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1. Introduction

The importance of the retaining wall is enormous and the design 

of these retaining structures is an important research topic for 

engineers. Gravity retaining walls are widely used in Geotechnical 

engineering for their simple form and convenient construction. 

For example, in a relatively mountainous area, people usually 

build the gravity retaining wall at the foot of mountains to 

prevent landslides. Earthquakes are also an important factor in 

causing landslides. Therefore, the seismic design of a gravity 

retaining wall becomes a key problem, especially in earthquake-

prone areas. Some scholars paid attention to calculating earth 

pressure in seismic design, and many new methods have been 

developed. The most classical ones were presented by (Okabe, 

1924) and Mononobe and Matsuo (1929). This method is still 

used by some scholars and some scholars have extended the 

method to make it more widely applicable. For example, Wilson 

and Elgamal (2015) and Jo et al. (2017) respectively used centrifugal 

experiments and shaking table experiments to determine the 

dynamic earth pressure on the retaining wall under seismic 

conditions and compared the results with the M-O method. The 

results showed that the displacement mode of the retaining wall 

has a great influence on the distribution and magnitude of the 

dynamic earth pressure. Leshchinsky et al. (2012) extended the 

M-O method to also apply to unstable slopes. However, the M-O 

method presents a basic shortcoming: the solution is based on the 

limit equilibrium of soil wedge without taking the retaining wall 

into account. So, Drucker et al. (1952) proposed the concept and 

theory of limit analysis, which was further developed by Chen 

and Liu (1990). The limit analysis includes the upper and lower 

bound theorems, and the upper bound theorem is an effective 

method to solve the limit state problem and has been widely used 

to solve the retaining wall problems. 

In recent years, the multi-block theory has been widely used 

in Geotechnical engineering by some scholars. The application 

of multi-block analysis can improve the accuracy of the 

calculation model and make the model more in line with the 

actual situation. Li et al. (2015) investigated the sliding stability 

of the gravity retaining wall by dividing the backfill and the 

retaining wall into two wedges. Song et al. (2019) studied the 

seismic performance of earth slopes by establishing a series of 

rigid soil blocks parallel to the sliding surface. Pain et al. (2017)

studied the seismic rotational stability of the retaining wall by 

solving the earth pressure generated by the entire soil wedge 
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behind the wall. Huang and Liu (2016) investigated the seismic 

rotational stability of the retaining wall by dividing the soil 

wedge into countless rigid soil slices parallel to the slip surface 

and establishing a kinematically admissible failure mechanism 

of the wall-soil system. But all of them are based on the dry state 

of the backfill. For the convenience of calculation, some scholars 

assumed the retaining wall with horizontal backfill surfaces 

when calculating the stability of the retaining wall. In fact, it has 

some restrictions on actual engineering. Chakraborty and Choudhury 

(2014a) and Li et al. (2010) found that the backfill inclination has 

a significant effect on the stability of the retaining wall. Similarly, 

the existence of water has a great impact on the stability of civil 

engineering buildings. Zhang et al. (2016), Chakraborty and 

Choudhury (2014a), Chakraborty and Choudhury (2014b), and 

Ahmad and Choudhury (2010) respectively studied the impact of 

water on retaining structures through different methods. The 

results indicated that the stability of the retaining structures was 

closely related to the saturated content of the soil. Chakraborty 

and Choudhury (2014a), Chakraborty and Choudhury (2014b), 

and Ahmad and Choudhury (2010) found that the soils were 

mostly saturated in the waterfront area, while Zhang et al. (2016) 

found the soils surrounding the foundation pits were commonly 

unsaturated. Rain is very common weather, rainwater that seeps 

into the soil can provide water for plants, but it can also damage 

the retaining structure. Every year, heavy rainfall can cause 

many natural disasters and engineering accidents. In the first half 

of 2020, there were many landslides caused by rainfall, which 

caused great economic losses to the Chinese people. Chandrasekaran 

et al. (2013) found that rainfall will cause landslides, retaining 

wall instability, and roadbed damage. Augusto Filho and Fernandes 

(2019) and Bo et al. (2019) investigated the impact of rainfall on 

landslides through field measurements and finite element analysis, 

respectively. The results showed that rainfall reduces soil self-

stability by increasing soil weight and reducing soil cohesion. 

Rainwater infiltration is a very complicated process and it has 

always been a research hotspot. Yeh et al. (2020), Capparelli et 

al. (2020), and Zhang et al. (2014) discussed the influence of 

rainfall infiltration on slope stability. And some scholars established 

a series of rainwater infiltration models through experimental 

analysis, such as Xie-esaki-CAI model (Xie et al., 2004), Green-

Ampt model (Green and Ampt, 1911), Lverson model (Iverson, 

2000). Most of them believed that a sharp wetted front exists. 

Among them, the Green-Ampt model is widely used because of 

its convenience and simplicity. Green-Ampt model (Green and 

Ampt, 1911) supposed that the soil is fully saturated from the 

surface to the depth of the wetting front, while the soil below the 

wetting front is at the initial degree of saturation. Although many 

scholars have studied the effect of rainfall on the slope, a few 

have studied the effect of rainfall on the retaining walls. Retaining 

walls not only prevents some shallow landslides but also can 

reduce the permanent displacement of soil slopes after rainfall. 

Ren et al. (2020) used experimental methods to study the 

performance of reinforced retaining wall under earthquake and 

rainfall conditions. However, in some mountainous areas, gravity 

retaining wall is still a common retaining structure. Therefore, 

the influence of rainfall on the gravity retaining wall is worth 

discussing. 

The upper bound method of limit analysis is an effective 

method to solve the limit state problem and has been widely used 

to solve the retaining wall problem. This paper attempted to 

derive a calculation method for the rotational seismic stability of 

a gravity retaining wall under rainstorm conditions. Firstly, this 

paper established the rainwater infiltration model and analyzed 

the loads on the wall-soil system. Then the failure mechanism of 

the wall-soil system was established by dividing the failure zone 

into numerous rigid soil strips parallel to the failure surface. An 

equivalent substitution model was used to calculate the water 

pressure of the rigid soil strip. Then, the seismic yield acceleration 

coefficient was deduced by calculating the internal energy 

dissipation and the work done by external loads. Finally, the 

influences of rainwater infiltration depth, backfill inclination, and 

wall-soil friction angle on seismic yield acceleration coefficient

were investigated.

2. Theoretical Method

For the research of this paper, the following assumptions are 

made for the failure mode of rotating retaining walls in a 

cohesionless soil site. 1) The backfill is isotropic, homogeneous, 

cohesionless and has the same permeability coefficient (the 

hydraulic conductivity k >> 10−3 cm/sec); 2) a sharp wetted front 

exists and the soil below the wetting front is in a dry state, while 

the soil above the wetting front is completely saturated; 3) the 

retaining wall is rigid and impermeable; 4) the retaining wall 

rotates only around the toe of the wall (point O in Fig. 1); 5) 

rainwater that does not seep into the backfill in time would flow 

Fig. 1. Rainfall Infiltration Model of a Gravity Retaining Wall with 
Cohesionless Soil
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along the backfill surface and would not accumulate on the ground; 

6) runoff does not occur in the backfill during infiltration. 

Figure 1 shows a gravity retaining wall with height H, width 

B, and the wall front inclination α. Due to rainfall, rainwater will 

infiltrate into the backfill and an obvious wetting front will 

appear in the backfill. And the infiltration depth will gradually 

increase as the rainfall time increases. If the rainwater reaches 

the base, excess water will run off from the drainage. In the 

upper bound theorem framework, the wall and soil wedge II1I2. 

(do not contain water) are treated as a wall-soil system. When the 

rate of work done by external loads exceeds the dissipation of 

internal loads, the wall will rotate about the wall toe (point O), 

and the wall top away from the backfill, and the backfill will 

slide downward. Note that due to the rotation mode of the wall, 

sliding speed of backfill will is not always the same.

Figure 2 shows that slip surface I I1 of a soil wedge I I1I2
passes through the wall heel at an inclination angle β form 

horizontal. The wall-soil system is subjected to different loads 

due to rainfall and earthquake. In addition to gravity and horizontal 

seismic loads, the wall back is subjected to hydrostatic pressure

(Pstat) and hydrodynamic pressure (Pdyn), while the backfill is 

subjected to water pressure.

2.1 Model Analysis 

Figure 3 shows the soil wedge I I1I2 is divided into numerous 

rigid soil strips parallel to the rupture surface I I1, and each rigid 

soil strip can be considered as a rectangle. So, the area of a rigid 

soil strip can be expressed by 

(1)

2.2 Velocity Field Analysis 

Zeng and Steedman (2000) put forward a calculation method for 

seismic earth pressure. When the retaining wall rotates around 

the toe of the wall, the backfill in area B1 is in an active state and 

the backfill in area B2 is in a passive state (in Fig. 4). As the 

retaining wall rotates, the velocity vector relationship between 

the P point and the adjacent rigid soil strip can be seen in Figs. 5

and 6. Vp and Vs are the velocities of the point P and the adjacent 

rigid soil strip, respectively, Vps is the relative velocity between 

Vp and Vs, and the direction of Vps is inclined at the angle δ from 

the wall-soil interface. Every point P on the wall has the same 

angular velocity as it rotates around the toe of the wall (point O). 

So, we can get

( )

( )

1

2

sin(90 )
tan cos tan

sin

cos
sec tan cos

sin

dA H B dB

B H B d

η
θ β θ

β η

η
θ θ β θ

β η

° +
= −

−

−

−

.

Fig. 2. Pure Rotates Failure Mechanism of a Gravity Retaining Wall

Fig. 3. An Infinite Number of Rigid Soil Strips

Fig. 4. Different Areas of Motion in the Velocity Field
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. (2)

For θ > δ, according to the velocity compatibility principle 

and Fig. 5, we can obtain

. (3)

For θ < δ, according to the velocity compatibility principle 

and Fig. 6, we can also obtain Eq. (3)

Substituting Eq. (2) into Eq. (3) 

. (4)

2.3 The Rate of Work Produced by Gravity

The rate of work done by the wall gravity is the vertical component 

of the velocities multiplied by the weight of the wall, which can 

be expressed by 

. (5)

The rate of work done by each rigid soil strip is the vertical 

component of the corresponding velocity of each rigid soil strip 

multiplied by the weight of each rigid soil strip. So, the rate of 

work done by the total soil wedge can be written as

. (6)

Substituting Eqs. (1) and (4) into Eq. (6), the Eq. (6) can be 

rewritten as

(7)

where 

(8)

where 

φ = arctan(H/B). (9)

2.4 The Rate of Work Produced by Seismic Loads

The pseudo-static method was adopted to evaluate seismic loads, 

and the directions of the seismic loads were considered the 

worst-case scenario (see Fig. 2). The rate of work done by the 

horizontal seismic loads on the wall is the horizontal component 

of the velocities multiplied by the horizontal seismic load of the 

wall, which can be expressed by

, (10)

where Wec is the rate of work done by the horizontal seismic load 

on the wall. The rate of work done by each rigid soil strips is the 

horizontal component corresponding velocity of each rigid soil 

strips multiplied by the horizontal seismic load on each rigid soil 

strips. So, the rate of work done by the horizontal seismic load on 

the soil wedge can be calculated as

, (11)

where Wes is the rate of work done by the horizontal seismic load 

on the soil wedge.

Substituting Eqs. (1) and (4) into Eq. (11), we can get
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Fig. 5. Relative and Absolute Velocity Vectors for Case θ >δ:  

(a) Instantaneous Velocity of Point P and Adjacent Soil Strips, 

(b) Velocity Vector Triangle

Fig. 6. Relative and Absolute Velocity Vectors for Case θ < δ: 

(a) Instantaneous Velocity of Point p and Adjacent Soil Strips, 

(b) Velocity Vector Triangle
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2.5 The Rate of Work Done by Water Pressures Acting 

on the Wall
In this analysis, considering that the backfill of the wall has a 

good permeability (k~10−3 cm/sec). In other words, water can 

move freely within the backfill. So, the types of water pressures on 

the wall include hydrostatic pressures and hydrodynamic 

pressures. Under seismic conditions, the direction of hydrostatic 

pressures would not change, while the direction of hydrodynamic 

pressures would. The directions of the seismic loads are 

considered the worst-case scenario (see Fig. 2). Ebeling and 

Morrison (1992) proposed a method for calculating hydrostatic 

and hydrodynamic pressures, which was also adopted by 

Choudhury and Ahmad (2007). Solve the hydrostatic pressures

on the wall by defining the modified unit weights of water 

(γwe). So, Hydrostatic pressure on the wall can be expressed as

, (13)

, (14)

. (15)

And Pstat acts at a height of 1/3(H + 2h) from the base of the 

wall. Where γwe is the modified unit weights of water; γstat is the 

saturated unit weight of the backfill; ru is defined as the ratio of 

excess pressure of the initial vertical stress, and  is the equivalent 

unit weight of the soil considering the submergence of the backfill 

soil. Hydrodynamic pressure (Pdyn) acting on the wall back can 

be expressed

. (16)

And Pdyn acts at a height of 0.4H + 0.6h from the base. So, we 

can get the work done by hydrostatic pressure and hydrodynamic 

pressure.

(17)

(18)

2.6 The Rate of Work Produced by Water Pressures on 

the Soil Wedge
The acting force of the water on the soil wedge includes pore 

water pressure, excess pore water. As shown in Fig. 7, the 

distance from the upper surface of the free-body to the ground 

is ∆y, and hydrostatic pressure on the free-body can be expressed 

as

. (19)

Using Ebeling's method (Ebeling and Morrison, 1992), Ebeling

expressed the excess pore water pressure in the backfill caused 

by the earthquake by assuming the ratio of excess pressure of the 

initial vertical stress (ru) and still adopted by some scholars 

Chakraborty and Choudhury (2014a). So, the excess pore water 

pressure can be expressed by

. (20)

And the initial vertical effective stress can be expressed as 

. (21)

Substituting Eq. (3) into Eq. (2), we can get 

. (22)

As shown in Fig. 7, d1(downward), d2(upward), and J 

(seepage force) are water pressures on a free-body respectively:

, (23)

, (24)

.  (25)

The water pressure on a free-body can be written as

. (26)

As shown in Fig. 8, A completely submerged soil wedge I2I1 

fg can be divided into numerous “rigid water strips” parallel to 

the rupture surface II1, So, we can get the work done by the water 

on the soil wedge (II1I2).

(27)

For θ = θ1 (in Fig. 8), the rigid soil strip is partially submerged. 

So, the area of a rigid water strip can be written as 
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Fig. 7. Water Pressure Acting on the Soil Particle
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(28)

For θ = θ2 (in Fig. 8), the rigid soil strip is completely submerged. 

So, the area of a rigid water strip is equal to Eq. (1). Since the 

water pressure on each rigid soil strip is linearly distributed (in 

Fig. 8). Therefore, the water pressure on a rigid water strip can be 

replaced by the water pressure on a free body at the midpoint of 

the rigid water strip. The midpoint depth of a rigid water strip can 

be expressed by

, (29)

, (30)

∆y1 is the midpoint depth of a rigid water strip when θ = θ2 in 

Fig. 8, and ∆y2 is the midpoint depth of a rigid water strip when θ

= θ1 in Fig. 8. We can obtain water pressure D1 (θ = θ1) and D2 (θ

= θ2) on the rigid soil strip, respectively:

, (31)

, (32)

where

. (33)

For θ = θ2, the work done by the water pressure on soil wedge 

can be obtained

(34)

(35)

where λ = arctan(h/B)

(36)

(37)

For θ = θ1, the work done by the water pressure on soil wedge 

can be obtained

(38)

Since the backfill is cohesionless, the rate of energy dissipation is 

zero. Therefore, the energy balance can be obtained as 

. (39)

Substituting Eqs. (5), (6), (7), (10), (12), (17), (18), (27) into 

Eq. (39) and we can get kh

(40)

The critical seismic coefficient kcr is obtained by minimizing 
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Fig. 8. Water Pressure Distribution
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kh with respect to β. This means that Eq. (40) satisfies ,

we can get an analytic solution for the critical value of βcr, and 

substitute the critical value of βcr into the original equation. We 

can obtain the threshold of seismic yield acceleration coefficient 

kcr. But the analytic solution of βcr is too complicated, this paper 

uses numerical methods to solve kcr.

3. Calculation Examples and Parameter Analysis

3.1 The Effect of h on k
cr

Calculated parameters: H = 5 m; γw = 10 kN/m3; γc = 24 kN/m3; 

w = 30%; γs = 16 kN/m3; γstat = 19 kN/m3; ru = 0.2; n = 0.3; B =

2.2 m; i = 0.5; η = 5°; δ = 15°; α = 80°; φ = 40°, 45°.

As shown in Fig. 9, the infiltration depth of rainwater (H-h) 

has a significant effect on yield acceleration coefficient kcr, and 

yield acceleration coefficient kcr decrease from 0.3243 to 0.0794 

when the value of infiltration depth of rainwater (H-h) increased 

from 1m to 4 m.

3.2 The Effect of η on k
cr

Calculated parameters: H = 5 m; γw = 10 kN/m3; γc = 24 kN/m3; 

w = 30%; γs = 16 kN/m3; γstat = 19 kN/m3; ru = 0.2; n = 0.3; B =

1.8 m; η = 5°; α = 80°; i = 0.3, 0.5; φ = 30°, 40°.

Figure 10 shows that the value of yield acceleration coefficient kcr
increases with an increase in the value of wall-soil friction angle

δ and hydraulic gradient i. It is worth noting that kcr is more 

susceptible to φ than kcr to i. This means that increasing internal 

friction angle φ would be a wise choice to improve the 

overturning resistance of the gravity retaining wall in the seismic 

design. 

3.3 The Effect of η on k
cr

Calculated parameters: H = 5 m; γw = 10 kN/m3; γc = 24 kN/m3; 

w = 30%; γs = 16 kN/m3; γstat = 19 kN/m3; ru = 0.2; n = 0.3; B =

1.8 m; δ = 15°; α = 80°; i = 0.3, 0.5; φ = 30°, 40°.

Figure 11 shows that with an increase in the value of the 

backfill inclination η, the yield acceleration coefficient will 

reduce. When the value of the backfill inclination η exceeds 15°, 

the seismic yield acceleration coefficient will decrease rapidly. 

4. Comparison of Results

In order to verify the accuracy of the calculation model, a numerical 

model is established by ABAQUS (in Fig. 12). 

Figure 12 shows a retaining wall with a height 5 m, thickness 

2 m, width 2.2 m, and the wall front inclination α = 80°. To 

ensure that the boundary of the section does not significantly 

affect the results, the length of backfill is 12 m. The backfill is 

sandy soil which other parameters involved in the analysis are: γw
= 10 kN/m3; w = 30%; γs = 16 kN/m3, φ = 40°, n = 0.3; η = 10°. A 

surface-to-surface contact form is established between the 

retaining wall and the backfill. The tangential contact between 

the retaining wall and the backfill is Penalty and the coefficient 

of friction is 0.3. While the normal contact between the backfill 

and the retaining wall is Hard. The retaining wall is defined as an 

elastic material and the backfill is a molar coulomb material. The 

surface on both sides of the soil is constrained by normal 

( ) 0
h
k β∂ ∂ =

Fig. 9. Effect of Infiltration Depth of Rainwater H-h on kcr

Fig. 10. Effect of Wall-Soil Friction Angle δ on k
cr

Fig. 11. Effect of the Backfill Inclination η on kcr
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direction, the lower bottom is constrained by both tangential and 

normal directions and the wall is restrained so that it can only 

rotate around the toe of the wall. We selected the value of the 

horizontal seismic coefficient to simulate the rainfall infiltration.

Then the maximum infiltration depth of rainwater was compared 

with the theoretical formula Eq. (40), we can get Fig. 13. 

As can be seen from Fig. 13, although the rainfall infiltration 

depth obtained by numerical simulation is less than that obtained 

by theoretical analysis, there is still a good agreement. In the 

process of numerical simulation, different meshing methods will 

lead to different results. Therefore, five different mesh densities 

were used to analyze the mesh sensitivity of the retaining wall 

model. For kh = 0.2, we can get the maximum infiltration depth 

of rainwater in Table 1.

From Table 1, we can see that the retaining wall model is not 

sensitive to meshing.

5. Conclusions

1. A rainwater infiltration model is introduced for analyzing the 

characteristics of rainwater infiltration. A formula to calculate

seismic yield acceleration under coupling conditions of 

earthquakes and rainfall is deduced by the upper-bound limit 

method.

2. The establishment of a numerical analysis model using finite 

element software (Abaqus) has verified the accuracy of the 

results in this paper.

3. Results analysis revealed a large effect size of infiltration 

depth of rainwater and the backfill inclination on the seismic 

yield acceleration coefficient. When the infiltration depth of 

rainwater exceeds one-fifth of the height of the retaining wall 

and the backfill inclination exceeds 15°, the seismic rotational 

stability of the gravity retaining wall will decrease significantly.
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Nomenclature

B = Width of the wall

dA1 = Area of a rigid water strip when θ = θ2 in Fig. 8

dA2 = Area of a rigid water strip when θ = θ1 in Fig. 8

H = Height of the wall

h = Height of the point g in Fig. 2

i = Hydraulic gradient

J = Seepage force

kcr = Yield acceleration coefficient

kh = Horizontal seismic yield acceleration coefficient

n = The porosity of soil mass

O = Toe of the wall

Pdyn = Hydrodynamic pressure on the wall

Pstat = Hydrostatic pressure on the wall

ru = Pore water pressure ratio

Vp = Velocity of point P in Figs. 5 and 6

Vps = Relative velocity between Vs and Vp

Vs = Velocities of the rigid adjacent to point P in Figs. 5 

and 6

= Rate of work done by the soil wedge

= Rate of work done by water on soil wedge

= The work done by the water pressure on soil    

wedge when θ = θ1 in Fig. 8

= The work done by the water pressure on soil    

wedge when θ = θ2 in Fig. 8

= Rate of work done by hydrostatic pressure on the    

wall

= Rate of work done by horizontal inertial force of    

the wall

= Rate of work done by horizontal inertial force of    

soil wedge

= Rate of work done by hydrodynamic pressure

cgW

•

DW

•

1DW

•

2DW

•

dynW

•
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ecW

esW

•

statW
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Fig. 12. Numerical Model by Abaqus

Fig. 13.The Relationship between kcr and Infiltration Depth H-h

Table 1. Five Different Unit Numbers

Mesh1 Mesh2 Mesh3 Mesh4 Mesh5

Number of units 450 680 1,140 1,830 2,750

Maximum  

infiltration depth

1.4900 1.4970 1.4940 1.4932 1.4942



KSCE Journal of Civil Engineering 4583
= Rate of work done by the wall weight

w = Backfill moisture content

∆y1 = The midpoint depth of a rigid water strip when θ =

θ1 in Fig. 8

∆y2 = The midpoint depth of a rigid water strip when θ =

θ2 in Fig. 8

∆u(z) = Excess pore water pressure

α = The wall front inclination

β = Inclination angle of rupture

βcr = β corresponding to kcr
= Equivalent unit weight of the soil

γc = Unit weight of the retaining wall

γd = Unit weight of dry soil

γs = Unit weight of soil 

γstat = Saturated unit weight of soil

γw = Unit weight of water

γwe = The modified unit weights of water

δ = Wall-soil friction angle

η = The backfill inclination

λ = Arctan (h/B)

θ = Inclination angle of line OP in Fig. 3

= The initial vertical effective stress

φ= Arctan (H/B)

φ = Internal friction angle

ω = Angular velocity of the wall about toe
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