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Abstract

The Soil arching effect, the transfer of soil pressure from the yielding soil to
the piles support, is a phenomena commonly encountered in geotechnical
engineering for stabilizing landslides. In this paper, the (finite element method)
FEM and (discontinuous deformation analysis) DDA were used to study on the
soil arching effects of stabilizing piles in landslides. This paper proposes a
method for two dimensional numerical simulation to perform three dimensional
soil-pile interaction so that the slope angle can be considered even using a two
dimensional numerical method. And then, a FEM model is built based on the
FEM to investigate the soil arching effect on stress and deformation distribution
in detail for different pile intervals and pile width. The results shown that the
soil arching effects do exist and the height of soil arching becomes larger when
the pile interval is larger; the soil arching height does not change when the pile
width increases, while the shape of soil arching changes. Finally, in order to
investigate the failure condition of a stabilizing pile enforced slope, DDA is
applied. The results comparison between the example of FEM model and DDA
model is conducted to verify the DDA application of solving the continuity
problem. Then the failure of model is also analyzed by the simulation of DDA.
The results show that the DDA has accordant results with FEM for the small
deformation problems, and the DDA can be applied to simulate the large
deformation and failure problems of soil arching which cannot be done by FEM.
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1. Introduction
Soil arching is a phenomenon commonly observed in geotechnical engineering®. It can transfer
soil pressure from a yielding support to its adjacent non-yielding support. The relative movement in

the different part of soil mass generates a shear resistance in the opposite direction of the
movement, reducing the stresses on the yielding support and increasing the pressures in the
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stationary region?. Since soil arching effects existing in the soil mass>* > ® " were found in a larger
number of engineering projects and laboratory experiments, this phenomenon has been widely
studied by many researchers with experiments, limit equilibrium analysis and numerical
simulation.

In the study with experiments, the pioneer work about soil arching phenomenon was performed
by Terzaghi?. The arching in sand mass was formed by a trapdoor test, which reproduces the effect
by imposing a localized deformation of a horizontal support. The similar trapdoor tests have also
been carried out by some other authors with different experimental designs and devices® *'?. These
studies majorly focused on the following aspects: the shape of an arch, the relation between soil
arching and the soil mass failure mechanism, the influence of different confinements and different
experimental materials, the bearing capacity of soil arching.

In the study with limit equilibrium analysis methods, Ito et al.® developed a soil arching
analytical equation to estimate the lateral pressure on stabilizing piles and Matsui'” presented a
series of model tests for various conditions of the piles and soil to verify the analytical equations
used in the early stage. The results show that the ultimate lateral pressure can be approximately
estimated as larger as 1.6 times the analytical lateral pressure. Low™® proposed the equilibrium of
semicylindrical sand arches model in the embankment, which was modified and used in the
engineering by Yang®®. Li*” has built the control equation of maximum pile spacing in view of the
stress condition of limiting equilibrium of soil at the arching crown based on the Mohr-Coulomb
failure criterion of shearing strength.

In the study with numerical simulation, two types of numerical methods are available. One is
for continuous media with small deformation. The widely used methods are finite element method
(FEM)®> 6:17:18) ang finite difference method (FDM)'* 2. They have been applied to analysis of
the soil arching effect 222 in order to explain the generation mechanism of soil arching effect
as well as to explain the relationship between the soil arching effect and the piles failure types, soil
property, piles length. The other is for discontinuous media with large deformation, the so-called
discrete element methods. For example, Smoothed particle hydrodynamics (SPH) method was used
to simulate the frictional contact between soils and rigid structure with two algorithms for contact
behavior in the soil arching by Bui'?. Yeung®” used the Discontinuous Deformation Analysis
(DDA) to analyze the failure of soil arching.

The soil arching effect is attracting researchers’ attention more and more in disaster prevention.
Stabilizing piles are widely used for preventing landslide. A soil arching can be formed between
two piles and it could make the deformation and stress in the soil mass inhomogeneous. The
arching can also enforce a slope. Thus, it is important and necessary to clarify the soil arching
formation conditions including fixed arch foot (stabilizing piles) which bear the pressure, arch ring
(soil mass) which has strength and the pressure distribution (landslide thrust)” so that a optional
design plan of stabilizing piles can be made.

The soil arching effect on the anti-sliding effect was reported in many engineering practices >
. In the stabilizing pile structure, the driving force on the soil mass between the piles is
transmitted to piles by the soil arching®®. Kahyaoglu?® conducted an experiment for the
investigation of the effects of pile spacing and pile head fixity on the lateral soil pressure. Bosscher
and Gray” carried out an experiment composed of gates and load-deformation measuring system in
a sloping sand bed. The results show that the discrete piles embedded into a firm, non-yielding base
in a slope can provide significant additional stability to a slope if conditions for soil arching are met.
Yang and Yao®” studied the phenomenon of soil arching effect when stabilizing piles are used to
reinforce the landslide using the centrifuge model tests and reproduced the soil arching in space of
piles and its failure mode. They proved that the load of soil arching changes with the increasing of
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pile space nonlinearly. Besides, when pile space increases to a certain extent, the load of soil
arching will decrease sharply.

Although sustained efforts have been made and great progress has been achieved in the study
on the arching effect of a stabilizing pile system, it is still far from practical requirements of
optional design since many assumptions are needed for slope model, loading and boundary
conditions in experimental and analytical methods. Especially, how to consider pile-soil interaction
in a three dimensional a complicated anti-sliding system with stabilizing piles is one of the most
difficult problems.

In this paper, we use numerical simulation methods to analyze the mechanism of pile-soil
interaction and soil arching effects. Firstly, a two dimensional model is proposed to simulate a three
dimensional stabilizing pile enforced slope so that the slope angle can be considered even using a
2D numerical method. And then, a FEM model is built based on the FEM to investigate the soil
arching effect on stress and deformation distribution in detail for different pile intervals and pile
width. Finally, in order to investigate the failure condition of a stabilizing pile enforced slope, DDA
(Discontinuous deformation analysis) is applied. The results comparison between the example of
FEM model and DDA model is conducted to verify the DDA application of solving the continuity
problem. Then the failure of model is also analyzed by the simulation of DDA.

2. Asimplified 2D numerical model for a 3D slope with stabilizing piles

A slope model with stabilizing piles is shown in Fig. 1(a). A 3D numerical simulation is
necessary for this problem. However, it is difficult for many engineers to perform a 3D numerical
simulation under considering soil-pile interaction using FEM and DDA. For this reason, a 2D
model is proposed in this paper. The driving force from gravity is projected to the normal and
tangent directions of the slope surface. The 2D model is shown in Fig. 1(b). The driving force is the
tangential component subtracted by the friction assistance calculated from the normal component
and internal friction angle of the soil. It is assumed here that soil movement will keep in a plane
movement and the stabilizing piles are fixed in the horizontal direction?®.

Sliding mass

Stabilizing piles

Stabilizing piles:

Soil arching

(b)
Fig.1 (a) The 3D slope with stabilizing piles and (b) the simplified 2D numerical model.
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3. Numerical Simulation of Soil Arching Effect using FEM

3.1 FEM Model

In order to clarify the relationship between stabilizing piles and soil arching, a FEM numerical
simulation model was built. The triangle meshes are used in the FEM model. The model with
boundary conditions is shown in Fig.2. In this model, the pile section size was 2 m x 3 m, the
length of model was 43 m. According to computational method of simplification model, the soil
mass of unit thickness is assumed for analyzing this model and the driving force from gravity is
projected to the normal and tangent directions of the slope surface. The force of tangent directions
are F'=mgsin6 and the normal directions are Fy=mgcosf. The friction assistance calculated from
the normal component and internal friction angle ¢ of the soil. So the driving force F=F -Fytang.
In this model, the slope inclined angle is 37° and the simulated slope length is 75m. So the applied
uniform load which point to y-axis reverse direction was 50 kN/m?.

P
LYty

Pile

Pdy ~ bd
& & 2
Fig.2 The model for numerical simulation.

The width of basic model was twice the pile interval for avoiding the influence of left and right
boundary conditions. The left and right boundaries of model were fixed in the x-direction and the
bottom boundary was fixed in the y-direction. The bottom of piles was fixed in x-, y- and
z-direction.

The soil behavior is assumed to be the material of elastic-plastic using Mohr-Coulomb failure
criterion. Besides, the coordinates are updated in each step in the numerical simulation process. An
isotropic elastic model was used for the stabilizing pile, and elastic-plastic model was applied to the
surrounding soil. In addition, the interface element was used to simulate the friction between the
soil mass and the piles. The interface element has two contact types in the normal and tangent
directions. The friction contact is used in the tangent direction by the friction coefficient 0.5 and the
hard contact is used in the normal direction.

The soil with an elastic modulus 1000 kPa, a unit weight 20 kN/m?, a Poisson ratio 0.35, a
cohesion 30kPa, and an internal friction angle 32°. The elastic pile with an elastic modulus 28 GPa,
a poisson ratio 0.2, and a unit weight 23 kN/m?®,
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3.2 Mechanism Analysis of Soil Arching Effect

The model of pile interval 12 m was taken as the example to clarify soil effects. Then,
according the numerical simulation, the soil strain of y-direction g, at the center of two adjacent
piles is shown in Fig.3. The changes of soil arching effect can be divided into five parts from the
front of the piles to the back according the ¢, at the center of two adjacent piles. 1. A-B: The g, near
driving force is very large because of the driving force action in y-direction. 2. B-C: The gradually
decreases because the piles begin to exert anti-slide effect. The soil arching effect is obvious when
gy Is minimum. 3. C-D: As the effect of soil arching cannot work on this part, €, increases slightly. 4.
D-E: The effect of soil arching disappears on this part, but the €, decreases because of the action of
friction between piles and soil. 5. E-F: The ¢, is uniformitarian in this part because the soil
movement was stopped by the resistance in the front of landslide.
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Fig.3 ¢, of soil at the center of two adjacent piles.

The contour of maximum principal stress of the model is shown in Fig.4. It reveals that the
rotation of the principal stress directions. As shown in the Fig.4, the directions of the principal
stresses change in the two principal directions because of the constraint of piles, and the contour of
maximum principal stress like an arch. A significant stress arching was formed in the soil. And a
small reverse stress arching was also formed at the center of two adjacent piles when the soil
deformation space decreased in the process of soil deformation because of the action of friction
between piles and soil.
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Fig.4 Contour of maximum principal stress.
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The stress of y-direction o, of different planes horizontal to the x-axis is shown in Fig.5. The
distribution of o, was uniform when the plane was far from the piles and looked like an arch when
near the piles. It can be obtained the value of load in the front of the piles from the curves of the oy
which parallel to the y-axis. The load sharing ratio of soil and piles can be got from the area which
surrounded by the stress curves in y-direction and horizontal axis.
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Fig.5 o, of soil in different planes horizontal to x-axis.
3.3 Soil Arching Effect of Different Pile Intervals

For the purpose of comparison, different numerical simulation models of the pile intervals 4 m,
6 m, 8 m, 10 m and 12 m were designed. According to the numerical simulation of different pile
intervals, the stress of x-direction o at the center of two adjacent piles is shown in Fig.6.

As the Fig.6 shows that o4 increased firstly, and decreases afterwards from the back of piles to
the piles. When the pile intervals were 4 m, 6 m, 8 m, 10 m and 12 m, the coordinate position that
soil oy reaches the maximum were x =2.5m, 3.5m, 4 m, 4.5 m and 4.6 m, respectively. The soil
arching height was the coordinate position which the o4 reaches the maximum according to the
theory about the rotation of principal stress directions. Besides, the soil arching height stopped
increasing when the pile interval reaches certain value.
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Fig.6 oy at the center of two adjacent piles.
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The load sharing ratio of soil or pile is the proportion of soil or pile load to the total load. It is
an important study object as the main standard of the anti-slide effect. So a plane was chosen for
which parallels to the y-axis and in the front of piles 0.5m. Then the value of load in the front of the
piles could be obtained. For explaining this computational method, the model of Fig.2 and the o, of
different planes of Fig.5 were used as the analysis example. Seven representative profiles are
chosen to show the stress distribution (see Fig.5). A lot of quantitative data can be obtained from
this figure, whose horizontal ordinate is the x-direction horizontal distance, and the vertical
ordinate is the normal stress. Therefore, the closed area between the stress curve (kPa/m) and the
x-axis (m) is the total stress (kPa), i.e., the integral of the element stress multiplied by the width of
the element. For example, the closed area of the normal stress curve in the y-direction profile is the
load applied to the profile. The total load at the upper boundary is the normal stress. According to
this method, the load sharing ratio of soil was the ratio of the value of soil load to the total. The soil
load sharing ratio in the front of piles were 5.2%, 12.3%, 19.6%, 26.4% and 32% when the pile
interval 4 m, 6 m, 8 m, 10 m and 12 m. When the pile interval becomes larger, the load sharing
ratio of soil became larger and the load sharing ratio of piles becomes smaller.

3.4 Soil Arching Effect of Different Pile Width

The numerical simulation basic model was adopted and the pile interval was 6 m. Different
numerical simulation models of the pile width 0.5 m, 1 m, 2 m and 3 m were designed and the
contour of maximum principal stress these models are shown in Fig.7.
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Fig.7 Contour of maximum principal stress of different pile width (a) pile width= 0.5 m; (b) pile
width= 1 m; (c) pile width= 2 m; (d) pile width= 3 m.

The soil arching height did not change as pile width increased, but the shape of soil arching
changed with the increase of pile width. The soil arching height is only related to the supported
parts (fixed arch foot)” and the soil arching height is confirmed by the distance between two fixed
arch foots. So the soil arching height did not change as pile width increased. The shapes of soil
arching were parabolic with pile width 2m and 3m and triangle with pile width 1 m and 0.5 m.
Besides, the influence area of soil arching increased when the pile width decreased.

The same computational method of the load sharing ratio was used. The soil load sharing ratio
in the front of piles were 30%, 21%, 12% and 7.5% when the pile width 0.5 m, 1 m, 2mand 3 m. It
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increased as the pile width increased, but the change of the soil load sharing ratio was very small
when pile width was larger than 2 m.

4.  Numerical Simulation of Soil Arching Effect using DDA

Discontinues Deformation Analysis (DDA)* is one of the discontinuous based numerical
models, which is formularized in the same way as FEM. DDA generally uses isolated blocks
generated from discontinuities®® such as faults, joints and cracks instead of the elements in FEM.
One of the major advantages is that it can be applied to simulation of large deformation and failure
problems which cannot be done by FEM. The DDA used a penalty method in which the contact is
assumed to be rigid. No overlapping or interpenetration of the blocks is allowed as the same as real
physical cases. In this study, we firstly use artificial mesh to forming DDA block like FEM
elements so as to verify the possibility of applying DDA to investigate soil arching effects. And
then, large deformation and failure behavior problems are simulated to clarify the function of
stabilizing piles in preventing landslides.

Loading block

Soil

ol e
v

20m Fixed boundary

.'J/

16m

Fig.8 The numerical simulation model of DDA.

The DDA model of pile interval 8 m was taken as the example to clarify soil arching effects
(Fig.8). In this model, the pile section size was 2 m x 3 m, the length of the model was 43 m, the
loading block thickness was 1m. The green parts of the model were the fixed block as the
boundaries. The yellow loading block was used to simulate the driving force. The boundary
conditions and the size of DDA are same to the FEM model which is shown in the Fig. 2. The soil
with an elastic modulus 1000 kPa, a unit weight 20 kN/m?, a Poisson ratio 0.35, a cohesion 30kPa,
and an internal friction angle 32°. The elastic pile with an elastic modulus 28 GPa, a poisson ratio
0.2, and a unit weight 23 kN/m®. The parameter of DDA model is also same to the FEM model. The
calculation results of DDA and FEM which have same model size and boundary are contrasted in
the Fig.9. The calculation result shows that the error is small and DDA and FEM are all suitable for
solving the soil arching problem. DDA uses isolated blocks generated from discontinuities such as
faults, joints and cracks instead of the elements in FEM. This method offers an effective approach
for solving the continuity problem.
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Fig.9 The calculation results of DDA and FEM.
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Fig.10 (a) DDA model of free bounary and (b) soil arching in faiure soil mass.

Although the FEM and DDA could solve the continuity problem, the failure of soil mass in the
landslide is common when the front of landslide has no enough frictional resistance. So the DDA is
used to simulate the failure problem of soil arching. If the frictional resistance is small and it cannot
support the stability of the landslide, the bottom boundary of the model is needed to modify. So the
bottom fixed boundary should be withdrawn. Then a DDA model which has no fixed boundary on
the bottom of model is built which is shown in the Fig.10(a). The simulate results is shown in the
Fig.10(b). It is obvious that the soil has destroyed and the soil arching is clear. The soil arching
effect when the soil mass is failure could be simulated well.

5. Conclusion

This study uses numerical simulation methods to analyze the mechanism of pile-soil interaction
and soil arching effects. The two dimensional model is proposed to simulate a three dimensional
stabilizing pile enforced slope so that the slope angle can be considered even using a 2D numerical
method. This method of simulating offers an effective approach for solving the three dimension
problem. A FEM model is built based on the FEM to investigate the soil arching effect on stress
and deformation distribution in detail for different pile intervals and pile width. The results shown
that the soil arching effects do exist and the height of soil arching becomes larger when the pile
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interval is larger; the soil arching height does not change when the pile width increases, while the
shape of soil arching changes. Finally, DDA is applied for investigating the failure condition of a
stabilizing pile enforced landslide. The results comparison between the example of FEM model and
DDA model is conducted to verify the DDA application of solving the continuity problem. Then
the failure of model is also analyzed by the simulation of DDA. The results show that the DDA has
accordant results with FEM for the small deformation problems, and the DDA can be applied to
simulate the large deformation and failure problems of soil arching which cannot be done by FEM.
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