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PENG Jun-guo,  HUANG Yu-hao 

( School of Civil Engineering, Lanzhou University of Technology, Lanzhou, Gansu 730050, China ) 

 
Abstract: Due to its safety, stability, low cost and easy installation, anchor plate support structure has been widely used in the slope 

that needs to be reinforced. However, currently in the design process of anchor plate support structure, there is no mature calculation 

method for the size of anchor plate, resulting in overly conservative design. To address this issue, we propose using the limit 

equilibrium method in combination with log-spiral slip surface to calculate the active earth pressure in unsaturated soils. Based on the 

internal balance of the soil, the tensile force required to bear for each layer of anchor plate is calculated, and the calculation method 

for the size of the anchor plate is obtained. The minimum design length of the free section of the anchor plate is obtained according to 

the shape of the sliding surface. The calculation results of active earth pressure are compared with the existing literature, and it is 

found that the change trend of active earth pressure coefficient is consistent with the existing conclusions. The impacts of rainfall and 

earthquake conditions on the size of anchor plate are analyzed, and the results show that low rainfall intensity has a negligible effect 

on the size of anchor plate. However, when considering both strong rainfall and earthquake, the required anchor plate size can be 

significantly increased, with a maximum of 136.71%. The analysis results can provide reference for determining the size of frame 

anchor plates. 
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1  Introduction 

The anchor plate support structure can provide great 

pull-out capacity to ensure the overall stability of the high 

filling slopes. Different from the conventional anchor 

slab structure, which is easily inclined in the construction 

process due to the vertical layout of the anchor slab, the 

anchor plate support structure can be installed directly on 

the surface of the backfill, thus eliminating the process of 

drilling and grouting. This has made it a popular choice 

in the construction of mountainous areas with 

complicated geological conditions. Zhuang et al.[1] 

carried out a series of model tests on the inclined shallow 

anchor plates in sand, and proposed a simple empirical 

method to predict their pull-out capacity. Shahriar et al.[2] 

proposed an analytical model for estimating the ultimate 

pull-out capacity of vertical anchor plates in frictional 

soil, which is capable of capturing more realistic changes 

in the pull-out capacity of anchor plates. Hanna et al.[3] 

established a numerical model using finite element 

technique and Mohr-Coulomb failure criterion to 

simulate the scenario of partially supporting retaining 

walls with embedded anchor plates in sandy soil, and 

provided a calculation method for the passive earth 

pressure on the embedded anchor plates. Bhattacharya et 

al.[4] used the lower bound theorem of limit analysis, in 

conjunction with finite element and linear optimization 

methods, to develop a method for determining the pull-

out capacity of inclined anchor plates embedded in sandy 

soil. Kame et al.[5] proposed a numerical method for 

estimating the pull-out capacity of shallowly buried 

vertical anchor plates in cohesionless soil based on the 

Kotter equation. Zhu et al.[6] proposed a calculation 

formula for the pull-out capacity of anchor plates and a 

slope stability calculation method based on the limit 

equilibrium theory. 

Peng et al.[7] calculated the active and passive earth 

pressures of unsaturated soil under transient seepage 

based on the variational analysis, and conducted 

numerical analysis on the parameters that affect the earth 

pressure. Based on the upper limit theorem of limit 

analysis, Li et al.[8] utilized the pseudo-dynamic method 

to analyze the three-dimensional stability of 

heterogeneous soil slope under seismic effect, and 

derived the explicit expression of the slope safety factor 

through the gravity increase method. Considering that the 

significant damage caused by vertical seismic action on 

slopes cannot be ignored, Tang et al.[9] proposed that in 

high-intensity mountainous areas, the seismic stability 

analysis of slopes should not only use the quasi-static 

method, but also adopt a more reasonable dynamic 

analysis method based on the time history for 

comprehensive analysis and evaluation. Zhang et al.[10] 

calculated the seismic effect of the sliding soil behind the 

wall by using the pseudo-dynamic method, and 

established the seismic active earth pressure solution of 

the inclined retaining wall under the change of water 

level by using the unsaturated soil mechanics principle 

and the limit equilibrium method. Ming et al.[11] applied 

the lower and upper limit methods of plasticity to 

establish a rigorous analytical solution for the ultimate 

lateral earth pressure of vertical plates of undrained 

cohesive soil. Shahrokhabadi et al.[12] calculated the 

static earth pressure, active earth pressure, and passive 
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earth pressure of unsaturated soil under transient flow, 

through Rankine earth pressure theory and the assumption 

of planar slip surface. Han et al.[13] used the VG function 

and Gardner function to describe the soil water 

characteristic curve and permeability coefficient curve, 

respectively, and obtained analytical solutions for rainfall 

infiltration using the traveling wave approximation and 

series expansion method. Zhu[14] applied log-spiral sliding 

surface to calculate the unsaturated active earth pressure of 

soil nail walls, and obtained the size calculation method 

for each layer of soil nails using the internal equilibrium of 

the slope. 

At present, during the design process of the anchor 

plate support structure, the size of anchor plates is 

initially determined based on experience, and then 

verified by calculating the safety factor of slope[6]. 

There is no mature calculation method for determining 

the size of anchor plates, which leads to a conservative 

design. Based on the limit equilibrium method and the 

log-spiral slip surface, the active earth pressure of the 

anchor plate supporting structure of unsaturated slope is 

calculated. The ultimate pull-out capacity of each layer 

of anchor plate is obtained by the internal equilibrium 

of slope, and the calculation formula of the anchor plate 

size is derived. In the calculation process of this paper, 

rainfall, earthquake and other common conditions are 

considered, and the transient seepage is used to simulate 

rainfall. The seepage is a function of time, which is closer 

to the reality. The calculation method of anchor plate size 

derived in this paper can serve as a valuable reference for 

the design of anchor plate support structure. 

2  Active earth pressure 

2.1 Effective stress and shear strength of unsaturated 

soils 

Lu et al.[15−16] defined the effective stress as follows:  

s

au                                （1） 

where    represents the effective stress and   

represents the total stress; 
au  denotes the pore air 

pressure, and by convention it is set to 
a 0u  ; and 

s  

is the suction defined by Lu et al.[15−16] as 

s

e a w( )S u u                            （2） 

where 
wu  represents the pore water pressure; 

a wu u  

denotes the matric suction; 
eS  is the effective degree 

of saturation, which can be expressed as follows: 

a w( )

e e
u u

S
 

                            （3） 

where   is a fitting parameter defined by the soil-

water retention curve 1(kPa ) . 

Gardner’s permeability coefficient function[17] is 

written by 

a w( )

se
u u

k k
 

                            （4） 

where k  is the unsaturated permeability coefficient; 

and 
sk  is the saturated permeability coefficient. 

Srivastava et al.[18] solved the Richards equation by 

using Eq. (4), and derived a solution for the normalized 

permeability coefficient K: 

0

/4

2

B B

( )/2

B A
1

( e )e

sin( )sin( )e
4( )e e

1 / 2 2

T

h Y

T
n

L Y n n

n n

K Q Q

Y L
Q Q

L L




 





 








   

 
 


（5） 

where 
n  is the thn  root of tan( ) 2 0L   ; 

0h  

is the initial suction head; and Y , L , K , 
AQ , 

BQ  

and T  are dimensionless parameters calculated by 

following equation: 
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              （6） 

where y  is the vertical coordinate representing the 

distance from the water table; 
1H  is the depth from 

the ground surface to the water table; 
Aq  is the initial 

steady flow into the ground surface at the time equal to 

zero; 
Bq  is the flow into the ground surface at the time 

greater than zero; 
s  is the saturated volumetric water 

content and 
r  is the residual volumetric water content; 

w   is a parameter representing the decrease rate 

of permeability coefficient with increasing suction; and 

w  is the unit weight of water. 

Substituting the initial conditions (
A 00 0q h ， ) 

into Eq. (5) yields the simplified expression: 
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        （7） 

By combining Eqs. (2)−(4), (6) and (7), the suction 

can be expressed as a function of time and depth: 

s ln
K

K


                              （8） 

Using the Mohr-Coulomb criterion, the shear 

strength is expressed as follows: 

c                                  （9） 

tan                                 （10） 

where   represents the shear strength at failure; and 

c  and   are the effective cohesion and friction 

angle, respectively. 

2.2 Calculation model 

In Fig. 1, H  represents the height of the retaining 

wall; w  is the angle between the wall face and the 

vertical axis; ( )y x  is the slip surface function; ( )y x  is 

the slope surface function; the top of the slope is horizontal 

and subjected to the uniform surcharge Q ; 
0  and 

1  

are the angles of points 0 and 1, respectively; r  is the 

radius of the log-spiral slip surface corresponding to the 

angle  ;   is the shear strength along the slip surface; 
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  is the normal stress distribution on ( )y x ; 
aP  is the 

resultant active earth pressure; D  is the vertical distance 

from the action point of resultant force to the ground surface; 

Bq  is the intensity of rainfall; 
hk  is the horizontal seismic 

coefficient; W is the weight of the soil mass within the unit 

width of the slip surface; B is the effective length of the 

uniform surcharge acting on the crest of the slope; 
hk W  

and 
hk QB  are the horizontal inertial forces; and 

v(1 )k W  and 
v(1 )k QB  are the vertical inertial forces. 

The direction and sign of the vertical seismic coefficient 
vk  

are defined as ,      . The water table is located at the 

bottom of the retaining wall. 

 

Fig. 1  Symbolic definition for calculating active earth 

pressure 

 

By using the variational method similar to the 

approach taken by Baker et al.[19], the equilibrium 

equation of vertical force can be written as follows: 
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where   is the unit weight of soil. 

The equilibrium equation of horizontal force can be 

written as follows: 
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The moment equilibrium equation around the origin 

of the Cartesian coordinate system can be written as 

follows: 

1

1

1

a a

v h0

2

v v0

2

h h0

[ ( cos sin ) ( sin cos )]d

cos( ) sin( ) tan

( )
[ (1 )( ) ( ) ]d

2

1
(1 ) d (1 ) ( tan )

2

d tan 0

l

x

x

x

y x l

P w D P w D w

y y
x k y y k y y x

Q k x x Q k H w

Qk H x Qk H w

       

 

 

   

   


    

   

 







  

（13） 

where l  is the arc length of the slip surface ( )y x . 

The geometric relations in Fig. 1 can be deduced as 

follows: 
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                           （14） 

Substituting Eqs. (1), (9) and (14) into Eqs. (11)−
(13), the equilibrium equation of vertical force can be 

written as follows: 
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The equilibrium equation of horizontal force can be 

expressed as follows: 

1
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The moment equilibrium equation around the origin 

of the Cartesian coordinate system can be rewritten as 

follows: 
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2.3 Equation of active earth pressure 

Baker et al.[19] showed that combining Eqs. (15), (16) 

and (17) is equivalent to the minimization of an 

auxiliary function G: 
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where 
1  and 

2  are the Lagrange’s undetermined 

multipliers. 

Minimizing the function G can be achieved by 

considering the Euler differential equations for the 

function g: 
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As demonstrated by Eqs. (18) and (19), the function 

g is independent of   . Consequently, the first 

equation in Eq. (20) can be simplified as follows: 

0
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Combining Eqs. (18), (19) and (21) yields 
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Eq. (23) can be solved as 
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where 
2 0  . If 

2 0  , the slip surface will 

degenerate into a plane, which is beyond the scope of 

this paper. 

Eq. (24) can be simplified by using the following 

polar coordinate transformation: 
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                       （25） 

By combining Eqs. (24) and (25), r  can be 

expressed as follows: 

er A                                （26） 

Note that Eq. (26) represents a series of log-spirals 

with the pole 
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According the geometric relations in Fig. 1, 

substituting the coordinates of points 0 and 1 into Eq. 
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The minimization of an auxiliary function G is 

consistent with the moment equilibrium equation 

around the pole of the log-spiral[19], i.e.  
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Equation (28) can be simplified as follows: 
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  （29） 

Following the classic active earth pressure 

expressions, Eq. (29) can be rewritten as 

2

a a

1

2
P K H                            （30） 

where 
aK  is the coefficient of active earth pressure. 

The second Euler equation in Eq. (20) solves the 

distribution function of   . Because the    distribution 

is not necessary to assess the resultant active earth pressure 

acting on a retaining wall, the second equation in Eq. (20) 

is omitted in this work.  

Equation (29) considers the effect of the wall-soil 

friction angle   on the resultant active earth pressure. 

Figure 2 depicts the changes of the coefficient of active 

earth pressure for fine sand with the wall-soil friction angle 

and seepage time, where H=4 m, 6

B 5.0 10  m/sq   , 

0 kN/mQ  , 0.0 kPac  , 
A 0 m/sq  , 0w  , 

318 kN/m  , 40  , 
10.07 kPa  -
. As shown in 

Fig. 2, the coefficient of active earth pressure increases 

with the seepage time. As the seepage time elapses, the 

backfill gradually saturates, leading to a stabilization of the 

earth pressure coefficient. Decreasing the wall-soil friction 

angle increases the coefficient of active earth pressure. 
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When the retaining wall face is a flexible structure such as 

the frame, it is difficult for the wall-soil friction angle to be 

fully utilized. In design, the effect of wall-soil friction 

angle should be ignored, and then a safer design could be 

achieved. 

 

 

Fig. 2  Influence of different  / ′ values on active earth 

pressure coefficient 

 
Leshchinsky et al.[20] pointed out that for rigid wall 

faces such as masonry blocks, the direction of active 

earth pressure is horizontal and is independent of the 

wall-soil friction angle, similar to that of the flexible 

wall faces. By setting the direction of the earth pressure 

as horizontal, the resultant active earth pressure can be 

rewritten as follows: 
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  （31） 

2.4 Comparison with other approaches 

To verify the accuracy of the calculation results in 

this study, the results for silt and fine sand are compared 

with those obtained by Shahrokhabadi et al.[12]. The soil 

parameters are listed in Table 1[12,17]. 

In addition to the soil parameters listed in Table 1, 

other parameters are given as follows: 4 mH  , 0w  , 

0 kN/mQ  , 
A 0 Q  , 

B 1Q  , 318 kN/m  , 

/ 0   . 

The comparison results of the active earth pressure 

coefficient for silt are shown in Fig. 3. The corresponding 

spatiotemporal variations of suction within the soil and 

the trajectory changes of the most critical slip surface are 

depicted in Figs. 4 and 5, respectively. From Fig. 3, it can 

be observed that the active earth pressure coefficient of 

silt increases rapidly within 0−150 d and stabilizes after 

250 d. The main reason for this is that rainfall leads to a 

decrease in the internal suction of the soil. As shown in 

Fig. 4, the maximum suction occurs in the upper-middle 

part of the soil, and the suction near the water table 

approaches 0. As shown in Fig. 3, after approximately 

360 d of rainfall infiltration, the soil reaches saturation 

and the suction completely disappears, resulting in no 

further change in active earth pressure. From the early 

stages of intense rainfall to the soil saturation, the active 

earth pressure coefficients of log-spiral slip surface and 

planar slip surface increase by 58.56% and 44.05%, 

respectively. 

 
Table 1  Mechanical properties of soils 

Soil type  / kPa−1 
ks/ 

(m·s−1) 
s r c'/ kPa '/（°） 

Silt 0.05 1×10−7 0.45 0.10 1.7 30 

Fine sand 0.07 5×10−6 0.41 0.05 0.0 40 

 

 

Fig. 3  Relationships between active earth pressure 

coefficient obtained by using plane and log-spiral slip 

surfaces and time (silt) 

 

 

Fig. 4  Spatiotemporal distributions of suction in silt 

 
Furthermore, Fig. 3 illustrates that the active earth 

pressure coefficient calculated based on the log-spiral slip 

surface is slightly lower than that obtained by 

Shahrokhabadi et al.[12] based on the planar slip surface. 
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The difference between the two approaches gradually 

diminishes over time with the progression of infiltration, 

eventually approaching stability. In the classic soil 

mechanics, without considering the effect of suction, the 

active earth pressure derived from the log-spiral slip 

surface is greater than that from the planar slip surface. 

When considering the effect of suction, a different trend 

is observed compared to the classic soil mechanics. This 

is due to the fact that the contribution of suction resisting 

sliding is greater for the log-spiral slip surface compared 

to the planar slip surface, resulting in a lower active earth 

pressure. The trend of comparison between active earth 

pressure using different sliding surfaces in this study is 

consistent with the conclusions in the literature[7]. As 

shown in Fig. 5, with the progression of rainfall 

infiltration, the pole of the most critical log-spiral slip 

surface gradually moves away from the slope surface, 

causing the curved surface within the soil to gradually 

approach the planar slip surface. The difference in the 

contribution of suction between the two slip surfaces 

gradually decreases over time. Therefore, the gap 

between the active earth pressure coefficients calculated 

based on the two slip surfaces gradually shrinks with the 

infiltration time until it becomes stable. 

 

 

Fig. 5  Comparisons of plane and log-spiral slip surfaces (silt) 

 
The comparison results of the active earth pressure 

for fine sand are shown in Fig. 6, and the corresponding 

spatiotemporal variations of suction within the soil are 

shown in Fig. 7. The variations in the active earth 

pressure coefficient of fine sand and the changes in 

suction are similar to silt. However, due to its larger 

permeability coefficient, fine sand reaches full 

saturation just after 10 d of rainfall. Soil with larger 

permeability coefficients can more quickly reach 

saturation, which means that suction will dissipate in a 

shorter time. As the suction within fine sand is lower 

than that in the silt, the difference in the active earth 

pressure coefficients calculated based on the log-spiral 

slip surface and the planar slip surface also decreases 

accordingly, as shown in Fig. 6. Furthermore, the two 

slip surfaces are closer to each other in fine sand 

compared to silt, as shown in Fig. 8. 

 

Fig. 6  Relationships of active earth pressure coefficient 

obtained by using plane and log-spiral slip surfaces with 

time (fine sand) 

 

 

Fig. 7  Spatiotemporal distributions of suction in fine sand 

 

 

Fig. 8  Comparisons of plane and log-spiral slip surfaces 

(fine sand) 

 

3  Calculation of the size of anchor plates 

3.1 Distribution of force borne by anchor plate 

along depth 

The arrangement of the anchor plate support 

structure on the slope is shown in Fig. 9. By using the 

method similar to Vahedifard et al.[21] for determining 

the size of soil nails, the sum of the horizontal tensile 

forces borne by each layer of anchor plates should be in 

equilibrium with the resultant active earth pressure, i.e. 
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where 
max iT 

 represents the horizontal tensile force 

borne by the i-th layer of anchor plates; n  is the 

number of layers of anchor plates; and T  is the sum of 

the horizontal tensile forces borne by each layer of 

anchor plates. The 
aP  is calculated using Eq. (31), i.e. 

the active earth pressure is in the horizontal direction[20]. 

As shown in Fig. 10, due to the widespread 

application of frame anchor plate support structure at 

present, the influence of the frame wall face on the 

active earth pressure is minimal, and it can be neglected 

in the calculation, which will result in a safer design. 

 

 

Fig. 9  Calculation diagram of tensile bearing capacity of 

anchor plate 

 

 

Fig. 10  A slope supported by frame anchor plates 

 
The resultant active earth pressure is distributed to 

each layer of anchor plates as follows: 

(1) The sum of distribution coefficients for each 

layer of anchor plates is calculated by 

max

1
i

n

T
i

D




                                （33） 

where 
max iTD


 represents the distribution coefficients 

for the i-th layer of anchor plates. 

(2) The horizontal tensile force 
max iT 

 borne by the 

i-th layer of anchor plates is calculated by 

max

max

max a

1

i

i

T
i n

T
i

D
T P

D












                      （34） 

In this study, both the linear distribution assumed by 

the theory and the trapezoidal distribution proposed by 

Allen et al.[22] based on the experimental results are 

considered for allocating the active earth pressure to 

each layer of anchor plates. With a wall height of 6 m 

and 3 layers of anchor plates installed, the distribution 

coefficients for the linear and trapezoidal distributions 

are shown in Figs. 11 and 12, respectively. 

 

Fig. 11  Coefficients of each layer under linear distribution 

 

Fig. 12  Coefficients of each layer under trapezoidal 

distribution 

 

3.2 Calculation equations for the size of anchor 

plates 

The photo and force diagram of the anchor plate are 

shown in Fig. 13. Due to the relatively small side area 

of the anchor plate, the non-limit passive earth pressure 

on the side connected to the anchor plate and tie rod is 

neglected, resulting in a safer design. Zhu et al.[6] 

derived the formula for calculating the ultimate pull-out 

capacity of the anchor plates as follows: 

p 2T F                                （35） 

where pT  is the ultimate pull-out capacity of the 

anchor plates; and F  is the frictional resistance at the 

interface between the anchor plate and the soil: 

fF A                                （36） 

where   is the shear strength of the interface between 

the anchor plate and the soil; and 
fA  is the contact 

area between the anchor plate and the soil, which is the 

area of the upper (lower) surface of the anchor plate. 

( )f h c                           （37） 

where h  is the vertical self-weight of the soil; h  is 

the height of the soil above the anchor plate;   is 

vertical additional pressure caused by the uniform 

surcharge; and f  is the friction coefficient between 

the anchor plate and the soil, which should be 

determined by the experiment. 

The ultimate pull-out capacity of the i-th anchor 

plate should be greater than the horizontal tensile force 

max iT 
 in order to satisfy the pull-out stability of the 

anchor plate, expressed as follows: 
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(a) Photo 

 

(b) Stress diagram 

Fig. 13  Photo and stress diagram of anchor plate 

 
The minimum anchorage size of the anchor plate 

can be obtained as follows: 

max
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4  Parametric analysis 

In order to investigate the influences of rainfall and 

seismic conditions on the design of anchor plate size, the 

parametric analysis is conducted on rainfall intensity 
BQ , 

horizontal seismic coefficient 
hk  and vertical seismic 

coefficient 
vk . The active earth pressure is distributed to 

each layer of anchor plates with linear distribution and 

trapezoidal distribution proposed by Allen et al.[22], as 

shown in Figs. 11 and 12, respectively. 

In this section, silt is selected, with relevant 

parameters as shown in Table 1. The height of the 

retaining wall is 6 m, and the first layer of anchor plate 

is located 1 m above the bottom of the retaining wall, 

with each subsequent layer installed every 2 m upwards. 

The angle between the wall face and the vertical axis is 

10°, and the uniform surcharge acting on the top of the 

slope is 10 kN/m . The friction coefficient f  

between the anchor plate and the soil is 0.3[6]. The water 

table is located at the bottom of the retaining wall, and 

the unit weight of the soil is 
318 kN/m . 

4.1 Effect of rainfall intensity on design size of anchor 

plates 

Figures 14 and 15 respectively illustrate the variation 

of design size of anchor plates under trapezoidal and linear 

distributions with rainfall intensity. The design size of each 

layer of anchor plates are different due to the difference of 

the action point of the resultant force and the tension borne 

by each layer of anchor plates under different distributions. 

Under the linear distribution, the height D  of the action 

point of the resultant force is taken as / 3H , and the 

calculated size of the anchor plate increases layer by layer 

from top to bottom. However, under the trapezoidal 

distribution proposed by Allen et al.[22], the height D  of 

the resultant force is taken as 0.45H , with the middle 

layer of anchor plate having the largest design size, 

followed by the top layer, and the design size of the bottom 

layer of anchor plate being the smallest. This is primarily 

because under the trapezoidal distribution, the distribution 

coefficient of the anchor plate at the bottom layer is 

relatively small. Moreover, due to the larger vertical self-

weight of the soil at the bottom layer, the frictional 

resistance provided by the contact surface between the 

anchor and the soil also increases, which results in the 

smallest design size for the bottom layer of anchor plates. 

In both trapezoidal and linear distributions, it can be 

observed that the influence of rainfall on the design size 

of anchor plates can be neglected (with increment less 

than 2%), when the rainfall intensity is low ( B 0.5Q ≤ ). 

As the rainfall intensity reaches a certain value, the 

design size of anchor plates increases significantly. 

Compared to the situation without rainfall ( B 0Q  ), the 

design size of anchor plates under trapezoidal and linear 

distributions is increased by 29.94% and 30.31%, 

respectively, when considering heavy rainfall ( B 1Q  ). 

This indicates the importance of considering the effect 

of heavy rainfall in the design of anchor plate size. 

 

 

Fig. 14  Design sizes of anchor plates for each layer under 

different rainfall intensities with trapezoidal distribution 

 

Fig. 15  Design sizes of anchor plates for each layer under 

different rainfall intensities with linear distribution 

 

4.2 Effect of seismic action on design size of anchor 

plates 

Figures 16 and 17 respectively depict the variations of 
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the design size of anchor plates with the horizontal seismic 

coefficient and the vertical seismic coefficient (downward) 

under the trapezoidal and linear distributions. For ease of 

analysis, 
h v/ 1k k   is taken, and 

h 0k   represents no 

seismic action. Figure 16 indicates that when using the 

trapezoidal distribution, compared to the case without 

considering seismic action, the design size of anchor plates 

increases by 44.80% and 95.58% when 
hk  is set to 0.1 

and 0.2, respectively. Under the linear distribution, 

compared to the case without considering seismic action, 

the design size of anchor plates increases by 47.87% and 

103.17% when 
hk  is set to 0.1 and 0.2, respectively. 

 

 

Fig. 16  Design sizes of anchor plates for each layer under 

different seismic intensities with trapezoidal distribution 

(vertical seismic coefficient downward) 

 

 

Fig. 17  Design sizes of anchor plates for each layer under 

different seismic intensities with linear distribution  

(vertical seismic coefficient downward) 

Figures 18 and 19 respectively show the variations of 

design size of anchor plates with the horizontal seismic 

coefficient and the vertical seismic coefficient (upward) 

under the trapezoidal and linear distributions, where 

h v/ 1k k    is taken. Figure 18 shows that when using 

the trapezoidal distribution, compared to the case without 

considering seismic action, the design size of anchor 

plates increases by 15.47% and 42.16% when 
hk  is set 

to 0.1 and 0.2, respectively. Under the linear distribution, 

compared to the case without considering seismic action, 

the design size of anchor plates increases by 18.28% and 

49.28% when 
hk  is set to 0.1 and 0.2, respectively. 

Compared with the case without considering the 

seismic effect, the increase in design size of anchor plates 

under case 
h v/ 1k k   is much greater than that under 

h v/ 1k k   . This indicates that the vertical downward 

seismic force will increase the tension borne by each 

layer of anchor plates, and the design size of anchor 

plates increases. When designing frame anchor plate 

retaining walls, the most unfavorable conditions should 

be considered, thus the effects of horizontal and vertical 

downward seismic forces need to be taken into account. 

 

Fig. 18  Design sizes of anchor plates for each layer under 

different seismic intensities with trapezoidal distribution 

(vertical seismic coefficient upward) 

 

Fig. 19  Design sizes of anchor plates for each layer under 

different seismic intensities with linear distribution 

(vertical seismic coefficient upward) 
 

4.3 Combined effects of heavy rainfall and seismic 

action on design size of anchor plates 

Figure 20 shows the variations of design size of anchor 

plates under the trapezoidal distribution considering the 

effects of both rainfall and seismic activity. From Fig. 20, it 

can be observed that under the most unfavorable 

conditions, i.e. heavy rainfall ( B 1Q  ) is considered and 

both horizontal and vertical seismic coefficients are taken 

as 0.2, the design size of anchor plates increases by 

126.77% compared with the case without considering 

rainfall and seismic effects. Similarly, as depicted in Fig. 

21, when considering the most unfavorable scenario under 

the linear distribution, the design size of anchor plates 

increases by 136.71% compared with the case without 

considering rainfall and seismic effects. 

The aforementioned analysis indicates that heavy 

rainfall and seismic activity have a significant influence 

on the design size of anchor plates. During designing the 

size of anchor plates, heavy rainfall and seismic activity 

must be fully considered. By comparing the design size 

of anchor plates under the linear and trapezoidal 
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distributions for various cases, it is observed that the sum 

of the size of each layer of anchor plates under linear 

distribution is 19.51%−22.15% smaller than that under 

trapezoidal distribution. Therefore, the anchor plate size 

designed according to trapezoidal distribution is safer. 

 

 

Fig. 20  Design sizes of anchor plates for each layer 

considering different seismic and rainfall intensities with 

trapezoidal distribution 

 

 

Fig. 21  Design sizes of anchor plates for each layer 

considering different seismic and rainfall intensities with 

linear distribution 
 

Furthermore, the anchor plate body is buried in the 

backfill and should be situated in a stable area of the soil 

outside the potential critical slip surfaces. The anchor plate 

is connected to the beam-column nodes of the lattice frame 

through tie rods. The earth pressure acts on the concrete 

frame system, and the external force will be transferred to 

the anchor plate through the tie rod. The stability of the 

frame structure and the whole slope is maintained by the 

pull-out capacity provided by the anchor plate acting on 

the stabilized soil[6]. Figure 22 shows the horizontal 

lengths of the free sections for each layer of anchor plates 

under the most unfavorable conditions, which could 

facilitate the design of the tie rod lengths. During the 

design process, it is essential to ensure that the anchor plate 

body is situated in the stable zone of the soil. 

To verify the correctness of the equations in this paper, 

the strength reduction method is used to analyze the 

stability of the slope. Since the active earth pressure is 

consistent with the pull-out capacity of the anchor plate at 

the limit equilibrium state, both the shear strength 

parameters c  and   are reduced to achieve the limit 

equilibrium state of the slope. The corresponding reduction 

coefficient 
sF  is the calculated safety factor, as shown in 

the following equation: 
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 （40） 

where piT  is the ultimate pull-out capacity that the i-th 

layer of anchor plates can provide; 
iD  is the height of 

the i-th layer of anchor plates from the ground surface; 

and p
1

n

i
i

T


  is the sum of the ultimate pull-out capacity 

of all layers of anchor plates. 

 

Fig. 22  Horizontal distances within slope slip surface 

trajectory under most unfavorable working condition 

Through the above analysis and calculation, 

without considering the effects of rainfall and seismic 

activity (
B h v0 ,  0Q k k   ), it is required to install 

0.403 5, 0.706 1 and 0.608 8 m² of anchor plates per 

unit width of the slope to achieve a critical equilibrium 

state for the slope from bottom to top, as illustrated in 

Fig. 14. Equation (40) yields a slope safety factor of 

1.005, indicating that the slope is close to its critical 

state. Furthermore, increasing the area of the anchor 

plates by 1.5 times, the corresponding safety factor 

will be raised to 1.279. 

Under the most unfavorable conditions (
B 1  Q  ， 

h v 0.2k k  ), it is required to install 0.915 0, 1.601 3 

and 1.380 6 m² of anchor plates per unit width of the 
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slope to achieve a critical equilibrium state for the slope 

from bottom to top, as illustrated in Fig. 20. Equation (40) 

yields a slope safety factor of 0.990 1, indicating that the 

slope is close to its critical state. Furthermore, increasing 

the area of the anchor plates by 1.5 times, the 

corresponding safety factor will be raised to 1.480 4, 

which satisfies the design requirements for slope stability. 

5  Conclusions 

(1) Based on the limit equilibrium method and the 

log-spiral slip surface, the calculation equation for the 

active earth pressure of unsaturated soil is obtained by 

considering transient seepage and seismic effects. 

(2) By combining the equations for the active earth 

pressure of unsaturated soil and the pull-out capacity of 

anchor plate, the equation for calculating the design size 

of anchor plates is obtained. Furthermore, the minimum 

design length of the tie rod in the free section of the 

anchor plate is derived by analyzing the trajectory of the 

most critical slip surface. 

(3) The influence of weak rainfall ( B 0.5Q ≤ ) on 

the design size of anchor plates can be neglected (with 

increment less than 2%). However, the effect of heavy 

rainfall and seismic effects on the design size of anchor 

plates is significant. When considering heavy rainfall 

( B 1Q  ) and seismic effects (
h v/ 1k k  ，

h 0.2k  ) 

separately, the increase in design size of anchor plates 

can reach 30.31% and 103.17%, respectively. When 

considering combined heavy rainfall and strong seismic 

effects, the increase can reach 136.71%. 

(4) During the design of anchor plate size, the 

trapezoidal distribution leads to a safer design. 
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