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Abstract: The soil arching effect is an important premise for anti-slide piles to exert the retaining ability. Pile

space is an essential factor for the design of piles and is related to the soil arching behind piles. However,
previous studies rarely considered the friction soil arching effect between piles and regarded the axis stress
uniformly distributed. In this research, a method considering end-bearing soil arching and friction soil arching

simultaneously was proposed to calculate the reasonable pile spacing. The said method considered the general
shear failure and the yielding failure of these two soil arching. The yielding stress of inner-edge point and

outer-edge point at arch-foot of the end-bearing soil arching were taken into consideration respectively. Based
on the ultimate balance theory, the controlling equations of pile spacing were established. The case study
showed that the method in this research conforms better to practice compared to previous researches. Matlab
programming was employed to realize the automatic calculation.

1 Introduction

The anti-slide pile has been widely used in landslide
control, excavation, and high fill subgrade for its low cost,
smaller occupation, and effective retaining ability. The soil
arching effect produced by pile-soil interaction is an

important premise for piles to exert the retaining ability [1].

The essence of soil arching effect is the stress
transformation caused by uneven movement. The soil
arching could transfer the landslide thrust into the pile
body and then deliver the stress to the underground.
Among the influence factors of soil arching, pile space has
been proven very important [2]. Too larger pile space can
cause the soil arching between piles invalid and the slide
of soil. While the material may be wasted if the pile space
is too small. To reveal the relationship of soil arching and
pile space, the soil arching effect was introduced firstly.

Soil arching effect is widespread in the field of
geotechnical engineering. Terzaghi [3] firstly verified the
existence of the soil arching by the trap-door test and
defined it as the phenomenon of stress transformation
from the yielding soil to the stationary soil. Liang and
Yamin [4], Sahin [5], and Yamin [6] found that the pile
space was essential to the forming of soil arching effect by
analyzing the relation of soil arching and pile space. When
the pile spacing becomes larger, the pile can not take
advantage of the soil arching effect and becomes poor in
controlling the slope sliding.

Based on the analysis of soil arching, many researchers
developed the method to calculate the reasonable pile
spacing. Zhou et al. [7], Jiang et al. [8], and Chen et al. [9]
supposed the end-bearing soil arching undertook all the
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landslide thrust and the shape of soil arching was parabolic,
and thus conducting the reasonable pile space according to
Mohr-Coulomb strength criterion. Some researchers [10-
12] hypothesized the friction soil arching between piles
bear all the thrust. The above studies only considered the
existence of one soil arching, but Li et al. [13] pointed out
the end-bearing and the friction soil arching were of the
resistance to landslide together. Wu et al. [14] analyzed the
condition that these two soil arching coexisted and thus
conducted the estimation of pile spacing calculation. Qiu
et al. [15] assumed the two soil arching shared the thrust
and thus the reasonable pile space was derived. But from
the mechanics principle, the friction arch does not directly
undertake landslide thrust. Zhao et al. [16] divided the soil
between piles into end-bearing soil arching, stabilized soil
inner two arches, and the friction soil arching. The shape
of two soil arching were all regarded as parabola and the
pile space was thus induced according to the ultimate
balance theory. But Zhang et al. [17] pointed out the shape
of soil arching should not be parabolic. Considering the
stationary soil behind piles, the shape of end-bearing soil
arching should be ellipse. The above studies showed the
consideration of pile space based on soil arching was still
defective.

In this research, a method considering end-bearing soil
arching and friction soil arching simultaneously was
proposed to calculate the reasonable pile spacing. This
method considered the general shear failure and the
yielding failure of these two soil arching. The yielding
stress of inner-edge point and outer-edge point at arch-foot
of the end-bearing soil arching were taken into
consideration respectively. Based on the ultimate balance
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theory, the controlling equations of pile spacing were
established. The case study showed that the method in this
research conforms better to practice compared to previous
researches. Matlab programming was employed to realize
the automatic calculation.

2 Theoretical analysis

2.1 Basic hypothesis

In this research, the rectangular-section pile is chosen as
the basic scenario since it is widely used in supporting
engineering. The other-type sections can be equivalent to
rectangle section. When the difference of the length and
width of pile-section is not large, the end-bearing soil
arching and friction soil arching can exist simultaneously,
as shown in Fig. 1. Between the end-bearing soil arching
and the friction soil arching, there is a stabilized compact
zone. The following hypothesis is made in this paper:
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Fig. 1. Schematic diagram of soil arching effect
(1) End-bearing soil arching undertake all the landslide
thrust, and friction soil arching mainly bear the load
transferred from the stabilized compact zone;.
(2) The axial stress on the reasonable arch axis is the
direction of the major principal stress and there is no shear
stress and tensile stress perpendicular to the plane of the
reasonable arch axis;
(3) The soil reaching yield state is considered the
destruction of the soil.

For the stabilized compact zone, the actual force can
be considered perpendicular to the axis, as shown in Fig.
2(a). The component force along x direction is balanced
according to the symmetry. Therefore, only the force in the
Y direction is needed to be considered, as shown in Fig.
2(b). The stress that end-bearing soil arching applied is

p, while the stress that friction soil arching appliedis p, .

It is easy to know that p, =p, = p.
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Fig. 2. The force condition of stabilized compact zone: (a)
Actual force of stabilized compact zone, (b) Simplified force
diagram for stable compression zone.

2.2 Friction soil arching

For friction soil arching, the influence of gravity is ignored.
The model of soil arching can be simplified to a plane-
strain model. It is supposed the stress of friction soil
arching is uniformly distributed on the arch. Unit pile-
depth is taken as the object, as shown in Fig. 3. The rise of
friction arch is f>. The reactive force acting on arch foot in
X and Y direction are X> and Y>. The reasonable arch axis
is supposed as parabola [16]. The axis equation of soil arch
is Eq. (1).
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Fig. 3. Stress of friction soil arching
4f,x )
12
From the static equilibrium of arch, Egs. (2) can (3) be
obtained:
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For the friction, the failure at arch-foot is considered
controlling condition. The worst interface is pile-soil
interface, thus the pile-soil interface is considered the slide
face, as shown in Fig. 4. According to the force balance in
the slide face, Eq. (4) can be listed:
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Fig. 4. Stress condition of Arch-foot of friction soil arch
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Where o is the friction angle of pile-soil interface. dx X:%,y:‘/l K,(y-B) "%J’Z-/i P 4K, f
Substituting Eqs. (2) and (3) into Eq. (4) induces Eq. (5): .
2 2 2
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According to the ultimate balance theory, the angle of
the slide surface of soil arch and the major principal stress
plane should be 45° +¢/2. From Fig. 4, Eq. (6) can be

obtained:

Yo A anfas il ©)
X / 2
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Therefore, Eq. (7) can be conducted by combining Egs.
(5) and (6):

tana =

2ca

7
[[1—-tan(45" — & /2)tan 8] @

p:

2.3 End-bearing soil arching

For the end-bearing soil arching, it should undertake all
the landslide thrust and is subjected to reaction force of
stabilized compact zone. According to Terzaghi soil
arching principle, the stationary soil behind piles can
produce a lateral pressure to end-bearing soil arch. The
stress diagram of end-bearing soil arching is shown in Fig.
5. The landslide thrust is noted as ¢, and the lateral
pressure is Kog. Where Ky is the static earth pressure
coefficient and can be estimated by K, ~1—sing.
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Fig. 5. Stress diagram of end-bearing soil arching
The reactive force acting on arch foot in X and Y
direction are X; and Y>, respectively. The axis equation of
end-bearing is Eq. (8) when subjected to lateral pressure
[17].

x’ . ()/—23)2 _1 (8)
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For the end-bearing soil arch, the failure at arch-foot is
also considered controlling condition. The angle between
axis at the arch foot and horizontal direction is noted as 6.
As a result, tan6 and the axis force F), at the arch foot can

be listed as follows:

y =4 (10)
2

For the end-bearing soil arching, the soil in the zone of
soil arching reaches yielding state everywhere. The inner-
edge point and the outer-edge point of arch foot is marked
as A and B. And their corresponding axis stress is ¢ ,and

o, respectively. To be convenient to calculate, the

distribution of the axis stress from point A to B is assumed
linear along the thickness of arch #, as shown in Fig. 6(a).
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Fig. 6. The stress condition of soil arch foot: (a) Distribution of
axial stress, (b) Stress state of A (c) stress state of B.

For point A, the landslide thrust is the major reason

accounting to its yielding. Its minor principal stress is

landslide stress g and the major principal stress is arch axis

stress 0, . The stress state of A is shown as Fig. 6(b).

According to the Mohr-Coulomb yield criterion, Eq. (13)

can be acquired:

o, = qtan2(45° +¢/2)+ 2ctan(45° + (0/2) (13)
For point B, the axis stress is the major principal stress

and reaction stress of stabilized compact zone p is minor

principal stress, as shown in Fig. 6(c).

Oy = ptan2(45° +qo/2)+ 2¢ tan(45° + (/)/2) (14)
The axial force can be regarded as the integral of axial

stress along soil arch thickness. Thus, Eq. (15) can be

listed:

o, +0o,

————t=0t=F, (15)

Where, 0, is the mean axis stress and is expressed as:

oy =(c,+0,)/2 (16)
Then it is assumed the thickness of arch 7 to be equal

to pile width, ¢ =5. Substituting Egs. (13), (14) and (15)

into Eq. (12) can obtain Eq. (17):

e e
2K, ql ql

Eq. (16) expresses the arch rise of end-bearing soil
arching. For a special condition, the arch rise is related to
the landslide thrust and pile space. This conclusion
conforms engineer experience. The failure of end-bearing
soil arch is then taken into consideration. According to
ultimate balance theory, the angle of the slide surface of
soil arch and the major principal stress plane should be

45° + /2. The stable compression zone behind piles is

assumed to be a keystone area, as shown in Fig. 7. Based
on the force balance in the slide face, Eq. (18) can be
acquired:
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=2F, cos(45" —¢/2)+qglcos S
Where, B =45"-0+¢/2 (19)
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Fig. 7. Stress condition of Arch-foot of end-bearing soil arch

2.4 Determining the reasonable pile space

For the determination of reasonable pile spacing, it is
necessary to consider the ultimate equilibrium conditions
of friction soil arch and end-nearing soil arch
simultaneously. Egs. (7) and (17) are must to be satisfied:

=2F, cos(45 —p/2)+qlcos S
b 2(4c0 .
F, 25[(q+ py)tan’ (45" + ¢/ 2)+ 4c tan(45° + ¢/ 2)|

2ca
I[1-tan(45° - §/2)tan 8]

The pile spacing that satisfies the Eq. (19) can
simultaneously satisfy the static equilibrium of friction
soil arch and end-bearing soil arch in the limit state. Thus,
the pile space solved by Eq. (19) is just the reasonable pile
space. Eq. (19) is the implicit function of / which is
difficult to be obtained directly. Therefore, Matlab
programming is employed to obtain the numerical solution
of /. For Eq. (18), the left side of the equal sign can be
regarded as the anti-slip force on the slip surface, and the
right side is the sliding force on the slip surface. Supposing
the following Eq. (20) to analyze:

p:

(18)

Maga landslide project located at Liupanshui Junction,
Guizhou province, China. It was explored that the upper
layer of the slope was residual clay (QY*!), and the
underlying bedrock was limestone of the Carboniferous
Middle System Huanglong Group (C?™). Through
measurement, the landslide thrust density acting on the
excavation surface was ¢g=102.3kPa. According to the
geotechnical tests, the properties of the soil were that the
cohesion was ¢ =44.3kPa, the internal friction angle was

@=22"and soil unit weight was y = 18.6kN/m’. This

engineering applied anti-slide piles to support. The length
of cantilever part of pile was 10m. And the typical section
size of pile was 2m X 2.5m.

The friction angle of pile-soil interface is d=¢p/2=11".
The method in section 2.4 was used to calculate the
reasonable pile space and the reasonable net pile space was
deduced 5.92m. The actual net pile space applied in this
project is 6m. These results calculated by some researches
are listed in Table 1 for the purpose of comparison.

2ct-csc(45 —@/2)+[2F), sin(45° —¢/2)—qlsin f— K qtcsc(45 —@/2)cos Bltang

(19)

From Table 1, since the assumption conditions were
different, the value of net pile space varied significantly
among different studies. Reference [7-9, 10] only
considered one type soil arching. Reference [14-16]
considered the combined effect of these two soil arching.
But reference [14-15] assumed the friction can bear
landslide thrust, thus the result were larger. Reference [16]
did not considering the yielding condition of soil arching,
the result was also a little larger for engineering design.
The result of this research conforms better to practice.

F =2ct-csc(45" —@/2)+[2F), sin(45° —¢/2)—glsin f— K gt csc(45° —¢/2)cos fltang

—2F, cos(45 —¢/2)+qlcos

F,, and p can be regarded as parameters. And the
reasonable pile spacing is transferred into the minimal /
when F>0.The numerical method is as following: given
a smaller initial /; and substitute /; into Eq. (20). If F <0,
iterating /, =/ + Al, then substitute /i into Eq. (20) until
li satisfies F>0. Then, output /;, and the reasonable pile

spacing can be expressed as following:
L=b+] (21

(20)

3 Results & Discussion

3.1 Case study

Table 1. Comparison of calculation result of pile space

Reference clear pile space / (m)
Chen et al. [9] 3.56

Jiang et al. [8] 3.84
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Zhou et al. [7] 3.20
Wang et al. [10] 8.73
Zhao et al, [16] 6.35
Wu et al. [14] 6.15
Qiuetal. [15] 9.25
This research 5.92

3.2 Parameters analysis

From the Eq. (19), the reasonable net pile space is related
to soil properties (cohesion c; inter friction angle ¢) and
design parameters (pile width b, length of pile section a).
To investigate the influence of various parameters on the
pile space, the case in section 3.1 is still selected for
parameter analysis.

ﬁ
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Fig. 8. Relation of pile space (an)d parameters: (a) Influence of
cohesion, (b) Influence of inter friction angle, (c) Influence of
length of pile section, (d) Influence of pile width.

Fig. 8 shows the relation of pile space and parameters.
As can be seen in Figs. 8(a) and 8(b), the net pile space
increased with the increasing ¢ and ¢. But the increasing
rate of ¢ is more higher. This variation presented that the
internal friction angle has a greater influence. The higher
soil property corresponded to larger pile space.

Figs. 8(c) and 8(d) reflect the influence of a and b. With
the increasing pile width and length of pile section, pile
spacing presented linear increasing. But pile space was
more sensitive. This is because the end-bearing soil
arching dominated in the two soil arching.

3.3 Ultimate bearing capacity of two soil arching

This research assumes the end-bearing to undertake all the
landslide thrust and the friction soil arching bear the stress
from the stabilized compact zone. This section studied the
ultimate bearing capacity of two soil arch. For friction soil
arching, its ultimate bearing capacity can be determined by

Eq. (7).

p:

2ca
[[1-tan(45" —&/2)tan 5]
For the end-bearing soil arching, the soil arching effect

is generated by the landslide thrust. The exertion of soil
arching effect can be considered as the existence of arch

(7
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rise. That corresponds to Eq. (17) has a solution:

2
2000 1>0
ql!
Substituting Egs. (13), (14) and (16) into Eq. (21)
induces:
< b[p tan2(45° +(p/2)+ 4c tan(45° +go/2)]
- l—btan2(45° +(p/2)
When the equal sign is taken, the result calculated from
Eq. (22) is the maximal landslide thrust that end-bearing

soil arching can bear. Thus, the ratio of ultimate bearing
capacity of two soil arch can be listed as following:

n=4 (23)
p
By calculation, the value of » in the case is 10.8. This
result illustrate that ultimate bearing capacity of friction
soil arching is about 1/10 of the end-bearing soil arching.
And the maximal landslide thrust of this design is
468.9kPa. Eq. (22) can also be used to judge whether the
design condition could satisfy the requirement of landslide
thrust.

e2))

(22)

4 Conclusion

According to the ultimate balance condition when two soil
arching exerted together, the method to calculate
reasonable pile space was induced. Main conclusions were
listed as following:

(1) The soil between piles could be divided into three
parts. The inner-edge point and outer-edge point of end-
bearing soil arch needed to satisfy M-C yield criterion.
Friction soil arching bore the stress from the stabilized
compact zone.

(2) The reasonable pile space was determined by the
static equilibrium of the slide face and condition that the
axis stress reached yielding stress.

(3) Among the influence factors of pile spacing, inter
friction angle of soil and pile width were more important.

(4) The ultimate bearing capacity of two soil arching
and the maximal landslide that this model can undertake
were analyzed. Result showed
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