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Abstract

Stabilizing piles are extensively used as an effective landslide control treatment, and the soil arching effect is the key element for the 

performance of the pile system. Most previous studies on soil arching effect and its application in stabilizing piles were conducted with 

laboratory tests and numerical simulations, while limited efforts have been dedicated to the analytical characterization of such a soil-

structure interaction. In this paper, a new stress-reduction model for soil arch in landslides is established by theoretical derivation. 

Our model calculation has demonstrated an exponential reduction in the stress along the direction of slipping between and behind 

stabilizing piles and thus justifies the observations of laboratory tests and numerical simulations. Thereafter, the analytical solutions 

to the two key arch shape parameters, namely the inclination angle at the foothold and the thickness of soil arch, are derived based 

on the proposed stress-reduction model. Then, the ultimate bearing capacity of soil arch between and behind stabilizing piles is 

subsequently calculated, and a three-level load sharing model for landslides is thus proposed based on the stress-reduction mode. 

The load sharing model can well capture the stage characteristics of the interaction between landslide mass and stabilizing piles. 

Finally, the calculation model of spacing between stabilizing piles is established based on the proposed stress-reduction model, and 

it turns to be good in field application. The findings of this study can contribute to a better understanding of the soil arching effect as 

well as a better design of the stabilizing piles.
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1 Introduction
The stabilizing piles represent one of the most exten-
sively used structures for landslide stabilization world-
wide [1–3]. The interaction between each individual sta-
bilizing pile is dictated by soil and pile properties, as well 
as the level of the soil-induced driving force [4, 5]. Over 
the past decades, a number of research on the functioning 
mechanism of stabilizing piles have been carried out by 
studying the soil arching effect. 

The soil arching effect was first reported by Terzaghi [6] 
through trap-door tests, and its mechanism was further 
studied and verified by Vardoulakis et al. [7], Low et al. [8], 
Handy [9], Chevalier et al. [10], Li [11], and George et al. [12]. 
The soil arching effect is widely used to characterize the 
interaction between stabilizing piles and surrounding soils 
with the development  [13]. Stress distribution analysis 
has been a universal method to explain the mechanism of 
soil arch: experimental studies have shown that the stress 
in the soil arch changed exponentially  [14,  15], and the 

stress tended to decrease along the direction of the land-
slide thrust  [16]. An alternative approach to characterize 
soil arch is to examine the force equilibrium between sta-
bilizing piles and surrounding soils  [17,  18], and physi-
cal models are available for both the soil arches between 
and behind the stabilizing piles [4] (Fig. 1). As the results, 
the soil arch shape was built conceptually to better under-
stand the development of soil arch through these research. 

Fig. 1 Interaction between the soil and stabilizing pile system 
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However, the value of stress distribution in soil arches has 
not been described quantitatively and the key parameters of 
the soil arch shape have not been determined by previous 
studies.

It is well-known that the movement of a landslide evolves 
in three well-defined stages [19]. Therefore, the interaction 
between the soil and stabilizing piles can also exhibit clear 
transition between each of the three stages as evidenced 
by the trap-door tests [10, 20]. The three-stage evolution of 
soil arching effect has also been examined via experimen-
tal tests and numerical simulations [11, 21]. These studies 
showed that to balance the landslide thrust, the soil arch 
behind stabilizing piles should be mobilized at first, which 
was then followed by that between stabilizing piles, and 
finally the soil in front of piles was involved. However, 
there is currently a lack of rigorous analytical framework 
that can capture the evolution of soil arching from a mech-
anistic perspective.

Meanwhile, a number of mathematical models based on 
the soil arching effect have been proposed for the design 
of pile spacing [11, 22–25]. Nevertheless, very few have 
taken the multi-stage and stress-reduction characteristics of 
the soil arch into account, so the application of those pre-
vious models in engineering examples usually does not get 
the optimal solution. On the other hand, numerical stud-
ies of soil arch have also provided valuable insights into 
the effect of pile spacing on the stress distribution [26–29]. 
As a result, the law of influence factors on pile spacing has 
been obtained, however, an analytical model containing the 
law of these factors is still unavailable. Based on the above 
two points, a more refined model for pile spacing is needed.

In this paper, a new stress-reduction model for soil arch 
between and behind stabilizing piles is developed, respec-
tively, and the analytical solutions to the shape parameters 
of the soil arch are derived based on the proposed model. 
Then, the stress-reduction model is applied to character-
ize quantitatively the three-stage evolution of soil arch-
ing effect, and a three-level loading sharing model of 
landslide is thus proposed based on the ultimate bearing 
capacity of the soil arch. Finally, new methods for deter-
mining pile spacing under rectangular and non-rectan-
gular loads are developed based on the stress-reduction 
model. Application of our model in a recent engineering 
project shows that the design of pile spacing based on the 
proposed approach is plausible and has exhibited cost-ef-
fectiveness. The present study can contribute to a better 
understanding of soil arching effect mechanism and prac-
tical design of stabilizing piles.

2 A new stress-reduction model for soil arch in 
landslides 
To establish a new stress-reduction model for soil arch, in 
this section, the axis of soil arch will be determined at first. 
Then the stress-reduction models for soil arches between 
and behind stabilizing piles will be established based on 
Mohr-Coulomb criterion. Finally, the methods for deter-
mining the shape parameters of the soil arch are proposed.

2.1 Determination of the axis of soil arch
To characterize the soil arching effect, the axis of soil arch 
has to be determined at first. The soil arch is commonly 
considered as a statically determinate structure because 
it can remain intact under the effect of non-uniform dis-
placements [30]. Assuming that the landslide thrust q is 
uniformly distributed in the soil between stabilizing piles, 
for an arbitrary point along the arch axis, there exists only 
the tangential stress while the tensile stress, shear stress 
and bending moment all vanishes. As for the force analy-
sis of soil arch shown in Fig. 2, a rectangular coordinate 
system is established which has its origin at the left arch 
foothold. The span of arch is l and the height is f. The hor-
izontal and vertical counterforce at arch foothold A and B 
is denoted by FAx and FAy, and FBx and FBy, respectively.

The mechanical equilibrium of the soil arch (∑Mc = 0, 
∑Fx = 0, ∑Fy = 0) can be expressed as:

F f ql F lAx Ay� � �
1

8

1

2

0
2 ,	 (1)

F FAx Bx� � 0 ,	 (2)

F F qlAy By� � � 0 .	 (3)

One also has FAy = FBy due to the symmetrical nature of 
the problem. Thus, the counterforce at the arch foothold 
can be obtained as:

Fig. 2 Mechanical model of soil arch
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F F
ql

fx Ax= =
2

8

,	 (4)

F F qly Ay= =
1

2

.	 (5)

The angle β between the arch axis and the foothold axis 
(AB) can be determined as:

tan � � �
F

F

f

l
y

x

4
.	 (6)

The bending moment of an arbitrary point (x, y) along 
the arch axis can be expressed as:

M x y F y F x qxx y,� � �� � � �
1

2

0
2 .	 (7)

Substituting Eq. (4) and Eq. (5) into Eq. (7) produces 
the coordinates of the arch axis:

y
fx l x

l
�

�� �4

2

.	 (8)

Eq. (8) indicates that the arch axis is parabolic under the 
uniformly distributed thrust induced by landslides, and 
the shape of the parabolic arch is controlled by its height 
and span between its footholds.

2.2 Stress-reduction model for soil arch between 
stabilizing piles 
Fig. 3 shows the model for soil arch between stabilizing 
piles. The width and height of the pile is b and a, respec-
tively. The sliding surface at which the stabilizing piles 
locate is assumed to be horizontal, while the y axis is 
assumed to be coincident with the movement direction of 
the sliding body. The uniformly distributed thrust behind 
the plies is q0, the net span between piles is s0. As shown in 
Fig. 3, the infinitesimal soil element between the stabilizing 
piles that has a vertical depth dh and a thickness dy is sub-
jected to the thrust of magnitude q and q + dq, respectively.

Since Fy = FAy = ql/2, the counterforce of arch foothold 
acting on the infinitesimal element can be obtained as:

dF
s
dqy � �

0

2

.	 (9)

According to the Mohr-Coulomb criterion, the crit-
ical stress in the soil should comply with the following 
equation:

� �
� �

1 3

2

45

2

2 45

2

� � � ��
�
�

�
�
�

�
�
�

�
�
�tan tan

 c .	 (10)

The minor principal stress is σ3 = q/h and Eq. (10) can 
thus be rewritten as:

�
� �

1

2

45

2

2 45

2

� � � ��
�
�

�
�
�

�
�
�

�
�
�

q

h
ctan tan

  ,	 (11)

where c denotes cohesion of soil, φ denotes internal fric-
tion angle of soil, h denotes thickness of sliding body.

In the middle-section of the soil arch, the horizontal 
force equals the horizontal component of the supporting 
force of the arch foothold, which gives:

dF h dyx � ��1 .	 (12)

To maintain stability of the arch, the soil-pile friction 
at the interface should not be less than the force imposed 
by the soil arch between stabilizing piles. At the critical 
state, one has:

Q N clt� �tan cos� � ,	 (13)

where Q denotes the vertical counterforce on the soil-pile 
interface per unit depth, N denotes the lateral force that 
the foothold of the arch imposes on the unit pile depth, 
t denotes thickness of span, the remaining parameters are 
the same as above.

Substituting Eq. (9), Eq. (11) and Eq. (12) into Eq. (13) 
yields:

� � � � � � � ��
�
�

�
�
�

�
�
�

�
�
�

�
��

�
��

s
dq q ch dy0 2

2

45

2

2 45

2

tan tan tan
 

� �
�

cch
dy

cos

.

� 	
(14)

Assuming that both the inclination angle β at an arbi-
trary infinitesimal element and the net spacing s0 between 
stabilizing piles remain constant, integration of Eq. (14) 
thus produces:

y
s

k
k q chk

ch
D� � � � � �

�
�
�

�
�
�

0

2

2

2

2 4
2

tan

ln tan tan

cos

,

�
� �

�
	

(15)
Fig. 3 Model of soil arch between piles
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where k = tan(45° + φ/2), and D is a constant which can be 
determined when a proper boundary condition is speci-
fied. There is q = q0 at y = 0, one obtains: 

y
s

k

q k chk
ch

qk chk
�

� �

� �

0

2

0

2

22

2 4
2

2 4
2tan

ln

tan tan

cos

tan tan
�

� �
�

� �
cch

cos�

�

�

�
�
�

�

�

�
�
�

.	 (16)

Eq. (16) can be rewritten in terms of q as:

q q
ch

k

ch

k
e

ch

k

ch

k

k y

s� � � �
�

�(

tan cos

)

tan cos

tan

.
0 2

2

2

2 2

2

0

� � � �

� 	

(17)

Upon substituting Eq. (17) into Eq. (11), one has:

�
� � � �

�

�

1

0 2

2

0

2

2

0� � � �

� �

�
��

�
��

�q

h
k ck

c
e

c

c

k y

s

tan cos tan cos

tan

tan

�� � � �

�

cos tan cos

tan

.
�
�
�

�
�
�

�

�e
c

k y

s

2
2

0

	 (18)

Eq. (17) and Eq. (18) thus justified the observation of 
previous laboratory tests and numerical simulations that 
the landslide thrust as well as the major principal stresses 
will reduce exponentially along the direction of slipping. 
Without loss of generality, the soil arch between stabiliz-
ing piles should comply with the simplified equation:

� �� � �� �0 B e BAy ,	 (19)

where σ denotes the major principal stress of the arch, 
A k

s
�

2
2

0

tan� , B
c

�
tan cos� � , y t�� �0, , and t denotes the thick-

ness of the soil arch. Eq. (19) represents the stress-reduc-
tion model for soil arch between stabilizing piles.

2.3 Stress-reduction model for soil arch behind 
stabilizing piles
The model for soil arch behind the stabilizing piles is sche-
matically shown in Fig. 4. The hypotenuse of the triangu-
lar "soil core" at the arch foothold and the horizontal axis 
form an angle α. The soil arch is assumed to be subjected 
to a uniformly distributed thrust q0.

The span of the infinitesimal element with a thickness 
dy in the soil arch can be determined by:

s s b y� � �
0

2 cot� .	 (20)

Thus, the height f of the arch can be calculated as:

f
s s f

s

f

s
s b y� � � � � �� �

4 4

4
2

0

0

0

0

0
tan cot� � 	 (21)

Substituting Eq. (20) and Eq. (21) into Eq. (9) gives the 
counterforce at the arch foothold:

dF
s b y

dqy � �
� �

0
2

2

cot�
.	 (22)

The static equilibrium of the soil arch behind the piles 
requires that the sum of the piles' lateral friction should 
be no less than the thrust that is imposed on the soil arch 
between the piles. Therefore, substituting Eq. (13) into 
Eq. (22) then yields:

�
� �

� � � ��� ��
s b y

dq qk chk dy
ch

dy0 2
2

2

2
cot

tan

cos

�
�

�
	

(23)

Considering the boundary condition that q = q0 at y = 0, 
integration of Eq. (23) thus produces:

y
s b

qk ch
ch

k

q k ch
ch

k

�
�

� �

� �

� �

�

�

�
�
�

�

�

0

0

2

1

2

2

tan
tan cos

tan cos

�
� �

� �

��
�
�

�

�
�
�

�
�
�

�



�
�

�
�
�

1

2k tan tan� � 	

(24)

Eq. (24) can be rewritten in terms of q as:

q q
ch

k

ch

k

y

s b

k

� � � � �
�

�
�
�

�
�
� � �
�

��
�

��
0 2

0

2
1

2

2

tan cos tan

tan tan


 � �

� 




 �
� �

2

2

ch

k

ch

k tan cos

.

	

(25)

Substituting Eq. (25) into Eq. (11), one obtains:

Fig. 4 Model for soil arch behind piles
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�
� �

�

�

1

0 2

0

2

1
2

2

� � � �

�
�

�
�
�

�
�
�

� �
�

�

�

�


q

h
k ck

c

y

s b

k

tan cos

tan

tan tan��

� �
�

c

tan cos

.

	 (26)

Which can also be simplified as:

� �
�

� �

1 0

0

1
2

2

� � �
�

�� �
� �

�

��
�

��
B

y

s b
B

k

tan

tan tan

,	 (27)

where B = c/(tanφ cosβ). Because the earth pressure in the 
triangular soil core is passive, it is thus considered to be in 
an elastic state with a failure angle α = 45° + φ/2. Eq. (25) 
and Eq. (27) also prove mathematically that both the land-
slide thrust and the stress of the soil arch behind piles 
exhibit an exponential reduction along the direction of slip-
ping, in good agreement with the findings of previous labo-
ratory tests and numerical simulations. Eq. (27) represents 
the stress-reduction model for soil arch behind piles. 

2.4 Determination of shape parameters of the soil arch
While the existence of soil arching effect has been proven 
through earlier experimental tests and numerical simula-
tions, most of these studies have focused on a qualitative 
description of the soil arch evolution, and very few mod-
els are available for defining the shape parameters of soil 
arch quantitatively. If a model can be used to define the 
shape parameters of soil arch, it will be helpful to under-
stand the soil arching effect more clearly. In this sec-
tion, analytical solutions to the shape parameters of the 
soil arch are derived based on the stress-reduction model 
developed. Besides, the key problem usually forces on the 
height and the thickness of soil arch because the span of 
soil arch and the position of arch footholds are relatively 
specified. Therefore, we will give the calculation methods 
of the height and the thickness.

2.4.1 The shape parameters of soil arch between 
stabilizing piles
The counterforce at the arch foothold can be determined 
from Eq. (4) as:

dF
s

f
dqx � �

0

2

8

.	 (28)

Substitution of Eq. (11) and Eq. (28) into Eq. (12) gives:

� � � � ��
�
�

�
�
�

�
�
�

�
�
�

s

f

dq

dy
q ch0

2

2

8

45

2

2 45

2

tan tan
 

� �
.	 (29)

Eq. (29) can be further substituted into Eq. (14) to 
obtain: 

4

45

2

2 45

2

0
2

f

s

ch

q ch
� �

� � ��
�
� �

�
� �

�
� �

�
��

�
� �

�
�

tan

tan tan cos

�
� �

� 

.. 	

(30)

Noting that tanβ = 4f/s, then Eq. (30) can be rewritten as:

tan tan

tan tan cos

� �
� �

�
� �

� � ��
�
� �

�
� �

�
� �

�
��

��
�
��

ch

q ch2

45

2

2 45

2

 

.. 	

(31)

The solution to β can thus be obtained as:

� �
�

� �
�

�
�
�

�
�
�arcsin

cosch

qk chk2

2

.	 (32)

Eq. (32) indicates that the inclination angle β of soil 
arch at the foothold is related to the landslide thrust. At 
present, there are three methods for determining β based 
on the internal friction angle of soil: φ, 45 + φ/2, 45 – φ/2. 
However, these methods have not considered the land-
slide thrust and cohesion force, so a model that consider 
the landslide thrust and cohesion force is required. In this 
study, we suggest that the incline angle β is considered 
equal to the incline angle of the arch axis at the trailing 
edge of the soil arch. For elements at y = 0 under a land-
slide thrust q0, β can be determined as:

� �
�

� �
�

�

�
�

�

�
�arcsin

cosch

q k chk
0

2

2

.	 (33)

Therefore, the incline angle β determined via Eq. (33) 
has taken both the strength parameters of soil and land-
slide thrust into account, which is more realistic because 
the existing methods have only considered the effect of 
internal friction angle φ.

The incline angle β can be further inserted into Eq. (6) 
to determine the arch height f. Finally, upon substituting 
f into Eq. (18), the stress-reduction model for soil arch 
between stabilizing piles is completed.

Due to the constraint brought by the size of the pile 
section, there is a maximum thickness for the soil arch 
between piles, which is determined by the height a and the 
incline angle β. According to Fig. 3, the maximum thick-
ness of soil arch between piles can be determined as:
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t a
max

cos� � .	 (34)

When t < tmax (i.e., the thickness of the soil arch between 
piles is less than its maximum capacity), the landslide 
thrust sustained at the bottom edge of the soil arch is zero. 
The thickness of the arch can thus be determined at the 
location where q = 0, from Eq. (16) as:

t
s

k

q k

chk
ch

�
�

�

�

�

�
�
�

�

�

�
�
�

0

2

0

2

2
2

1

tan

ln

tan cos

�
� �

.	 (35)

If the thickness t calculated from Eq. (35) is greater 
than tmax, the landslide thrust would exceed the ultimate 
bearing capacity of the soil arch and a part of load would 
be directly imposed on the sliding body.

2.4.2 The shape parameters of soil arch behind 
stabilizing piles
The soil arch between and behind stabilizing piles differs 
from each other in that the span s of the soil arch behind 
piles is variable while the other is not. For an infinitesi-
mal element with a thickness of dy in the soil arch behind 
stabilizing piles, substitution of Eq. (20) and Eq. (21) into 
Eq. (4) gives the foothold counterforce dFx:

dF
s

f
dq

s s b y

f
dqx � � � �

� �� �
0

2

0 0

0
8

2

8

cot�
.	 (36)

Finally, substituting Eq. (11) and Eq. (36) into Eq. (12) 
yields the differential equation for the infinitesimal soil 
element behind stabilizing piles:

�
� �

� � � �

� �

�
�
�

�
�
�

�
�
�

�
�
�

s s b y

f
dq

q ch

0 0

0

2

2

8

45

2

2 45

2

cot

tan tan

�

� �
 

��
��

�
�

dy.

	 (37)

Noticing that tanβ = 4f0/s0, combination of Eq. (37) and 
Eq. (23) thus produces:

tan tan

tan tan cos

.� �
�

� �
� �

� � ��
�
� �

�
� � ��

�
� �

�
�

ch

q ch2

45

2

2 45
 

	

(38)

We can see that Eq. (38) is the same as Eq. (31) in form, 
so the result of value will be the same in form, and the 
value of inclination angle β for soil arch behind piles can 
be also calculated by Eq. (33).

The incline angle β can be further inserted into Eq. (6) 
to determine the arch height f, and thus completes the 
stress-reduction model for soil arch behind stabilizing 
piles upon substitution of f into Eq. (26).

Owing to the constraint brought by the size of the pile 
section, there is also a maximum thickness for the soil 
arch behind piles. According to Fig. 4, the maximum 
thickness can be determined as:

t
b b

max

sin

cos

sin

cos

�
� �

�
�� � � �� � �

�

� �

�2 2

.	 (39)

Similarly, the maximum range of the soil arch behind 
stabilizing piles is not yet reached when t < tmax. Thus, 
the landslide thrust sustained at the bottom edge of the 
soil arch equals zero. The thickness of the arch can thus 
be determined at the location where q = 0. According to 
Eq. (24), it has:

t
s b

ch
ch

k

q k ch
ch

k

�
�

� �

�

� �

�

�

�
�
�

�

�

�
�
�

0

0

2

1

2

2

tan
tan cos

tan cos

�
� �

� �

11

2k tan tan� �
�

�
�
�

�
�
�

�



�
�

�
�
�

	

(40)

If t > tmax, the landslide thrust would exceed the max-
imum bearing capacity of the soil arch and a part of load 
would be directly imposed on the soil arch between piles.

3 Three-level load sharing model for landslides
3.1 Derivation of three-stage model for soil–pile 
interaction
The load distribution in landslides is directly related to the 
characteristics of the interaction between the soil and stabi-
lizing piles. Extensive research works have been dedicated 
to the soil arching effect since it was first observed in the 
trap-door test by Terzaghi [6]. Vardoulakis et  al.  [7] pro-
posed the concept of "transitory stage" for soil arching effect 
and it was verified recently by Spangler [31], Ladanyi and 
Hoyaux [32], Chevalier et al. [10, 20], and Rui et al. [33]. 
These studies indicated that the trap-door test consists of 
three stages: (a)  the initial stage: as the granular material 
above the trap door dilates, this stage will last before the 
vertical load above the trap-door decreases to its minimum 
(the displacement is 1 mm~3 mm); (b) the transitory stage: 
the dilatancy area formed above the trap door keeps expand-
ing till it reaches the soil surface, and the dilatancy area will 
be in a wedge shape (the displacement is 3 mm~40 mm); 
(c) the final stage: in this stage two vertical slipping surfaces 
will be formed (the displacement is 40 mm~100 mm).
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The different stages of the trap-door test are shown in 
Fig. 5.

The three stages revealed the trap-door test suggested 
that the soil arch exhibits obvious evolutive characteris-
tics, which are influenced by the width of the trap door, 
the depth and the properties of soil, etc. Moreover, the soil 
arch that emerged during the transitory stage is normally 
considered as the arch of minor principal stress, whereas 
the arch of major principal stress is considered to emerge 
during the last stage [9].

Similar to the soil arch development in the trap-door 
test, the soil arching effect resulting from the interaction 
between soil and stabilizing piles should also exhibit 
a three-stage evolution, and it should be relevant to the 
space between piles, the depth of the sliding body and the 
mechanical parameters. Arch of the minor principal stress 
should emerge in the transitory stage during the interac-
tion between soil and stabilizing piles, and the soil arch 
behind stabilizing piles is thus mobilized firstly and plays 
the dominant role. Then, arch of the major principal stress 
emerges in the last stage and the soil arch between stabi-
lizing piles plays the dominant role.

According to the proposed stress-reduction model, the 
stress distribution in the soil arch behind piles during the 
transitory stage can be determined by Eq. (26), and the 
stress is affected by b, α, q0, h, c and φ. In the final stage, the 
stress distribution in soil arch between piles can be charac-
terized by Eq. (18), while the stress is no longer affected 
by b and α. At the same time, considering the continuity of 
Fig. 5(b) to 5(c) for the trap-door test, a typical phenom-
enon of stages altering is thought to be the gradual incre-
ment of the angle formed by horizontal line and the dila-
tancy fracture zone. And when the fracture angle increases 
toward 90° the test will be altered from transitory stage to 
final stage. Therefore, the influencing factors of soil arch in 
different stress-reduction models coincide with the evolu-
tion process from transitory stage to final stage.

Based on the analysis above, apparent changes during 
the interaction between soil and stabilizing piles from 
transitory stage to final stage can be summarized: The first 
is the effect of soil arch between piles plays an increas-
ingly important role compared to that behind the piles; 
the second is the angle α, the hypotenuse of the triangu-
lar soil core and horizontal line, increases towards 90°, 
and the width b of the stabilizing pile's section will gradu-
ally become less effective. Therefore, for soil arch behind 
piles, if Eq. (26) gives the limitation of σ1 by letting b = 0 
and α = 90°, then Eq. (26) would become Eq. (41):
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Consistent with the conclusions of test inference, 
Eq.  (41) deduces numerically the evolution process from 
the transitory stage to the final stage of the interaction 
between the  soil and the stabilizing piles, verifies the 

(a)

(b)

(c)
Fig. 5 Three-stage of the trap-door test; (a) Initial stage, (b) Transitory 

stage, (c) Final stage
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rationality of the three-stage model of the trap-door test, 
and also illustrates the validity and correctness of stress-re-
duction model for soil arch.

3.2 Three-level load sharing model for landslide
During the three-stage interaction evolution, the effects 
of soil arch behind and between the piles contributes dif-
ferently to the earth pressure distribution in the different 
stages. In this section, the ultimate bearing capacity of the 
soil arches behind and between piles will be deduced and 
the load sharing model of landslide will also be proposed 
based on the stress-reduction model of soil arch.

(1) Ultimate bearing capacity of soil arch behind piles
Solving q0 from Eq. (25) gives:
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Upon reaching the ultimate bearing capacity, the thick-
ness of the soil arch behind piles maximizes. Substituting 
q = 0, and y = tmax into Eq. (42), one obtains:
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which represents the analytical solution to the maximum 
landslide thrust sustained by the soil arch behind piles.

(2) The ultimate bearing capacity of soil arch between 
piles

Solving q0 from Eq. (17) gives:
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Substitution of the boundary condition q = 0 at y = 0 
into Eq. (44) gives:
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which represents the analytical solution to the maximum 
landslide thrust sustained by the soil arch between piles.

(3) Three-level loading sharing model for landslide 
Assuming that the ultimate bearing capacity of the soil 

arch behind and between the stabilizing piles is q1 and q2, 
respectively, the three-level load sharing model for land-
slide can be built based on the soil arching effect. When the 
landslide thrust q < q1, the thrust is sustained mainly by 
soil arch behind piles, and the interaction between soil and 
stabilizing piles remains in the transitory stage. When the 
landslide thrust lies between the ultimate bearing capac-
ities of those two limiting conditions, (i.e., q1 < q < q2), 
the thrust is sustained mostly by soil arch between piles, 
and  the interaction between soil and stabilizing piles is 
at the final stage. When the landslide thrust q  >  q2, the 
soil arching effect vanishes as the piles destabilize, and 
the landslide thrust is borne by the back wall of stabilizing 
piles and the soil in front.

This three-level load sharing model for landslide pro-
posed in this paper has the following advantages: First, 
it has evolved different stages of pile-soil interaction from 
two aspects: landslide load and soil arching effect; second, 
it quantifies the stress distribution value and analyzes the 
key factors of the soil arch at different stages; third, it quan-
tifies the three-level load sharing model of landslide, which 
is consistent with the characteristics of different stages 
during the interaction between soil and stabilizing piles.

4 Design of pile spacing and engineering application
The relationship between pile spacing s and net pile spac-
ing s0 can be expressed as:

s s b� �0 .	 (46)

Based on the proposed three-level load sharing model 
for landslides, the minimum pile spacing denotes the spac-
ing that permits the landslide thrust to be resisted solely 
by the soil arching effect behind piles. If the designed 
pile spacing was less than the minimum value, the lay-
out of stabilizing piles could be too conservative to exploit 
the soil arching effect. On the other hand, the maximum 
pile spacing dictates the spacing that allows the landslide 
thrust to be borne by the arching effect between piles 
alone. If  the designed pile spacing was greater than the 
maximum value, the design could be insecure. 

In this section, design models for critical pile spacing 
under rectangular and non- rectangular landslide thrusts 
will be developed. Their successful application to a recent 
landslide control project will be also presented.
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4.1 Critical pile spacing under rectangular landslide thrust
If the distribution of the landslide thrust along the length 
of pile has a rectangular form, one can combine Eq. (33), 
Eq. (43) and Eq. (46) to obtain the minimum pile spacing 
based on the model for the soil arch behind piles:
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Similarly, combination of Eq. (33), Eq. (35) and Eq. (46) 
can provide the maximum pile spacing based on the model 
for soil arch between piles:
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4.2 Critical pile spacing under non-rectangular load
Generally, the landslide thrust can distribute in a rect-
angular, trapezoid or triangular form along the length of 
a stabilizing pile. Assuming that the landslide thrust that 
distributes along the length of a stabilizing pile is q(z), we 
can define the distributive ratio η of landslide thrust as the 
ratio of its maximum value qmax to its mean value q as:
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It is apparent from Eq. (49) that for rectangular load, η = 1; 
for triangular load, η = 2; and for trapezoid load, 1 < η < 2.

Considering the non-uniformity of the landslide thrust 
distribution along the pile depth, the pile spacing should 
be determined by the stability of the most unfavorable soil 
arch where the maximum landslide thrust lies. Thus, the 
equation for pile spacing under rectangular load should be 
corrected by the distributive ratio of landslide thrust.

Substituting Eq. (49) into Eq. (33), the corrected incli-
nation angle β can be expressed as:
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Then, by substituting Eq. (49) into Eq. (47), the cor-
rected minimum pile spacing based on the soil arch behind 
piles can thus be determined as:
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Similarly, the maximum pile spacing based on the soil 
arch between piles after correction can be rewritten as:
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4.3 Application to engineering practice
A soil landslide in Ganluo County of western Sichuan, 
China, employed stabilizing piles for instability mitiga-
tion. The cohesion of the landslide material was c = 27 kPa, 
and the internal friction angle was φ = 16°. Calculations 
showed that the maximum landslide thrust near the arch 
axis was q0 = 1240 kN/m, the loading section of stabilizing 
pile was 14 m in length, and the designed width and height 
of the pile section was b = 2 m and a = 3 m, respectively. 
The landslide thrust was considered to be in a rectangular 
form. There are several pile design methods based on dif-
ferent models of soil arching effect, the results of pile spac-
ing according to the various design models are as follows:

Table 1 showed that pile spacing obtained from Zhou's 
model was significantly smaller than those from others'. 
This is probably because the soil in the front of stabi-
lizing piles and the pile height were not incorporated in 

Table 1 Results of pile spacing

Method Wang [23] Zhou [24] Zhao [25] Li [11] This paper

model Arch between piles Arch behind piles Arch between piles Arch between piles Arch between piles

result 4.56 m 3.17 m 4.33 m 4.61 m 5.51 m
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Zhou et al. [24]. The other models have also provided lower 
pile spacing than that determined by the proposed approach 
in this paper. The differences can be attributed to the fact 
that these models did not take the stress-reduction charac-
teristic of soil arch into account and thus the bearing capac-
ity of soil arch was underestimated. The proposed method 
in this paper is obviously reasonable and more econom-
ically beneficial. For a designed factor of safety of 1.35, 
the proposed model suggests that the maximum spacing 
between piles is 4.08 m, and a spacing of 4.0 m was adopted 
in this prevention measure for the landslide. The landslide 
has remained stable since 2013 by adopting the layout of 
the stabilizing piles suggested by the proposed method.

5 Conclusions
A new stress-reduction model is developed in this paper to 
better understand the soil arching effect under the interac-
tion between soil and stabilizing piles. The stress-reduc-
tion model shows that the stress of soil arch between and 
behind stabilizing piles decreases exponentially. Based on 
the stress-reduction model, the shape parameter formulas 
of soil arch are proposed, which comprehensively consider 
the influence of soil strength parameters and landslide 
thrust, and describe the shape of soil arch more precisely.

The evolution process of stress-reduction model from 
soil arch behind piles to soil arch between piles is derived 
numerically, which proves that the three-stage theory of 
soil arching effect in landslide is reasonable. It suggested 
that as the soil arching effect in landslide evolves from the 

transitory stage to the final stage, the controlling mecha-
nism changes from the soil arch behind stabilizing piles 
to the soil arch between the stabilizing piles. Meanwhile, 
when angle α formed by the hypotenuse of the triangular 
soil core and horizontal line, increased to 90°, the section 
width of stabilizing piles becomes increasingly less signif-
icant. By determining the ultimate bearing capacity of soil 
arch behind and between stabilizing piles, a new three-
level load sharing model of landslide is proposed, which 
has a positive meaning for understanding the evolution of 
interaction between soil and stabilizing pile. 

The load distributive ratio is proposed, and the cal-
culation models of pile spacing under rectangular and 
non-rectangular loads are derived respectively by using the 
stress-reduction model. The models of pile spacing fully 
consider both characteristics of different stages and char-
acteristics of stress-reduction under soil arching effect. 
Compared with other models in the engineering example, 
the calculation model in the paper is more reasonable and 
more economical. The research has positive significance 
for the advancement of soil arching effect theory and the 
design of practical stabilizing pile engineering.
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