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ABSTRACT:  Narrow Backfill Width Retaining (NBWR)walls are in great demand as the available space at some sites may 

be limited. Most of the times retaining walls are required to be constructed in front of rock faces. The Mononobe-Okabe 

method is inappropriate for the seismic analysis of narrow backfill width retaining walls as the inadequate development of 

failure wedge in the shape and size. This leads to designs that may be either excessively conservative or unsafe or 

inconsistent. Therefore, an attempt has been made in the current study to propose an analytical method to compute seismic 

active earth pressure exerted by the backfill of narrow width on gravity retaining walls, using the limit equilibrium method 

with planar slip surfaces under pseudo static loading condition. Three different failure mechanisms of the active wedge are 

considered, namely Mechanism 1 (active wedge formed by a single block), Mechanism 2 (active wedge is composed of two 

rigid blocks, one slipping with respect to the other) and Mechanism 3 (which considers three blocks). Using three 

mechanisms, the magnitude of seismic active earth pressure acting on the gravity wall and its point of application from the 

bottom of the wall are determined. The revised seismic active earth pressure and its point of application are used to optimize 

the gravity retaining wall proportions. Four modes of failure are considered in the present study, viz overturning of the wall 

about its toe, sliding of the wall on its base, eccentricity of the resultant force striking the base of the slab and bearing 

capacity failure below the base slab. The optimum dimensions of gravity wall are obtained by imposing the following four 

constraints in the optimization routine. The influence of interface friction angle between the retaining wall and backfill soil, 

and the distance of rock face from the heel of the gravity wall on the magnitude of seismic active earth pressure, point of 

application of the seismic active trust and optimum dimensions of the retaining wall are presented in the form of design 

charts. 
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1 INTRODUCTION  

1.1 Narrow backfillbackfill width retaining 

walls: 

Narrow backfillbackfill width retaining walls are used 

to provide lateral resistance for a mass of earth or other 

material to accommodate a transportation facility. As 

the available space at the site is limited, most of the 

times retaining walls are required to be constructed in 

front of the rock faces. These walls are used in a variety 

of applications including right-of-way restrictions, 

protection of existing structures that must remain in 

place, grade separations, new highway embankment 

construction, roadway widening, stabilization of slopes, 

protection of environmentally sensitive areas, staging, 

and temporary support including excavation or 

underwater construction support. 

 

1.2 Gravity Retaining wall:  

One of the most common type of retaining wall used in 

civil engineering practices is gravity retaining wall. The 

performance of retaining walls during earthquakes is 

very complex because of the complex soil-structure 

interaction during the earthquake. 

1.3 Classical Methods for Analysis of Seismic 

Active Earth Pressure: 

The following studies are available in the literature 

which deal with computation of seismic active earth 

pressure behind retaining walls. The most commonly 

used method for the design of retaining walls is the 

pseudo-static method, this method ignores the cyclic 

nature of the earthquake and treats it as if it applied an 

additional static force upon the retaining wall. 

Mononobe-Okabe (1926) also developed an equation 

that can be used to determine the horizontal pseudo 

static force acting on the retaining wall.  The design 

methodology is not evident at present for earth retaining 

structures placed adjacent to rock face with narrow 
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backfill width. The analytical methods for evaluating the 

active earth pressure like Mononobe-Okabe (1926) are 

inappropriate when the backfill behind a retaining wall 

is narrow. This is due to the inadequate development of 

active thrust wedge in the shape and size as predicted by 

Mononobe-Okabe (1926) approach.  

1.4 Studies pertaining to Optimum design of 

retaining walls 

Hoeg and Murarka (1974) reported results on the 

optimum and balanced design of retaining structures for 

a gravity retaining wall based on deterministic 

procedures and probabilistic approach. Babu and Basha 

(2010) reported results on the optimum and balanced 

design of bridge abutments when subjected to 

earthquake loading.  

1.5 Objectives and Scope of the present study  

The optimum proportions of gravity retaining walls are 

obtained for the adequate development of active thrust 

wedge (Mononobe-Okabe theory) in the shape and size 

behind the gravity retaining wall. However, it is clear 

from the above discussion that the Mononobe-Okabe 

theory are not appropriate for narrow backfillbackfill 

width gravity retaining walls. Therefore, the three 

failure mechanism proposed by the Greco (2014) is 

considered in the present paper for the computation of 

seismic active earth pressure exerted by the narrow 

backfill width gravity retaining wall. Moreover, 

deterministic optimization methodology is proposed to 

obtain an optimum proportions of narrow 

backfillbackfill width gravity retaining walls. This paper 

demonstrates the detailed studies conducted on the 

optimum wall proportions considering several limit 

states namely, overturning, sliding, eccentricity and 

bearing capacity. The influence of various design 

parameters on the seismic stability of narrow backfill 

width gravity retaining wall is presented. 

2 COMPUTATION OF ACTIVE EARTH 

PRESSURE (Sa) 

The methodology is developed assuming the backfill 

soil is cohesionless, without pore pressure and obeys the 

Mohr–Coulomb failure criterion and plane strain 

conditions. It is also assumed that the wall movement is 

sufficient to induce failure along planes inside the 

backfill in accordance with Mononobe and Okabe 

(1929) approach and the seismic forces acting on the 

thrust wedge are calculated using the pseudo-static 

approach. Three wedge mechanism proposed by Greco 

(2014) is used to compute the seismic active earth 

pressure behind the narrow backfillbackfill width 

gravity retaining walls. It is based on limit equilibrium 

method.  

   The gravity retaining wall considered in the present 

study has the inclined back face with an angle  is the 

retaining wall back face inclined angle with respect to 

the horizontal, h is the height of the retaining wall, is 

the backfill with topographic profile inclined angle, is 

the friction angle of backfill soil, is the unit weight of 

backfill soil, “b” is the horizontal distance from the wall 

heel to planar rock face,  is the Rock face inclination 

angle, is the friction angle between backfill soil and 

wall and  is the friction angle between the same 

backfill soil and rock face.  

As illustrated by Greco (2014), three different failure 

mechanisms of the active wedge are considered. The 

mechanism 1 considers an active wedge formed by a 

single block as shown in Figure 1. Further, the active 

wedge is composed of two rigid blocks, one slipping 

with respect to the other in mechanism 2 as shown in 

Figure 2. Similarly, the mechanism 3 considers three 

blocks as shown in Figure 3. The blocks are limited by 

slip planes inclined at an angles α, ρ and λ, whose values 

are chosen by maximizing the active thrust pressure 

acting on the gravity retaining wall. 

 

Fig. 1 Mechanism-1 

 

Fig. 2 Mechanism-2 forming two wedges.  

2.1 Mechanism-1 

The Figure.1 shows the forces (W, Sa
  and R1) and its 

direction acting on the thrust wedge, where ‘W’ is the 

weight of the wedge BCD acting downwards, ‘Sa’ is the 

thrust exerted by the wall on plane BC which is inclined 

at an angle  ‘ ’ and R1 is the thrust acting on inclined 

plane CD. kh is the horizontal seismic coefficient kv is 

the vertical seismic coefficient and   is the Inclination 

of the seismic coefficient with the horizontal. Applying 
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the conditions of force equilibrium on the wedge BDC, 

we can obtain the active thrust Sa given by 
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Fig. 3 Mechanism-3 forming three wedges.    
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The minimum value of failure plane (
min

 ) is obtained 

by the geometry conditions as shown in Figure 1.  
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If the obtained value of 
c

 using Eq.2. is more than 
min

  

calculated using Eq. 4. (i.e. 
minc

  ), active earth 

pressure Sa can be calculated using the M-O method. 

Otherwise, the mechanism 2 should be used to calculate 

the active earth pressure Sa due to inadequate 

development of active thrust wedges in the shape and 

size as predicted by the Coulomb’s methods. 

2.2 Mechanism-2 

The forces which are acting on two wedges as shown in 

Figure 2 are the self-weights, W1 & W2, active thrust 

(Sa) on the plane BC, S2 on plane AD and reaction (R1) 

on plane DC. Employing the force equilibrium of the 

two wedges, the active thrust Sa is given by 
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The maximum value of Sa as shown in Eq. 5 can be 

obtained by equating the first derivative of Sa with 

respect to and  with boundary conditions 

min
     and 180

o
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c
  and 

c
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shown below:  
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The optimization is performed using fminsearchcon 

function developed by Nelder- Mead simplex method in 

MATLAB. If the obtained value of 
c

  is less than 
max

   

(i.e. 
maxc

  ), the active earth pressure Sa is 

calculated by substituting the value of 
c

  in Eq. 5. 

Otherwise, the mechanism-3 should be used to calculate 

the active earth pressure Sa due to inadequate 

development of shape and size of two wedge failures as 

the failure plane is falling in between B and C points 

which forms the third wedge.  

2.3 Mechanism-3 

The Figure 3 shows mechanism 3 which is formed by 

three wedges. The wedges are subject to its own weights 

W1, W2, and W3, active thrust, Sa, S2, S3, R1, R2 and 

R3 on the planes BC, AD, EB, DC, ED and EF 

respectively. Applying the conditions of force 

equilibrium on the three wedges, we can obtain the 

active thrust Sa as given by 

1 2
1 sin( ) sin( )

cos sin( ) sin( )

v

a

k W S
S

      

        

     
 

     

  
    

     (10)  

32

2

1 sin( )sin( )

cos sin( ) sin( )

v
k SW

S
     

        

    
 

     

  
    

(11) 

3

3

1 sin( )

cos sin( )

v
k W

S
  

    

  


  

  
    

 (12) 



Paper title 

4 

The maximum value of Sa as shown in Eq. 10 is obtained 

by equating the first derivative of Sa with respect to 
 and  with boundary conditions 

min
    , 

max
     and      to get 

c
  c

   and c
   as 

shown below: 
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If the obtained value of 
c
  is less than 

min
                                

(
c min
  ) then active earth pressure Sa is calculated 

using the Eq. 10 by substituting the value of 
c
 . 

Otherwise the value of 
min

  is substituted in the Eq. 10 

to get the active thrust Sa and this mechanism refers to 

mechanism-3 forced. This attributes to inadequate 

development of active thrust wedge in the shape and size 

as predicted by the Mechanism-3 i.e the failure plane is 

falling in between points A and D as shown in Figure. 3 

3 EXTERNAL STABILITY MODES  

The optimum dimensions are obtained by imposing the 

following four constraints in the optimization routine. 

The constraints are (i) the factor of safety against 

overturning (FSot >=1.0), the factor of safety against 

sliding (FSsli >=1.0) (iii) eccentricity of the resultant 

force which strikes the middle of the base of retaining 

wall must be less than one sixth of the base width of the 

wall, (e<B/6) and (iv) factor of safety against bearing 

capacity failure (FSb >=1.0).  

4 RESULTS AND DISCUSSION 

From the Figure 5, it is observed that for kh = 0.1, 33% 

reduction in Kae can be observed as the rock face moves 

closer to retaining wall i.e b/h ratio decreases from 2.5 

to 0.1 similarly for kh = 0.3, 50% reduction in Kae may 

be noted. Further as the kh increases from 0.1 to 0.3, the 

Kae is reduces drastically. It is observed from Fig. 6 that 

the rock face moves closer to retaining wall, i.e b/h ratio 

decreases from 2.5 to 0.1 for kh equal to 0.3 

approximately 70% reduction in the Bw/h value can be 

observed. Considering the presence of rock face yields 

economical design (amount of concrete can be reduced). 

The use of M-O method generally produces an 

overestimate of Kae to the tune of 30–40%. Ignoring the 

presence of rock face yields over conservative design 

mostly.  

5 CONCLUSIONS  

The present study reports three wedge mechanism with 

limit equilibrium method for computing the seismic active 

earth pressure coefficient behind narrow backfill width 

gravity walls. The new values of seismic active earth 

pressure coefficients and its points of application are used 

for the optimum design of gravity retaining walls by 

considering the satisfactory performance against 

overturning, sliding, eccentricity of the resultant force and 

bearing capacity failures. It can be concluded from the 

study that a considerable amount of savings in concrete can 

be achieved due to presence of rock face behind the wall. 

 

Fig. 5 Effect of    on aeK using mechanisms 1, 2 and 3. 

 

Fig. 6 Effect of    on base width of gravity wall, /wB h  
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