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Abstract. The design of containment walls suffering seismic loads traditionally has been realized 

with methods based on pseudoanalitic procedures such as Mononobe-Okabe's method, which it 

has led in certain occasions to insecure designs, that they have produced the ruin of many con-

tainment walls suffering the action of an earthquake. The recommendations gathered in 

Mononobe-Okabe's theory have been included in numerous Codes of Seismic Design. It is clear 

that a revision of these recommendations must be done. At present there is taking place an im-

portant review of the design methods of anti-seismic structures such as containment walls placed 

in an area of numerous earthquakes, by means of the introduction at the beginning of the decade 

of 1990 the Displacement Response Spectrum (DRS) and the Capacity Demand Diagram (CDD) 

that suppose an important change in the way of presenting the Elastic Response Spectrum (ERS). 

On the other hand in case of action of an earthquake, the dynamic characteristics of a soil have 

been referred traditionally to the speed of the shear waves that can be generated in a site, to-

gether with the characteristics of plasticity and damping of the soil. The Principle of the energy 

conservation explains why a shear upward propagating seismic wave can be amplified when 

travelling from a medium with high shear wave velocity (rock) to other medium with lower ve-

locity (soil deposit), as it happened in the earthquake of Mexico of 1985. This amplification is a 

function of the speed gradient or of the contrast of impedances in the border of both types of me-

diums. A method is proposed in this paper for the design of containment walls in different 

soils, suffering to the action of an earthquake, based on the Performance-Based Seismic De-

sign. 
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1 INTRODUCTION 

The calculation of the static and dynamics pressures of a soil against a wall, as well as the 

displacements of it under the action of an earthquake, can be realized by means of analytical 

pseudostatic, analytical dynamic methods or by means of numerical methods: finite differ-

ences, finite elements, etc. 

For the first methods, different authors (Coulomb
[2]

, Rankine
[12]

, Newmark
[7]

, Richards-

Elms
[13]

, Whitman-Liao
[16]

, Prakash-Rafnsson-Wu
[8], [9]

) have developed approximations to 

the problem, consisting of analytical pseudostatic solutions, presenting in every case different 

limitations. Other authors (Wood
[17]

, Scott
[14]

, Veletsos and Younan
[15]

) have obtained analyt-

ical dynamic solutions  based on the theory of the elastic waves. 

For the numerical methods different commercial programs have been developed: SASSI
[5]

, 

PLAXIS
[1]

, FLAC/FLAC3D, etc. 

The latter programs need normally a high time of preparation of input and an important 

consumption of computation. On the other hand few of them allow the integration of the dy-

namic equations in the time domain. Another limitation is the model behavior of the soil im-

plemented in the program. 

The analytical pseudostatic methods on the contrary, need a minor time of computer and 

have been implemented in the past for the calculation of walls submitted to static actions with 

satisfactory results. 

For preliminary studies a program of computer have been developed by means of analyti-

cal pseudostatic methods for the calculation of the pressures and displacements of a gravity 

retaining wall, in static and dynamic conditions under the action of one earthquake. The situa-

tions of stability are verified to sliding and overturning, warning in case of failure, to increase 

the dimensions of the wall. 

The analysis of a gravity wall submitted to the action of an earthquake by means of the 

calculation of the possible permanent displacement follows the line of the method of Perfor-

mance Based Design. 

2 PROGRAM MUROSIS 

For the analysis of the behavior of a wall submitted to seismic actions, it have been developed the 

program MUROSIS based on pseudoanalític methods, for the calculation of static and seismic pres-

sures on the back of the wall, as well as the permanent seismic displacement, in case the maximum 

acceleration of the earthquake overcomes the critical acceleration (Whitman-Liao
[16]

, 1983). 

The program calculates the total force and the moment at the base of the wall. The force in static 

conditions is calculated by Rankine's method or by Coulomb's method. The seismic force is calculated 

by Mononobe-Okabe's method, considering his action with agreement to Richards-Elms
[13]

 of 0.66 H 

over the foot of the wall, being H the height of it. 

Later it is calculated the maximum friction force that is opposed to the sliding and the stabilizing 

moment, obtaining finally the safety coefficients for sliding and overturning, in static and also in seis-

mic conditions. In case the safety coefficient of sliding or overturning does not fulfill a prescribed val-

or the program warns to increase the dimensions of the wall. 
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3 STATIC ACTIVE FORCE ACCORDING TO COULOMB´S THEORY 

The static pressure according to Coulomb´s theory on a wall of vertical back line has the ex-

pression: 

 

Figure 1. Static pressure against a wall according Coulomb´s theory 
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The total active force according to Coulomb´s theory forms an angle δ with the normal to 

the wall (figure 1) 
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4 DYNAMIC ACTIVE FORCE ACCORDING MONONOBE-OKABE´S THEORY  

With the conditions established in the program MUROSIS for a wall with vertical back 

line (i=0º), granular landfill (Mononobe-Okabe does not consider cohesion), friction angle of 

landfill - wall δ 0 and angle of inclination of the surface of the area ß 0, the formulation 

used by the program calculates the active and passive pressures with the point of application 

defined by Prakash
[13]

, Richards-Elms
[13]

, Whitman-Liao
[16]

. 

 

Figure 2.  Dynamic pressure against a wall according Coulomb´s theory 
 

Active force: 

 
Where PAE = EA + ΔEAE, being EA the active force according to Coulomb´s theory and 

ΔEAE the active seismic force, with the value: 

21
( )

2
AE AE AE H K K  

Where kh y kv are the horizontal and vertical seismic coefficient accelerations relative to g, 

that is the horizontal and vertical pseudostatic accelerations are: ah=kh g y av=kv g. 
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The coefficient kv can have positive or negative sign, if the vertical acceleration due to the 

earthquake is ascending or descending. 

The total active force PAE has his point of application at a height on the base of the wall of: 
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Once calculated KAE, it can be obtained: 

 

KAEH = KAE cos δ     KAEV = KAE sen δ 

EAEH = ½ γ KAEH · H
2
     EAEV = ½ γ KAEV · H

2
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The safety coefficients with the action of earthquake are: 
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5 PERFORMANCE-BASED SEISMIC DESIGN OF A WALL 

In a containment wall with the action of an earthquake, when the horizontal acceleration is 

lower than a critical or limit value acrit, the wall does not suffer movement. 

But, when the acceleration of the soil equals the critical or limit acceleration, the wall is in 

situation of imminent sliding. In this instant the total active forces due to the static and seis-

mic pressures equal the stabilizing force due to the friction between the wall and the soil at the 

base. 

 

Figure 3 Seismic forces on the wall by MONONOBE-OKABE 

 

Considering only horizontal acceleration and naming PAE the total static and seismic force 

calculated by Mononobe-Okabe´s method and by (PAE)h and (PAE)v the horizontal and verti-

cal components of this, the horizontal and vertical balance of forces on the wall (figure 3.) 

direct to: 

T = Fh + (PAE)h 
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N = W + (PAE)v 

Substituting in these equations: 
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Where ι is the inclination of the back of the wall with the vertical one and δ is the friction 

angle between soil and wall, obtaining the value of the limit or critic acceleration that it puts 

in situation of imminent sliding the wall: 
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Wherefrom:
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Being ФB the friction angle between the base of the wall and the underlying soil. In this 

equation PAE's value must be obtained with Mononobe-Okabe's method. 

The solution of this equation must be solved by iterative form, since before to calculate 

PAE's value by Mononobe-Okabe's method is needed to know the value of acrit, and it is nec-

essary to proceed by trial and error. 

Richards y Elms
[13]

 (1979) have calculated the permanent displacement of the wall when 

amax>acrit obtaining the value: 

Dperm = 0,087 
4

3
max

2
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Whitman y Liao
[16]

 (1983) correcting Richards-Elms's simplifications have proposed the 

following expression for the permanent seismic displacement: 

dperm = max

4,9

max

2
max37 a

acrit

e
a

V

 
This value must not overcome the admissible limit for the permanent displacement of the 

wall. If this value is exceeded, it is necessary to increase the dimensions of the wall.
 

6 ORDER FOLLOWED BY THE PROPOSED PROGRAM 

The order followed by the program is. 

 

1. First it calculates the weight W of the wall 

2. A previous value of ah= kh·g, will be supposed calculating for the value of av=kv·g, the 

total active force by Mononobe-Okabe´s method. 

3. For the value PAE it calculates the critical or limit acceleration: 

cosAE AE b

crit b

P P sen tg
a tg g

W
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4. If the value of acrit differs of ah = amax less than the one prearranged value (0,001), it 

calculates the permanent displacement by Whitman-Liao´s method according with the 

equation: 

dperm = max

4,9

max

2
max37 a

acrit

e
a

V
 

5.  If the value of acrit differs of ah = amax more than the one prearranged, new intermedi-

ate value amax is used, following with the process, until acrit and amax fulfill this condi-

tion. 

6. The value of dperm finally calculated must be less than the prearranged limit value and 

in contrary the dimensions of the wall must be increased until the mentioned condition 

is fulfilled. 

7 STUDIED CASES 

It has been realized the seismic calculation of 16 cases of walls by means of the program 

named MUROSIS, using the next two types of walls: 

 

1. Wall with 4,00 m of height 

2.  Wall with 6,00 m of height 

 

In both cases the static pressures have been calculated by Coulomb´s theory. The dynamic 

pressures have been obtained by Mononobe-Okabe and the permanent seismic possible dis-

placements by Whitman-Liao. All the exits have been verified manually and with the bibliog-

raphy to check the kindness of the results. In all cases the surface of the embankment is 

horizontal  = 0º and the wall has the back vertical α = 90º. The thicknesses of the wall in the 

base and the on the top has been selected to the specific situations of every case. 

The program verifies that the safety coefficients of sliding and overturning in seismic sit-

uation fulfill the following conditions: 

 

FSD  1.10   FSV  1.50 

 

The following situations have been studied for these two types of walls: 

 

- Wall with 4.00 m of height 

1. Without earthquake, without cohesion and without friction soil-wall 

2. Without earthquake, without cohesion and with friction soil-wall 

3. Without earthquake, with cohesion and without friction soil-wall 

4. Without earthquake, with cohesion and with friction soil-wall 

- Wall with 6.00 m of height 

5. Without earthquake, without cohesion and without friction soil-wall 

6. With earthquake, without cohesion and without friction soil-wall 

7. With earthquake, with cohesion and without friction soil-wall 

8. With earthquake, with cohesion and with friction soil-wall 

 

The summary of obtained results in are included in the following tables: 
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Wall of 4.00 m 

Wall 
kh 

(kv = ½ kh) 

c1 = c2 

(kPa) 

δ 

(º) 

B1 

(m) 

B2 

(m) 

kcrit dperm 

(mm) 

1 0 0 0 1.80 1.30 0.120g 0 

2 0 0 15 1.60 1.20 0.161g 0 

3 0 10 0 1.50 1.20 0.083g 0 

4 0 10 15 1.30 1.10 0.126g 0 

5 0.10g 0 0 1.85 1.50 0.1497g 0.19 

6 0.10g 0 15 1.80 1.50 0.202g 0 

7 0.10g 10 0 1.60 1.30 0.1135g 1.84 

8 0.10g 10 15 1.50 1.00 0.1435g 0.28 

Table nº 1 Exit of results for wall of height H = 4.00 m 

Muro de 6.00 m 

Wall 
kh 

(kv = ½ kh) 

c1 = c2 

(kPa) 

δ 

(º) 

B1 

(m) 

B2 

(m) 

kcrit dperm 

(mm) 

1 0 0 0 2.70 2,40 0.1439g 0 

2 0 0 15 2.30 2,10 0.1712g 0 

3 0 10 0 1.90 1,70 0.050g 0 

4 0 10 15 1.80 1,50 0.104g 0 

5 0.10g 0 0 2.80 2,50 0.163g 0 

6 0.10g 0 15 2.70 2,50 0.212g 0 

7 0.10g 10 0 2.20 1,90 0.0985g 4.72 

8 0.10g 10 15 2.10 1,90 0.1575g 0 

 
Table nº 2 Exit of results for wall of height H = 6.00 m 

8 CONCLUSIONS 

It has been analyzed 16 cases of walls of 4.00 m and 6.00 m of height for two values of the 

friction angle soil-wall and for two values of the cohesion of the landfill, one null and other 

different to zero. 

The analysis of the permanent seismic displacement leads to the conclusion that walls that 

fulfill to stability in seismic situation can have unacceptable displacements, being advisable 

the determination of this value in the seismic design of a wall. This is the line followed nowa-

days for the “Performance Based Design” 
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