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Abstract: Because of the current situation where the stability research of filled-slope reinforced by a
frame with prestressed anchor-plates lags behind the actual engineering application, based on the
ultimate balance theory, the calculation formulas of stability factor under the four arc slip surface of
filled-slopes reinforced by a frame with prestressed anchor-plates are derived by using the improved
Bishop method; the corresponding search method of the most dangerous slip surface is given and the
calculation formulas of the pullout force of anchor-plates are improved. Based on two examples, the
stability results calculated by the proposed algorithm are compared with those calculated by PLAXIS
3D and GeoStudio 2012 finite element software, and the following conclusions are drawn. (1) The
improved pullout force of anchor-plates takes into account the friction of the front and rear surface of
the anchor-plate and the effect of cohesion of fill soil in the passive earth pressure on the front end of
the anchor-plate, which makes the force of the anchor-plate more complete. (2) The stability factor of
example 1 calculated by this method differs from the results simulated by PLAXIS 3D and GeoStudio
2012 by 4.6% and 7.1%, respectively; the stability factor of example 2 calculated by this method differs
from the results simulated by PLAXIS3D and GeoStudio 2012 by 3.2% and 4.5%, respectively, which
can meet the engineering requirements. (3) The stability analysis method of filled-slope reinforced by
a frame with prestressed anchor-plates that is proposed is reasonable and suitable for any arc slip
surface in the filled-slope reinforced by a frame with prestressed anchor-plates, and it provides some
guiding values for the design of practical engineering.
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1. Introduction

In recent years, a large number of cut slopes and filled-slopes have often been pro-
duced in the process of urbanization construction. In order to prevent the occurrence of
landslides, appropriate supporting structures must be adopted to reinforce the slopes [1–6].
In the project, gravity retaining walls [7,8], cantilever retaining walls [9,10], counterfort
retaining walls [11,12] and anchor slab retaining walls [13,14] are generally used to re-
inforce filled-slopes. However, when the slope exceeds 15 m, if the above methods are
used, the reinforcement effect is not ideal, the construction is difficult and the economy is
unreasonable, and then there are some hidden dangers. Technical code for building slope
engineering (GB 50330-2013) [15] stipulates that special designs should be carried out for
soil slopes above 15 m, and effective and reliable strengthening measures should be taken.
To this end, Ye and Zhu [16,17] proposed the frame with prestressed anchor-plates suitable
for filled-slopes. This structure not only overcomes the height limitation of the above
filled-slope supporting structure, but also has the advantages of convenient construction,
low cost, and good overall stability. Plus, the deformation of the filled-slope can be well
controlled by applying prestress to the anchor-plates. At present, this structure has been
applied to the practical project; Figure 1 is the scene picture of the anchor-plate, and Figure 2
is a filled-slope reinforced by a frame with prestressed anchor-plates.
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Figure 1. The scene picture of the anchor-plate. 

 
Figure 2. Filled-slope reinforced by a frame with prestressed anchor-plates. 

As a new type of flexible supporting structure, the structural form and working 
mechanism of frames with prestressed anchor-plates are similar to those of frame pre-
stressed anchor supporting structures and anchor slab retaining walls. Under the action 
of the supporting structure, the soil properties of the original slope will change, and the 
deformation and interface characteristics of the soil material are different from the original 
slope, which will have a great impact on the stability of the slope [18–21]. Therefore, the 
slope stability analysis considering the action of the supporting structure is also the core 
content in the field of slope research. The current research on the stability of slopes rein-
forced by a frame prestressed anchor and anchor slab retaining wall under static action 
are as follows. Li et al. [22] established an intelligent optimization calculation model of 
anchor tension at each layer that satisfies the excavation process stability and realized the 
real-time dynamic analysis of stability of slopes reinforced by a frame prestressed anchor 
in the process of excavation and reinforcement. Zhu et al. [23], based on the basic principle 
of the upper limit theory of plastic mechanics, the safety coefficient calculation formula of 
a slope reinforced by a frame with prestressed anchors is derived. He et al. [24] proposed 
a stability analysis method of a suspended-anchor earth retaining wall. The current re-
search on filled-slopes reinforced by a frame with a prestressed anchor-plate supporting 
structure are as follows. Ye et al. [16] compared numerical simulation results with the 
actual monitoring data of a filled-slope reinforced by the frame with prestressed anchor-
plates, and found that this supporting structure can effectively improve the stability of the 
filled-slope and can effectively control the displacement and deformation of the filled-
slope. Zhu et al. [25], based on the ultimate balance theory, the stability calculation method 
of a filled-slope reinforced by a frame with prestressed anchor-plates is proposed by using 
the circular vertical simple slice method, and the ultimate bearing capacity calculation 
formula of anchor-plates is given. In addition to the above theoretical research on slope 
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As a new type of flexible supporting structure, the structural form and working mech-
anism of frames with prestressed anchor-plates are similar to those of frame prestressed
anchor supporting structures and anchor slab retaining walls. Under the action of the sup-
porting structure, the soil properties of the original slope will change, and the deformation
and interface characteristics of the soil material are different from the original slope, which
will have a great impact on the stability of the slope [18–21]. Therefore, the slope stability
analysis considering the action of the supporting structure is also the core content in the
field of slope research. The current research on the stability of slopes reinforced by a frame
prestressed anchor and anchor slab retaining wall under static action are as follows. Li
et al. [22] established an intelligent optimization calculation model of anchor tension at
each layer that satisfies the excavation process stability and realized the real-time dynamic
analysis of stability of slopes reinforced by a frame prestressed anchor in the process of
excavation and reinforcement. Zhu et al. [23], based on the basic principle of the upper limit
theory of plastic mechanics, the safety coefficient calculation formula of a slope reinforced
by a frame with prestressed anchors is derived. He et al. [24] proposed a stability analysis
method of a suspended-anchor earth retaining wall. The current research on filled-slopes
reinforced by a frame with a prestressed anchor-plate supporting structure are as follows.
Ye et al. [16] compared numerical simulation results with the actual monitoring data of a
filled-slope reinforced by the frame with prestressed anchor-plates, and found that this sup-
porting structure can effectively improve the stability of the filled-slope and can effectively
control the displacement and deformation of the filled-slope. Zhu et al. [25], based on the
ultimate balance theory, the stability calculation method of a filled-slope reinforced by a
frame with prestressed anchor-plates is proposed by using the circular vertical simple slice
method, and the ultimate bearing capacity calculation formula of anchor-plates is given. In
addition to the above theoretical research on slope stability with a supporting structure,
when using finite element software to analyze the stability of a filled-slope reinforced by
a frame with prestressed anchor-plates, the simulation of anchor-plates is also worthy
of attention. Phung et al. [26,27] used finite element software to simulate different types
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of plates and analyzed the simulation results, which provided a certain reference for the
simulation of anchor-plates.

From the present situation of the above research, it can be found that the theoretical
research and numerical simulation research on the stability of filled-slopes reinforced by
a frame with prestressed anchor-plates is very immature. Thus, this paper proposes four
types of slip surfaces that may occur when the frame with prestressed anchor-plates is
used to reinforce the filled-slope. It is divided into two types according to whether there is
the lowest point F of the slip surface. Based on the ultimate balance theory, the improved
Bishop method is used to deduce the stability calculation formula under two different types
of slip surfaces, the corresponding search model of the most dangerous slip surface is given,
and the calculation theory of pullout force of anchor-plates is improved. The two kinds of
stability algorithms are optimized, and the stability analysis flow of a filled-slope reinforced
by a frame with a prestressed anchor-plate supporting structure is given, which makes
it more applicable. Based two examples, the stability results calculated by the proposed
algorithm are compared with those calculated by PLAXIS 3D finite element software and
GeoStudio 2012 finite element software to verify the rationality of the proposed stability
analysis method of a filled-slope reinforced by a frame with prestressed anchor-plates. This
method is suitable for any arc slip surface that appears on the filled-slope reinforced by the
frame with prestressed anchor-plates, and it provides some guiding value for the design of
practical engineering.

2. Composition and Working Mechanism of Frame with Prestressed Anchor-Plate
Supporting Structure

The frame with a prestressed anchor-plate supporting structure is composed of a
reinforced concrete frame and an anchor-plate, which belongs to a kind of soft filled-slope
supporting structure in the geotechnical anchoring structure system. Its elevation and
section drawings are shown in Figures 3 and 4. The anchor-plate consists of a tie rod and a
reinforced concrete prefabricated panel. When the filled-slope is reinforced, the structural
system is like a floor well-shaped beam structure standing on the soil, the prestressed
anchor-plate is anchored in the soil of the slope, and the anchor head of the anchor-plate
is connected to the node of the frame beam. The earth pressure on the frame beam is
finally transferred to the anchor-plate located in the stable area through the pull rod, and
then the slope stability is maintained by the friction between the anchor-plate and the
surrounding soil.
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3. Types of Slip Surfaces That May Appear in The Reinforcement of The Filled-Slope
by the Frame with Prestressed Anchor-Plates

Based on the failure of soil slopes, the filled-slope reinforced by a frame with pre-
stressed anchor-plates may actually appear in the following four types of slip surfaces.

(1) When the arc slip surface passes over the toe of the slope, it is called the slope toe
circle [28,29]. There are two main forms of slope toe circle, one of which is shown
in Figure 5. The angle between the tangent of any point on the slip plane and the
horizontal direction is between 0◦~90◦, and the center P of the slip plane is located at
the upper left of the whole slope. There is much research on slope stability in the case
of this type of slip surface.
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(2) Another form of the slope toe circle is shown in Figure 6. Although this slip surface
passes over the toe of the slope, the angle between the tangent and the horizontal
direction at the toe of the slope is a negative angle, and the lowest point F on the arc
slip surface is on the right side of the toe of the slope.
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Among the four types of slip surfaces mentioned above, they are divided into two 
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as the first type slip surface, and the slope toe circle 2, the midpoint circle 1 and the mid-
point circle 2 are classified as the second type slip surface. 
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(3) When the arc slip surface passes through a certain position other than the toe of
the slope, it is called the midpoint circle [28,29]. There are also two main forms of
midpoint circles, one of which is shown in Figure 7. The lowest point F and the center
P of the arc slip surface are both located on the right side of the toe of the slope.
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(4) Another form of the midpoint circle is shown in Figure 8. The lowest point F and
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Among the four types of slip surfaces mentioned above, they are divided into two
types according to whether there is the lowest point F. The slope toe circle 1 is classified as
the first type slip surface, and the slope toe circle 2, the midpoint circle 1 and the midpoint
circle 2 are classified as the second type slip surface.
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4. Stability Analysis Model of Filled-Slope Reinforced by Frame with Prestressed
Anchor-Plates

The simplified Bishop method, as one of the ultimate balance methods, is considered
to be a “non-strict” method because it ignores the shear force between strips and does not
strictly satisfy the equilibrium conditions. However, many scholars have found that the
stability factors of slopes obtained by the improved Bishop method and the strict method
are very close, which can be called the strict strip method [30–32]. The traditional simplified
Bishop method is only suitable for the stability analysis of natural slope, but cannot be
directly used to analyze the stability of a slope with a supporting structure. Therefore,
considering the influence of a frame with a prestressed anchor-plate supporting structure
on the stability of a filled-slope, this paper improves the traditional simplified Bishop
method and deduces the stability calculation formula which is suitable for a filled-slope
reinforced by a frame with prestressed anchor-plates.

4.1. Basic Assumptions

According to the central idea of the Bishop method, the following assumptions are
made [30]:

(1) The slope is a soil slope, and the slip surface is an arc slip surface.
(2) The shear strength of slope soil obeys Mohr–Coulomb criterion.
(3) The inter-strip shear force is ignored, and the inter-strip horizontal force is considered.
(4) The effect of the anchor-plate on the slope is equivalent to the force perpendicular to

the tangent direction of the slip plane, and this force is uniformly distributed on the
slip surface.

4.2. Stability Analysis in the Case of the First Type of Slip Surface
4.2.1. Solving the Stability Factor

The diagram of the stability analysis for the first type of slip surface is shown in
Figure 9.
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When analyzing the stability of the slope shown in Figure 9 based on the simplified
Bishop method, due to the supporting effect of the frame with prestressed anchor-plates
on the slope, the force of the soil strip is different from that of the soil strip without
reinforcement. Thus, the resistant shear force provided by the anchor-plates and the
resistant shear force of the soil itself cannot be simply superimposed. As shown in Figure 10,
Tu
′ and Tu

′′ can be obtained by decomposing the ultimate bearing capacity provided by
anchor-plates. Tu

′ and soil have the same direction of resistant shear force of the soil, which
directly provides resistant shear force for the sliding body. Tu

′′ is perpendicular to Tu
′, and

it provides resistant shear force for the sliding body through friction with the soil outside
the sliding surface. In order to derive the formula for calculating the slope stability under
the action of the supporting structure, Tu

′ is equivalent to the force in the same direction
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as Tu
′′ according to Equation (2). The force provided by the anchor-plates is uniformly

distributed on the slip surface as the force perpendicular to the tangent direction of the slip
surface, so the force provided by the anchor-plates on the soil strip i is as follows:

Nui = [
t

∑
f=1

(Tu f sin α f + Tu f cos α f Fs/ tan ϕ f )]bi sec αi/L (1)

where t is the total number of layers of the prestressed anchor-plate; Tuf is the ultimate
bearing capacity of the f -layer anchor-plate, which can be determined by Equation (31); αf
is the angle between the tangent line and the horizontal direction at the intersection of the
f -layer anchor-plate and the slip surface; ϕf is the internal friction angle of the soil at the
intersection point of the f -layer anchor-plate and the slip surface; L is the total arc length of
the slip surface.
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The force diagram of the soil strip considering the action of the supporting structure is
shown in Figure 11, according to the Mohr–Coulomb criterion [30]:

Tid = Nid tan ϕi/Fs + cibid sec αi/Fs (2)

where Fs is the stability factor of slope; Tid is the shear force at the bottom of the soil strip i;
Nid is the normal force at the bottom of the soil strip i; αi is the angle between the tangent
line and the horizontal direction at the slip surface of the soil strip i; ci is the cohesion at the
slip surface of the soil strip i; ϕi is the angle of internal friction at the slip surface of the soil
strip i; bi is the width of the soil strip i; d is the thickness of sliding element.
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Considering the vertical force balance [30]:

(Nid− Nui) cos αi + Tid sin αi = (Wi + q0bi)d (3)

where Wid is the dead weight of the soil strip i; q0 is the uniformly distributed load on the
top of the slope.

Simultaneous Equations (2) and (3) can be obtained:

Nid = [(Wi + q0bi)d + Nui cos αi − cibid tan αi/Fs]/mα i (4)

Tid = [(Wi + q0bi)d tan ϕi/Fs + Nui cos αi tan ϕi/Fs + cibid/Fs]/mα i (5)

mα i = cos αi + sin αi tan ϕi/Fs (6)
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Consider the moment balance to the center of the circle:

n

∑
i=1

TidR =
n

∑
i=1

(Wi + q0bi)d sin αiR (7)

where n is the number of the strips of sliding body; R is the arc radius of the slip surface.
Substitute Equation (5) into Equation (7) to obtain:

Fs =

n
∑

i=1
[(Wi + q0bi)d tan ϕi + cibid + Nui cos αi tan ϕi]R/mα i

n
∑

i=1
(Wi + q0bi)d sin αiR

(8)

Substitute Equation (1) into Equation (8) to obtain:

Fs =

n
∑

i=1
[(Wi + q0bi)d tan ϕi + cibid +

t
∑

f=1
(Tu f sin α f + Tu f cos α f Fs/ tan ϕ f )bi tan ϕi/L]R/mα i

n
∑

i=1
(Wi + q0bi)d sin αiR

(9)

4.2.2. Search for Models of Slip Surfaces

(1) The center coordinates and radius of the slip surface

The search model of the first kind of slip surface is shown in Figure 12. Although the
established model is a three-dimensional model, the slip surface always changes in the xoy
plane, so it is simplified to two-dimensional coordinates. In the Cartesian coordinate system,
P(xc, yc), C(e, H), O(0, 0), the angle between the tangent of point O and the horizontal is θ,
the slope of the tangent is k’, k’ = tanθ.
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Then the slip surface equation is:

(x− xc)
2 + (y− yc)

2 = R2 (10)

And satisfies:
xc

2 + yc
2 = R2

(e− xc)2 + (H − yc)2 = R2

xc = −k′yc

 (11)
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Combining Equations (10) and (11) yields:

xc =
−k′(H2+e2)

2H−2k′e
yc =

H2+e2

2H−2k′e

R =
√

1+k′2(H2+e2)
2H−2k′e

 (12)

Therefore, the slip surface is controlled by θ and e. The value range of θ and e is
determined, and the appropriate step size is set respectively, and the search of slip surface
can be realized by constantly changing.

(2) The angle between the tangent of any point on the arc and the horizontal plane

At any point M(xk, yk) on the arc, the angle between the tangent and the horizontal
plane is αk, which can be obtained from the geometric relationship:

sin αk =
xc − xk

R
(13)

cos αk =
yc − yk

R
(14)

(3) The self-weight of the soil block i

According to Figure 9, the coordinate of the soil strip i at the slip surface is (xi,yi),
and when the upper end of the soil strip is on OB, the upper coordinate is (xi1,yi1), so the
formula for calculating the self-weight of the soil strip i is as follows:

Wi =

{
γbi(H − yi) xi ≥ H

tan β

γbi(yi1 − yi) 0 ≤ xi ≤ H
tan β

(15)

where γ is the weight of fill soil.

4.3. Stability Analysis in the Case of the Second Type of Slip Surface
4.3.1. Solving the Stability Factor

The diagram of the stability analysis for the second type of slip surface and the force
diagram of soil strip j are shown in Figures 13 and 14.
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Soil strip on the left side of OF.
The force provided by the anchor-plates on the soil strip j is as follows:

Nuj = [
t

∑
f=1

(Tu f sin α f + Tu f cos α f Fs/ tan ϕ f )]bj sec αj/L (16)

By Mohr–Coulomb criterion [30]:

Tjd = Njd tan ϕj/Fs + cjbjd sec αj/Fs (17)

where Tjd is the shear force at the bottom of the soil strip j at the left on point F; Njd is the
normal force at the bottom of the soil strip j at the left on point F; bj is the width of the soil
strip j at the left on point F; cj is the cohesion at the slip surface of the soil strip j at the
left on point F; ϕj is the angle of internal friction at the slip surface of the soil strip j at the
left on point F; αj is the angle between the tangent line and the horizontal plane at the slip
plane of the soil strip j at the left on point F.

Consider the vertical force balance [30]:

(Njd− Nuj) cos αj − Tjd sin αj = Wjd (18)

where Wjd is the dead weight of the soil strip j at the left on point F.
Simultaneous Equations (17) and (18) can be obtained:

Njd = (Wjd + Nuj cos αj + cjbj tan αj/Fs)/mα j (19)

Tjd = (Wjd tan ϕj/Fs + Nuj cos αj tan ϕj/Fs + cjbjd/Fs)/mα j (20)

mα j = cos αj − sin αj tan ϕj/Fs (21)

Soil strip on the right side of OF.
The force analysis of the soil strip on the right side of OF is similar to that in the case

of slip surface 1, and the final deduced results are Equations (4)–(6).
Consider the moment balance to the center of the circle:

n

∑
i=1

TidR +
m

∑
j=1

TjdR =
n

∑
i=1

(Wi + q0bi)d sin αiR−
m

∑
j=1

Wjd sin αjR (22)

where n is the number of the strips of sliding body at the right on point F; m is the number
of the strips of sliding body at the left on point F; R is the arc radius of the slip surface; Tid
is the shear force at the bottom of the soil strip i at the right on point F; Wid is the dead
weight of the soil strip i at the right on point F; αi is the angle between the tangent line and
the horizontal plane at the slip surface of the soil strip i at the right on point F.
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Substitute Equations (5) and (20) into Equation (22) to obtain:

Fs =

n
∑

i=1
[(Wi + q0bi)d tan ϕi + cibid + Nui cos αi tan ϕi]R/mα i

+
m
∑

j=1
[(Wjd tan ϕj + cjbjd + Nuj cos αj tan ϕj]R/mα j

n
∑

i=1
(Wi + q0bi)d sin αiR−

m
∑

j=1
Wjd sin αjR

(23)

where bi = the width of the soil strip i at the right on point F; ci = the cohesion at the slip
surface of the soil strip i at the right on point F; ϕi = the angle of internal friction at the slip
surface of the soil strip i at the right on point F.

Substitute Equations (1) and (16) into Equation (23) to obtain:

Fs =

n
∑

i=1
[(Wi + q0bi)d tan ϕi + cibid +

t
∑

f=1
(Tu f sin α f + Tu f cos α f Fs/ tan ϕ f )bi tan ϕi/L]R/mα i

+
m
∑

j=1
[Wjd tan ϕj + cjbjd +

t
∑

f=1
(Tu f sin α f + Tu f cos α f Fs/ tan ϕ f )bj tan ϕj/L])R/mαj

n
∑

i=1
(Wi + q0bi)d sin αiR−

m
∑

j=1
Wjd sin αjR

(24)

4.3.2. Search for Models of Slip Surfaces

(1) The center coordinates and radius of the slip surface

The search model of the second kind of slip surface is shown in Figure 15. Since the
slip surface always changes in the xoy plane, it is simplified to two-dimensional coordinates.
In the Cartesian coordinate system, P(xc, yc), C(e, H), A(-e0, 0), O(0, 0), the angle between
the tangent of point A and the horizontal is θ, and the slope of the tangent is k′, k′ = −tanθ.
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Then the slip surface equation is:

(x− xc)
2 + (y− yc)

2 = R2 (25)

And satisfies:
(−e0 − xc)2 + yc

2 = R2

(e− xc)2 + (H − yc)2 = R2

xc = −(k′yc + e0)

 (26)
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Combining Equations (25) and (26) yields:

xc = −e0 − k′ [(e+e0)
2+H2]

2H−2k′(e+e0)

yc =
(e+e0)

2+H2

2H−2k′(e+e0)

R =
√

1+k′2[(e+e0)
2+H2]

2H−2k′(e+e0)

 (27)

Therefore, the slip surface is controlled by θ, e0 and e. The value range of θ, e0 and e is
determined, and the appropriate step size is set respectively, and the search of slip surface
can be realized by constantly changing.

(2) The angle between the tangent of any point on the arc and the horizontal plane

At any point M′(xk, yk) on the arc, the angle between the tangent and the horizontal
plane is αk, which can be obtained from the geometric relationship:

sin αk =
|xc − xk|

R
(28)

cos αk =
yc − yk

R
(29)

(3) The self-weight of the soil block i and j

It can be seen from Figure 12 that the calculation of the self-weight of the soil strip
under the second type of slip surface is more complicated. The coordinates of the soil
strip i at the slip surface are (xi, yi). When the upper end of the soil strip i is on the OB, its
upper coordinate is (xi1,yi1). The coordinates of the soil strip j at the slip plane are (xj, yj).
When the upper end of the soil strip j is on OB, its upper coordinate is (xj1, yj1). When the
abscissa of the zero-boundary point of the slip surface crossing from the filling layer to the
foundation soil layer is x0, the calculation formulas of the self-weight of the soil strip i and j
are as follows:

Wi/j =



γ1bi(H − yi) xi ≥ H
tan β

γ1bi(yi1 − yi) x0 ≤ xi <
H

tan β

γ1biyi1 − γ2biyi 0 ≤ xi < x0

−γ2biyi xc ≤ xi < 0
−γ2bjyj − e0 ≤ xj < xc

(30)

where γ1 is the weight of fill soil; γ2 is the weight of foundation soil.

4.4. The Ultimate Bearing Capacity of the Anchor-Plate

For the calculation of the ultimate bearing capacity of the anchor-plate, on the basis of
the method in Zhu [25], the calculation method of the pullout resistance of the anchor-plate
is improved. The force diagram of the anchor-plate is shown in Figure 16.
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where γ is the weight of the soil layer where the anchor-plate is located; h0 is the height 
from the top of the slope to the soil layer where the anchor-plate is located; q0 is the uni-
formly distributed load on the top of the slope; μ is the coefficient of lateral earth pressure: 
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where σp is the passive earth pressure of the soil layer where the anchor-plate is located; 
A3 is the front-end area of anchor-plate: 
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Figure 16. Force diagram of the anchor-plate.

According to Zhu [25], the formula for calculating the pullout force of the anchor-plate
is as follows:

Tu f = ∑ min
{

Ts, Tp
}

(31)
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where Tuf is the ultimate bearing capacity of the f -layer anchor-plate; Ts is the ultimate
tensile force of the steel rod; Tp is the limit value of the pullout force that the anchor-plate
can provide, which is composed of the friction resistance of the interface between the
anchor-plate and soil and the passive earth pressure of the anchor-plate.

Ts = fy As (32)

where fy is the yield strength of the steel rod; As is the cross-sectional area of the steel rod.

Tp = Ff + Q (33)

where Ff is the friction resistance on the anchor-plate; Q is passive earth pressure on the
anchor-plate.

Because Zhu [25] did not consider the friction between the two sides of the anchor-
plate and the soil when calculating the friction between the anchor-plate and the soil,
this paper improves it, and the improved formula for calculating the friction between the
anchor-plate and the soil is as follows:

Ff = 2(τ1 A1 + τ2 A2) (34)

where τ1 is the shear strength of the interface between the upper and lower interface of the
anchor-plate and the soil; τ2 is the shear strength of the interface between the front and
rear interface of the anchor-plate and the soil; A1 is the upper surface area of anchor-plate;
A2 is the side surface area of anchor-plate:

τ1 = µ(γh0 + q0)
τ2 = k0µ(γh0 + q0)

}
(35)

where γ is the weight of the soil layer where the anchor-plate is located; h0 is the height from
the top of the slope to the soil layer where the anchor-plate is located; q0 is the uniformly
distributed load on the top of the slope; µ is the coefficient of lateral earth pressure:

Q = σp A3 (36)

where σp is the passive earth pressure of the soil layer where the anchor-plate is located; A3
is the front-end area of anchor-plate:

A1 = lb
A2 = lh
A3 = bh

 (37)

where l is the length of the anchor-plate; b = the width of the anchor-plate; h is the height of
the anchor-plate.

Because Zhu [25] did not consider the cohesion of the fill soil when calculating the
passive earth pressure on the front end of the anchor-plate, which obviously does not
conform to the actual engineering situation, the improved formula is as follows:

σp = kp(γh0 + q0) + 2c
√

kp (38)

where c is the soil cohesion of the soil layer where the anchor-plate is located; kp is the
Rankine passive earth pressure coefficient of the soil around the anchor-plate.

4.5. Stability Analysis Process

Although this paper proposes four forms of slip surface for the reinforcement of a
filled-slope with frame prestressed anchor-plates, it is also clear that the form of slip surface
is related to the height of the slope, the degree of the slope, and soil conditions of the fill
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soil and the foundation soil. However, it is difficult to give clear certain conditions for the
occurrence of various slip surfaces; as a result, it is not known which type of slip surface
stability analysis process to select when an example is given. Therefore, the stability analysis
process under the two types of slip surfaces mentioned above is optimized. The specific
analysis process of the stability of the filled-slope reinforced by the frame prestressed
anchor-plates is shown in Figure 17.
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5. Example Analysis
5.1. Example 1

The specific parameters of the filled-slope reinforced by the frame with prestressed
anchor-plates in Lanzhou are as follows. The height of the slope is 12 m, the slope rate is 1:
0.5, the top load of the slope is q0 = 20 kN/m2, and the soil parameters are shown in Table 1.
The horizontal spacing of the anchor-plate is 3 m, and the length, width and height of the
anchor-plate are 4 m, 1 m, and 0.1 m, respectively, and the parameters of anchor-plates for
each layer are shown in Table 2.

Table 1. Soil parameters of example 1.

Soil Layer Name Natural Heavy
γ/(kN/m3)

Cohesive Force
c/(kPa)

Angle of Internal Friction
ϕ/(◦)

Elastic Modulus
E/(kN/m2)

Friction Coefficient
µ

Fill soil 17 20 24 35,000 0.4
Foundation soil 22 28 34 50,000
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Table 2. Parameters of anchor-plate of example 1.

Layer Number Relative Ground
Height/m

Length of Steel Tie
Rod/m Prestress Value/kN

Fourth floor 10.5 12.5 60
Third floor 7.5 11.0 90

Second floor 4.5 9.5 120
First floor 1.5 8.0 150

5.1.1. Analysis of Pullout Resistance of Anchor-Plate

The pullout force calculation method of anchor-plates in Zhu [25] and the improved
method in this paper are used to calculate the pullout force of anchor-plates in example 1,
and the results are shown in Table 3.

Table 3. Calculation results of pullout force of anchor-plate in example 1.

Layer Number Original Method/kN The Method of This
Paper/kN

Percentage of
Difference

Fourth floor 151.64 168.81 11.32%
Third floor 326.94 351.12 7.40%

Second floor 502.23 533.43 6.21%
First floor 677.52 715.74 6.08%

It can be seen from Table 3 that the pullout force of the anchor-plate calculated by
this method is larger than that calculated by the method in Zhu [25]. This is because
this method improves the method in Zhu [25]. From Equation (31) it can be seen that
the pullout force of the anchor-plate is composed of the friction between the anchor-plate
and the soil and the passive earth pressure on the front end of the anchor-plate, so the
improvement of the calculation method of the pullout force of the anchor-plate in Zhu [25]
is mainly reflected in two aspects. (1) When calculating the friction resistance between the
anchor-plate and the surrounding soil, the friction resistance on the front and rear surface
of the anchor-plate is considered in addition to the friction resistance on the upper and
lower surface of the anchor-plate. Although the friction force on the front and rear surface
of the anchor-plate is much smaller than that on the upper and lower surface, taking it into
account will make the force of the anchor-plate more complete. (2) When calculating the
passive earth pressure on the front end of the anchor-plate, the effect of soil cohesion is
taken into account, which makes the calculation of the pullout force of the anchor-plate
more suitable for practical engineering.

5.1.2. Stability Analysis

The stability calculation method of this paper, strength reduction method and ultimate
balance method are used to calculate the stability of example 1, respectively.

(1) The method of this paper

The stability of example 1 is calculated by using the stability analysis process in this
paper, and the calculated results are shown in Figure 18. It can be clearly seen from Figure 18
that the most dangerous slip surface passes over the toe of the slope, which belongs to the
sliding mode of toe circle 1. The position of the most dangerous slip surface is 7 m away
from point B at the top of the slope, and the calculated stability factor is 1.710.
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(2) Strength reduction method

PLAXIS 3D finite element software can establish a three-dimensional slope model
and calculate its stability, so PLAXIS 3D finite element software is used to calculate the
stability of example 1. The anchor-plate is simulated by a large area rectangular beam
in the “Embedded beam” element, the frame beam is simulated by the “Beam” element,
and the tension bar is simulated by the “Node to node anchor” element. The established
three-dimensional model of the filled-slope with a slope ratio of 1:0.5 reinforced by the
frame with prestressed anchor-plates is shown in Figure 19.
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Figure 19. The 1:0.5 model of filled-slope reinforced by a frame with prestressed anchor-plates.

Figure 20 shows the total displacement increment cloud map after the calculation of
the model, which can reveal the possible failure mechanism. From Figure 20, it can be
clearly seen that the slope failure is an arc sliding failure, and the slip surface will pass over
the foot of the slope. Failure may occur in the deformation area of the slope, but the location
of the most dangerous slip surface cannot be clearly known. The calculated stability factor
is 1.790.
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slip surface in Figures 18 and 21, which fully shows that the slip surface search method in 

Figure 20. Total displacement increment cloud map of 1:0.5 model.

(3) Ultimate balance method

The slope stability results simulated by PLAXIS 3D are very close to those calculated
by this algorithm, but it is not very convincing to verify the rationality of the algorithm in
this paper by only relying on the stability results of a slope simulated by a finite element
software. Thus, the Bishop method in the SLOPE module of GeoStudio 2012 finite element
software is used to calculate the stability of example 1. The anchor-plate is simulated by the
“anchor” unit, the specific calculation results are shown in Figure 21. From Figure 21, it can
be seen that the most dangerous slip surface passes through the toe of the slope, and the
starting point of the slip surface is 6.5 m away from the starting point of the top of slope.
The stability factor is 1.840.
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(4) Comparative analysis

By using the above three methods to calculate the stability of example 1, it is not
difficult to see that the slip surfaces obtained by the three methods all pass over the toe of
the slope. The stability factor calculated by Geo is the largest, the stability factor calculated
by PLAXIS 3D is the second, and the stability factor calculated by this algorithm is the
smallest. The stability factor calculated by this method, respectively, differs from the results
simulated by Geo and PLAXIS 3D finite element software by 7.1% and 4.6%. By comparing
Figure 18 with Figure 21, it can be seen that the position of the most dangerous slip surface
obtained by this algorithm is close to that obtained by Geo. Although the location of the
most dangerous slip surface cannot be directly obtained in Figure 20, the possible shape of
the slip surface can also be seen from the range of areas that may be damaged. The shape
of the slip surface reflected in Figure 20 is similar to that of the most dangerous slip surface
in Figures 18 and 21, which fully shows that the slip surface search method in this paper
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is reliable. The stability factor of this algorithm is smaller than that of two finite element
software, which also shows that this algorithm has a certain security reserve.

5.2. Example 2

The specific parameters of the filled-slope reinforced by a frame with prestressed
anchor-plates in Longnan are as follows. The height of the slope is 12 m, the slope rate is 1:
1, the top load of the slope is q0 = 20 kN/m2, and the soil parameters are shown in Table 4.
The horizontal spacing of the anchor-plate is 3 m, and the length, width, and height of the
anchor-plate are 3 m, 1 m, and 0.1 m, respectively, and the parameters of anchor-plate for
each layer are shown in Table 5.

Table 4. Soil parameters of example 2.

Soil Layer Name Natural Heavy
γ/(kN/m3)

Cohesive Force
c/(kPa)

Angle of Internal Friction
ϕ/(◦)

Elastic Modulus
E/ kN/m2)

Friction Coefficient
µ

Fill soil 17.5 20 22 30,000 0.35
Foundation soil 21 12 30 45,000

Table 5. Parameters of anchor-plate of example 2.

Layer Number Relative Ground
Height/m

Length of Steel Tie
Rod/m Prestress Value/kN

Fourth floor 10.5 13.5 50
Third floor 7.5 12.5 80

Second floor 4.5 11.5 110
First floor 1.5 10.5 140

5.2.1. Analysis of Pullout Resistance of Anchor-Plate

The pullout force calculation method of anchor-plates in Zhu [25] and the improved
method in this paper are used to calculate the pullout force of anchor-plates in example 2,
and the results are shown in Table 6.

Table 6. Calculation results of pullout force of anchor-plates in example 2.

Layer Number Original Method/kN The Method of This
Paper/kN

Percentage of
Difference

Fourth floor 102.89 113.00 9.82%
Third floor 224.08 239.53 6.61%

Second floor 346.47 366.06 5.65%
First floor 408.26 492.59 5.20%

It can be seen from Table 6 that the pullout force of the anchor-plates calculated by this
method is larger than that calculated by the method of Zhu [25], and the specific reason
has been analyzed in example 1. From Equations (31)–(37), it can be seen that the pullout
force of the anchor-plate is not only closely related to its own size, but also related to its
position. The thicker the soil layer on the anchor-plate is, the greater the friction resistance
of the anchor-plate is, and the greater the pullout resistance is, which is the reason for the
greater prestress applied to the anchor-plate near the toe of the slope.

5.2.2. Stability Analysis

Like example 1, the stability calculation method of this paper, strength reduction method
and ultimate balance method are used to calculate the stability of example 2, respectively.

(1) The method of this paper

The stability of example 2 is calculated by using the stability analysis process in this
paper, and the calculated results are shown in Figure 22. It can be clearly seen from Figure 22
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that the most dangerous slip surface is far from the foot of the slope, which belongs to the
sliding mode of midpoint circle 1. The position of the most dangerous slip surface is 8 m
away from point B at the top of the slope, the end position of the slip surface is 4 m away
from point A at the foot of the slope, and the calculated stability factor is 1.612.
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(2) Strength reduction method

The stability of example 2 is calculated with the help of PLAXIS 3D finite element
software. The established three-dimensional model of the filled-slope with a slope ratio of
1:1 reinforced by the frame prestressed anchor-plates is shown in Figure 23.
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Figure 23. The 1:1 model of filled-slope reinforced by frame with prestressed anchor-plates.

Figure 24 is the total displacement increment cloud map after the calculation of the
model, from which it can be clearly see that the failure mode of the slope is circular sliding
failure. When the slope is damaged, the slip surface may also be far away from the toe of
the slope, except for the case where the slip surface passes through the toe of the slope,
and failure may occur in the deformation area of the slope. The calculated stability factor
is 1.665.
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(3) Ultimate balance method

The Bishop method in the SLOPE module of GeoStudio 2012 finite element software is
used to calculate the stability of example 2, and the specific calculation results are shown in
Figure 25. From Figure 18, it can be seen that the most dangerous slip surface is far from
the toe of the slope. The starting position of the slip surface is 7.5 m away from the starting
point of the top of the slope, the end position of the slip surface is 4 m away from the toe of
the slope, and the calculated stability factor is 1.688.
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(4) Comparative analysis

By using the above three methods to calculate the stability of example 2, it can be seen
that the stability factor calculated by Geo is the largest, followed by PLAXIS 3D, and the
stability factor calculated by this algorithm is the smallest. The stability factor calculated by
this method respectively differs from the results simulated by Geo and PLAXIS 3D finite
element software by 4.5% and 3.2%. Comparing Figure 22 with Figure 25, the shape of the
most dangerous slip surface obtained by this method is similar to that obtained by Geo,
both of which are far from the foot of the slope and belong to the sliding mode of midpoint
circle 1.
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5.3. Summary

Based the analysis of example 1 and example 2, it is concluded that although the slip
surface searched by this method is not exactly the same as that searched by Geo software,
the form of the slip surface is very similar, and the starting position and end position of
the slip surface are similar. The stability factor calculated by this method is smaller than
that calculated by the two finite element software, the specific reasons are as follows. When
using PLAXIS 3D to calculate the stability factor of filled-slope reinforced by frame with
prestressed anchor-plates, in addition to the reinforcement effect of the anchor-plates on
the filled-slope, the frame beam also plays a certain role in reinforcing the slope, while
the stability calculation method proposed in this paper only considers the effect of the
anchor-plates. When using Geo to calculate the stability factor of filled-slope reinforced by
a frame with prestressed anchor-plates, the software is a two-dimensional finite element
software, and the anchor-plate can only be simulated as an anchor during simulation,
which is different from the algorithm in this paper, so the calculated stability factor of the
slope is quite different. Although the stability factor of slope calculated by this method
is smaller than that calculated by finite element software, it can provide a certain safety
reserve for practical engineering when designing a filled-slope reinforced by a frame with
prestressed anchor-plates. Therefore, this stability calculation method of a filled-slope
reinforced by a frame with prestressed anchor-plates proposed in this paper is reasonable
and suitable for the case of arbitrary arc slip surface in the filled-slope reinforced by a
frame with prestressed anchor-plates, and it provides some guiding values for the design
of practical engineering.

6. Conclusions

In this paper, the calculation formulas of the stability factor under the four arc slip
surface of a filled-slope reinforced by a frame with prestressed anchor-plates are derived
by using the improved Bishop method, the corresponding search method of the most
dangerous slip surface is given, and the calculation formulas of the pullout force of anchor-
plates is improved. Based on two examples, the stability results calculated by the proposed
algorithm are compared with those calculated by PLAXIS 3D and GeoStudio 2012 finite
element software, and the following conclusions are drawn:

(1) Compared with the original calculation method of the pullout force of the anchor-
plate, the pullout force of the improved anchor-plate takes into account the friction
of the front and rear surface of the anchor-plate and the effect of fill cohesion in the
passive earth pressure on the front end of the anchor-plate, which makes the force
of the anchor-plate more complete. At the same time, it also makes the calculation
theory of pullout force of anchor-plates more applicable.

(2) The stability factor of example 1 calculated by this method differs from the results
simulated by PLAXIS 3D and GeoStudio 2012 finite element software by 4.6% and
7.1%, respectively, the stability factor of example 2 calculated by this method differs
from the results simulated by PLAXIS3D and GeoStudio 2012 finite element software
by 3.2% and 4.5%, respectively, which can meet the engineering requirements.

(3) The stability analysis method of a filled-slope reinforced by a frame with prestressed
anchor-plates proposed in this paper is reasonable and suitable for the case of arbitrary
arc slip surface in the filled-slope reinforced by a frame with prestressed anchor-plates,
and it provides some guiding values for the design of practical engineering.
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