run to
obtain the FS of slopes following the proposed method. The
Mohr-Coulomb model is used to simulate the nonlinear soil
behavior as stated above.TheMohr-Coulombmodel requires
soil parameters including the unit weight, friction angle,
cohesion, Young’s modulus, and Poisson’s ratio. Truncated
piles are modeled as a linear elastic material described by
parameters of Young’s modulus and Poisson’s ratio. Material
properties in the current analysis are presented in Table 1.
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Table 2: FS values of piled slopes for Model A.

Pile spacing 𝐶
0 0.18 0.35 0.53 0.71 0.88 1.06

D = 1.6m

𝑆 = 2𝐷 1.78 1.69 1.51 1.33 1.22 1.18 1.17
𝑆 = 3𝐷 1.64 1.61 1.47 1.32 1.21 1.17 1.17
𝑆 = 4𝐷 1.57 1.54 1.44 1.32 1.21 1.17 1.17
𝑆 = 5𝐷 1.53 1.50 1.42 1.31 1.21 1.17 1.17
𝑆 = 6𝐷 1.49 1.47 1.41 1.31 1.21 1.17 1.17
𝑆 = 7𝐷 1.47 1.45 1.40 1.30 1.21 1.17 1.17
𝑆 = 8𝐷 1.44 1.44 1.38 1.30 1.21 1.17 1.17

D = 0.8m

𝑆 = 2𝐷 1.53 1.53 1.50 1.32 1.21 1.17 1.17
𝑆 = 3𝐷 1.45 1.45 1.45 1.31 1.21 1.18 1.17
𝑆 = 4𝐷 1.41 1.41 1.41 1.31 1.22 1.18 1.17
𝑆 = 5𝐷 1.38 1.38 1.38 1.31 1.22 1.18 1.17
𝑆 = 6𝐷 1.36 1.36 1.36 1.31 1.21 1.18 1.17
𝑆 = 7𝐷 1.34 1.34 1.34 1.31 1.21 1.18 1.17
𝑆 = 8𝐷 1.33 1.33 1.33 1.31 1.21 1.18 1.17

D = 0.4m

𝑆 = 2𝐷 1.38 1.38 1.38 1.32 1.21 1.18 1.17
𝑆 = 3𝐷 1.33 1.33 1.33 1.31 1.21 1.17 1.17
𝑆 = 4𝐷 1.31 1.31 1.31 1.30 1.21 1.17 1.17
𝑆 = 5𝐷 1.29 1.29 1.29 1.29 1.21 1.17 1.17
𝑆 = 6𝐷 1.28 1.28 1.28 1.28 1.21 1.17 1.17
𝑆 = 7𝐷 1.27 1.27 1.27 1.27 1.21 1.18 1.17
𝑆 = 8𝐷 1.26 1.26 1.26 1.26 1.21 1.18 1.17

Ha ≈ 4.25m

(a) Model A (FS = 1.17)

Ha ≈ 4.02m

(b) Model B (FS = 0.82)

Figure 8: Critical slip surface of unreinforced slopes for Models A and B.

When the slopes are not reinforced with truncated piles,
the FS values for Models A and B are 1.17 and 0.82, respec-
tively. Compared with the result of 1.14 obtained by Cai and
Ugai [13] using the shear strength reduction finite element
method for the same slope as ModelA, the proposed method
shows a slightly higher value for the predicted FS. This is
because the FS calculated by FLAC3D depends strongly on the
size of the element, unlike finite element methods in which a
shape function can be used within the elements. In general,
the finer element sizes givemore precise results. As a check on
the result, we performed a 3D Spencer’s analysis for Model
A and obtained an FS of 1.18. It is demonstrated that the
calculated FS values by the proposed method are acceptable.

The critical slip surfaces for the two models are shown in
Figure 8, and it can be seen that slope failures occur along

a circular surface, which is similar to the results of Cai and
Ugai [13]. The depth of the critical slip surface is about 4.25
and 4.02m for Models A and B, respectively.

4. Results and Discussion

4.1. Stability of Slopes Reinforced with Truncated Piles. The FS
of slopes with piles 𝐷 = 0.4m, 0.8m, and 1.6m and 𝑆 = 2𝐷
to 8𝐷 for Model A is listed in Table 2. It can be seen that the
FS values mainly decrease as 𝐶 increases. This is because the
reinforcement function is gradually lost due to the piles being
continuous truncated. When 𝐶 is up to or above 1, the FS is
1.17, which is the same as an unreinforced slope.

The FS of piled slopes for increasing relative truncation
length, 𝐶, shown in Table 2 for Model A are portrayed
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Figure 9: FS values of the piled slopes for Model A.

in Figure 9. For 𝐷 = 1.6m, it can be seen in Figure 9(a)
that FS decreases rapidly with the increasing of 𝐶 when
𝑆 = 2𝐷. However, when 𝑆 increases from 3𝐷 to 7𝐷, FS
decrease moderately with 𝐶 increasing; furthermore, the rate
of decline in the FS decreases gradually with 𝑆 increasing. For
𝑆 = 8𝐷, FS of piled slope remains unchangeable as𝐶 increases
from 0 to 0.18 and then decreases slowly with the increasing
of 𝐶. For piles with 𝐷 = 0.8m which are more flexible, and
when 𝑆 = 2𝐷, it can be seen from Figure 9(b) that value of
FS of piled slope remains unchangeable as 𝐶 increases from
0 to 0.18, then decreases slightly as 𝐶 increases from 0.18 to

0.35, and then decreases rapidly as𝐶 is above 0.35. For S = 3D
to 8D, FS of piled slopes remain unchangeable as 𝐶 increases
from 0 to 0.18 and then decrease gradually with 𝐶 increasing.
It is also noted that the rate of decline in FS slows down as
pile spacing 𝑆 increases. In Figure 9(c), piles with 𝐷 = 0.4m
are much more flexible, and when S = 2D, it can be seen that
FS of piled slopes remains unchangeable as 𝐶 increases from
0 to 0.35 and then decreases rapidly with 𝐶 increasing. For S
= 3D to 4D, the FS of piled slopes remain unchangeable as 𝐶
increases from 0 to 0.35, then decrease slightly as 𝐶 increases
from 0.35 to 0.53, and then decrease rapidly as𝐶 is above 0.53.
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Figure 10: Variation of the 𝐶opt with pile diameter and spacing for Model A.

For S = 5D to 8D, FS of piled slopes remain unchangeable
as 𝐶 increases from 0 to 0.53 and then decrease rapidly as 𝐶
increases above 0.53.

It can be seen from Figure 19 that an optimum value of
the relative depth of truncation, C, exists for piles in Model
A slopes. The largest truncation length of pile, beyond which
overhead sliding may occur, is very meaningful and impor-
tant for the detailed design of a pile-reinforced slope. The
optimal truncation length of pile, beyond which overhead
sliding may occur, is investigated with a dimensionless ratio
of 𝐶opt as follows:

(1) For D = 1.6m, the value of 𝐶opt can be taken as 1/6
when S = 8D, and values could be zero when S = 2D
to 7D.

(2) For D = 0.8m, the value of 𝐶opt can be taken as 1/6
when S = 2D and 1/3 when S = 3D to 8D.

(3) For D = 0.4m, the value of 𝐶opt can be taken as 1/3
when S = 2D to 4D and almost 1/2 when S = 5D to 8D.

It is demonstrated that the optimum value of the relative
depth of truncation, 𝐶opt varies with the pile diameter and
spacing. It is bigger when piles are more flexible and pile
spacing is larger as portrayed in Figure 10. For the actual ratio
𝐶 is below 𝐶opt, the value of the FS of piled slope hardly
changes with pile truncation, indicating that truncation in
this range has no influence on the reinforcement function
of piles. Conversely, once the actual ratio 𝐶 is above 𝐶opt, FS
decreases rapidly. Truncation in this range will have a serious
influence on piled slope stability and the reinforcement func-
tion of piles will bemuch weakened. In practical engineering,
piles could be truncated appropriately on the premise of
ensuring the reinforcement function; thus resources could be
saved and costs could be reduced. It is advised that boreholes
could be filled with surrounding soil and compacted in the
standard procedure for truncated parts of piles.

4.2. Truncated Stabilizing Pile Behaviors. The bending
moment 𝑀 and shear force 𝑄 of truncated stabilizing piles
with different pile spacing 𝑆 and relative depths of truncation,
𝐶, are shown in Figure 11, and it is noted that the positive
direction shear force is identical to the 𝑥-direction. In this
section, the truncated stabilizing piles with 𝐷 = 0.8m for
Model A slopes are mainly discussed. The results for 𝐷 = 1.6
and 0.4m are not presented because they are consistent with
those for𝐷 = 0.8m.

It can be seen from Figure 11 that lateral shear force 𝑄
along 𝑥-direction in the pile reaches the first extreme point
at a critical depth. This critical depth could be regarded as a
level of the potential slip surface because the shear strength
reduction method cannot predict a clear slip surface like
the limit equilibrium method. Thus depth of potential slip
surfaces at the position of piles is shown in Table 3. It can
be seen that smaller spacing of piles gives deeper levels of
potential slip surface when 𝐶 is below 0.35. However, for
𝐶 above 0.35, the depth of potential slip surface remains
constant regardless of pile spacing. For the same pile spacing,
the depth of potential slip surface remains constant when 𝐶
is below 0.35 and then becomes shallower with 𝐶 increasing,
indicating that overhead sliding may occur.

The values of the first extreme point of shear force 𝑄max
and the maximum bendingmoment occurring below the slip
surface𝑀max in piles for various pile spacings are discussed.
It can be seen from Figure 12(a), when S = 2D, that 𝑄max at
potential slip surface remains unchangeable as the value of 𝐶
is below 0.18, then decreases slightly as 𝐶 increases from 0.18
to 0.35, and finally decreases rapidly with 𝐶 above 0.35. For
S = 3D to 5D, 𝑄max at potential slip surface increases slightly
as 𝐶 increases from 0 to 0.35 and then decreases rapidly with
𝐶 above 0.35. For S = 6𝐷 to 8D,𝑄max at potential slip surface
increases slightly from C = 0 to 0.35, then decreases slowly
as 𝐶 increases from 0.35 to 0.53, and finally decreases rapidly
with 𝐶 above 0.53. Shear force in piles at the potential slip
surface is generally identical to the resisting reaction force
to the sliding mass. Therefore, a larger shear force in piles at
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Figure 11: Truncated pile behavior characteristics for various pile spacing.
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Table 3: Depth of a potential slip surface at piles (units: m).

Relative depth of truncation Pile spacing
𝑆 = 2𝐷 𝑆 = 3𝐷 𝑆 = 4𝐷 𝑆 = 5𝐷 𝑆 = 6𝐷 𝑆 = 7𝐷 𝑆 = 8𝐷

𝐶 = 0 7.13 6.38 6.38 5.63 5.63 5.63 5.63
𝐶 = 0.18 7.13 6.38 6.38 5.63 5.63 5.63 5.63
𝐶 = 0.35 7.13 6.38 6.38 5.63 5.63 5.63 5.63
𝐶 = 0.53 5.63 5.63 5.63 5.63 5.63 5.63 4.88
𝐶 = 0.71 4.88 4.88 4.88 4.88 4.88 4.88 4.88
𝐶 = 0.88 4.88 4.88 4.88 4.88 4.88 4.88 4.88
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Figure 12: Variation of 𝑄max and𝑀max in truncated piles with pile spacing.

potential slip surface corresponds to a larger reaction force to
the sliding mass by piles and accordingly will cause a higher
factor of safety of the reinforced slope.These results reveal the
differences in the FS values of slopes reinforced with different
truncated piles.

It can also be seen from Figure 12(b) that maximum
bending moment 𝑀max occurs below potential slip surface
of piles. For 𝑆 = 2D to 5D, 𝑀max decreases slightly as 𝐶
increases from 0 to 0.35. For S = 6D to 8D, 𝑀max decreases
slightly or moderately as 𝐶 increases from 0 to 0.53. These
results demonstrate that truncation of a pile facilitates the
achievement of the rational stress of a pile to a certain extent.
These benefits will be particularly important for piled slopes,
because piles are more likely to yield by the bending moment
rather than by shear force in practical engineering.

4.3. Failure Process of Piled Slope due to Truncation. Failure
mode of slopes stabilized with truncated piles (𝑆 = 2D, D =
0.8m) is shown in Figures 13–19. When 𝐶 is below 0.18, it
can be seen from Figures 13 and 14 that potential slip surfaces
are clearly divided into two parts because of the presence of
piles. With 𝐶 increasing from 0.18 to 0.35, the potential slip

surface in Figure 15 is still two parts at the section near the pile
but becomes connected at the section through soil midway
between piles. The explanation is that lateral soil movement
between piles is less resisted at 𝐶 = 0.35, and accordingly, the
FS of reinforced slope decreases. When𝐶 increases from 0.35
to 0.53, it can be seen fromFigure 16 that potential slip surface
at the section through soil midway becomes deeper and shear
strain mobilizes along the vertical direction at the interface
between soil and pile. With 𝐶 increasing from 0.53m to
0.71, potential slip surface in Figure 17 clearly becomes a
single potential slip surface at the section near pile, indicating
that this part of pile cannot supply a resisting force to the
slope, and overhead sliding occurs over pile head. When
𝐶 continuously increases, potential slip surface of overhead
sliding becomes deeper and deeper (see Figure 18). When 𝐶
is equal to or above 1, it can be seen in Figure 19 that potential
slip surface becomes the same as an unreinforced slope.These
results systematically reveal the failure process of piled slope
due to truncation.

4.4. Effect of a Thin Weak Layer. Model B slope shown
in Figure 6(b) includes a thin weak layer that runs in an
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(a) Through pile center line at 𝑦 = 0 (b) Through soil midway between piles at 𝑦 = 0.8m

Figure 13: Failure mode of a slope with piles 𝐶 = 0 at different sections.

(a) Through pile center line at 𝑦 = 0 (b) Through soil midway between piles at 𝑦 = 0.8m

Figure 14: Failure mode of a slope with piles 𝐶 = 0.18 at different sections.

(a) Through pile center line at 𝑦 = 0 (b) Through soil midway between piles at 𝑦 = 0.8m

Figure 15: Failure mode of a slope with piles C = 0.35 at different sections.

(a) Through pile center line at 𝑦 = 0 (b) Through soil midway between piles at 𝑦 = 0.8m

Figure 16: Failure mode of a slope with piles C = 0.53 at different sections.
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(a) Through pile center line at 𝑦 = 0 (b) Through soil midway between piles at 𝑦 = 0.8m

Figure 17: Failure mode of a slope with piles C = 0.71 at different sections.

(a) Through pile center line at 𝑦 = 0 (b) Through soil midway between piles at 𝑦 = 0.8m

Figure 18: Failure mode of a slope with piles C = 0.88 at different sections.

(a) Through pile center line at 𝑦 = 0 (b) Through soil midway between piles 𝑦 = 0.8m

Figure 19: Failure mode of a slope with piles C = 1.05 at different sections (note: the solid line shows the potential slip surface of the
unreinforced slope).

approximately circular layer. Here the shape and location of
thin weak layer is intentionally designed as the potential slip
surface of Model A slope for comparison. It is noted that it is
not the typical situation of a thin weak layer within a landfill
system. The thickness of layer is 0.1m, and shear strength
parameters of the thin layer 𝑐 and 𝜑 are 0.7 times the strength
of surrounding soil.Thus, failure of slopemay occur along the
thin weak layer.

The FS values of Model B slopes stabilized with truncated
piles for different pile spacing at D = 0.8m are shown in
Figure 20; here 𝐶 is the relative depth of truncation as above.
It can be seen that FS decrease as pile spacing increases,
as expected, and the FS values of the slopes for Model B

are lower than those for model A at the same truncation
depth and pile spacing, indicating that existence of weak layer
reduces the stability of reinforced slopes. With 𝑆 increasing
from 2D to 8D, it is noted that the rate of decline in FS reduces
gradually with 𝑆 increasing.

It can be seen from Figure 20 that an optimum value of
the relative depth of truncation, 𝐶, exists for piles in Model
B slopes. When S = 2D, FS of reinforced slope remains
unchangeable as𝐶 increases from0 to 0.32 and thendecreases
rapidly as 𝐶 increases above 0.32. While S = 3D to 6D, FS of
reinforced slope remains unchangeable as 𝐶 increases from 0
to 0.32 and then decreases slightly as 𝐶 increases from 0.32
to 0.49. While S = 7D to 8D, FS remains unchangeable as
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Figure 20: FS values of the piled slopes for Model B (D = 0.8m).

𝐶 increases from 0 to 0.49 and then decreases moderately.
When𝐶 is equal to or above 1, FS is 0.82, which is the same as
an unreinforced slope. The optimal truncation length of pile,
beyond which overhead sliding may occur, is investigated
with a dimensionless ratio of 𝐶opt as follows:

(1) For S = 2D, the value of 𝐶opt can be taken as 1/3.
(2) For S = 3D to 6D, the value of 𝐶opt can be taken as

between 1/3 and 1/2.
(3) For S = 7D to 8D, the value of𝐶opt can be taken as 1/2.

Comparing 𝐶opt of Model B piled slopes with that of
ModelA, it can be seen that the values of𝐶opt forModelB are
larger than Model A at the same pile diameter and spacing,
indicating that effect of truncation could be more beneficial
for piled slopes with a thin weak layer. These benefits will
be particularly important in practical engineering because
sliding along a preexisting interface has been demonstrated
to be typical of many actual observed slope failures.

Failuremode ofModelB slopes reinforcedwith truncated
piles at S = 2D (D = 0.8m) are shown in Figure 21; here
sections 𝑦 = 0 through pile center line are presented for
comparison. It can be seen that failure mode of slopes
shows mainly expected circular failure mechanism along a
preexisting weak layer. And, when 𝐶 is below 0.32, from
Figures 21(a) and 21(b), it can be seen that the potential slip
surface is divided into two parts by the pile. While 𝐶 reaches
0.65, the potential slip surface in Figure 21(c) becomes more
complex. Two conflicting mechanisms are clearly seen: one
is a base mechanism merging with mass above pile head
beyond toe of reinforced slope, and the other is a mechanism
of sliding along the preexisting weak layer. When 𝐶 increases
to 0.97, the potential slip surface in Figure 21(d) shows a single
surface indicating that overhead sliding occurs. It can be seen
from Figure 21(e) that the potential slip surface is the same as
the unreinforced slope in Figure 6(b) when𝐶 increases to 1.0.

5. Conclusions

A novel engineering technique of truncated pile for slope
stabilization was introduced in this paper.The truncated piles
are more economical and rational than conventional full
length piles due to their shortened length and smaller load.

A simplified numerical method was proposed to analyze
the stability of slopes stabilized with truncated piles based
on the shear strength reduction method, in which the
soil behavior is described using the nonassociated Mohr-
Coulomb criterion and a pile is modeled as 3D continuum
elements. The reliability of the proposed method was tested
using an example from Cai and Ugai [13]. The value of factor
of safety on the nonreinforced slope was equal to 1.17, which
was close to Cai and Ugai’s results with safety factors of 1.14
for a homogenous slope.

The influential factors including pile diameter, pile spac-
ing, depth of truncation, and existing a weak layer were
systematically investigated by the proposed method from a
practical point of view. It is found that an optimum ratio
exists between depth of truncation and length of pile above
critical slip surface. For the actual ratio is below the optimum
value, the factor of safety of reinforced slope hardly changes
with the pile truncation, indicating that truncation in this
range has little influence on the reinforcement function of
piles. Conversely, once the actual ratio is above the optimum
value, truncation will play a serious influence on reinforced
slope stability and the reinforcement function of piles will
be much weakened. In practical engineering, piles could
be truncated appropriately on the premise of ensuring the
reinforcement function; thus resources could be saved and
costs could be reduced. It is advised that borehole could be
filled with surrounding soil and compacted in the standard
procedure for the truncated part of piles.

The authors proposed an index, 𝐶, to investigate the
relative depth of truncation of piles in slope stabilization. It is
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(a) C = 0 (b) C = 0.32

(c) C = 0.65 (d) C = 0.97

(e) C = 1.0

Figure 21: Failure mode of piled slopes for Model B (at 𝑦 = 0 section).

demonstrated that the optimum value of the relative depth of
truncation,𝐶opt, varies with pile diameter and spacing, which
is larger when piles are more flexible and the pile spacing is
larger. It should also be noted that the values of𝐶opt for slopes
with a thin weak layer are larger than homogenous slopes
with the same pile diameter and spacing, indicating that
effect of truncation could be more beneficial for piled slopes
with a preexisting interface. These benefits are particularly
important in practical engineering because sliding along a
preexisting interface has been demonstrated to be typical of
many actual observed slope failures.

The current 3D slope stability analysis is based on a
simple homogeneous slope. However, the geometry of real
slopes is more complex. For example, a natural slope often
has curvature, and irregular surfaces appear in open-pit and
roadside design. Besides, soil properties typically exhibit
considerable variation from point to point even within nom-
inally homogenous soil layers. Therefore, further research is

required to consider the effect of complex geometries and
material spatial variability.
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