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Abstract: In order to evaluate the seismic stability of reinforced soil walls against bearing capacity failure, the seismic safety factor 
of reinforced soil walls was determined by using pseudo-dynamic method, and calculated by considering different parameters, such 
as horizontal and vertical seismic acceleration coefficients, ratio of reinforcement length to wall height, back fill friction angle, 
foundation soil friction angle, soil−reinforcement interface friction angle and surcharge. The parametric study shows that the seismic 
safety factor increases by 24-fold when the foundation soil friction angle varies from 25° to 45°, and increases by 2-fold when the 
soil−reinforcement interface friction angle varies from 0 to 30°. That is to say, the bigger values the foundation soil and/or 
soil−reinforcement interface friction angles have, the safer the reinforced soil walls become in the seismic design. The results were 
also compared with those obtained from pseudo-static method. It is found that there is a higher value of the safety factor by the 
present work. 
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1 Introduction 
 

During the design of reinforced soil walls in seismic 
prone zones, it is very important to study the external 
seismic stability of reinforced soil walls. The external 
stability evaluations of reinforced soil walls treat the 
reinforced section as a composite homogeneous soil 
mass, and usually consider four failure modes, viz., 
sliding, overturning, eccentricity and bearing capacity 
failure modes [1]. BASHA and BASUDHAR [2] 
assessed the external seismic stability of reinforced soil 
walls by using the pseudo-static method. However, in the 
pseudo-static method, the dynamic nature of seismic 
loading is considered to be time-independent, which 
assumes that the magnitude and phase acceleration are 
uniform throughout the reinforced section and back fill. 
To overcome this drawback, CHOUDHURY et al [3] 
determined the external seismic stability of reinforced 
soil walls by using the pseudo-dynamic method, but only 
considered direct sliding failure mode. 

The pseudo-dynamic method was proposed by 
STEEDMAN and ZENG [4], and initially, only 
considered horizontal seismic acceleration. Then, ZENG 
and STEEDMAN [5] validated the pseudo-dynamic 
method by comparing the values with centrifuge model 

test results. In order to improve STEEDMAN and 
ZENG’s method, CHOUDHURY and NIMBALKAR 
[6−8], and NIMBALKAR and CHOUDHURY [9] 
studied the seismic earth pressure on the retaining wall 
with the consideration of both horizontal and vertical 
seismic accelerations. However, the above-mentioned 
methods were merely applied to the vertical retaining 
wall. To analyze the nonvertical retaining wall, GHOSH 
[10−12] and WANG et al [13] calculated the seismic 
earth pressure behind it by the pseudo-dynamic method. 
In addition, WANG et al [13] also determined the safety 
factor of the retaining wall against overturning failure 
mode, but the surcharge was ignored. 

Although the pseudo-dynamic method has been 
used to analyze the external seismic stability of 
reinforced soil walls, the seismic stability of reinforced 
soil walls against bearing capacity failure mode cannot 
be obtained. Thus, in this work, an expression for 
computing the seismic safety factor of reinforced soil 
walls against bearing capacity failure mode is provided. 
The effects of various parameters such as horizontal and 
vertical seismic acceleration coefficients (kh and kv), ratio 
of reinforcement length to wall height (L/H), back fill 
friction angle (b), foundation soil friction angle (f), 
soil−reinforcement interface friction angle (δ), and 
surcharge (q) on the seismic safety factor of reinforced 
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soil walls are studied. This can provide valuable 
reference for seismic design of reinforced soil walls 
against bearing capacity failure. 
 
2 Method of analysis 
 
2.1 Pseudo-dynamic method 

The pseudo-dynamic method considers finite shear 
and primary waves, and assumes that the shear moduli of 
reinforced soil, Gr, and of back fill, Gb, are constant with 
the depth, z, through the reinforced section and back fill. 
In the present analysis, the shear wave velocity, 
Vsr=(Gr/ρr)

0.5, where ρr is the density of the reinforced 
soil, and primary wave velocity, Vpr=(Gr(2−2υr)/ 
(ρr(1−2υr)))

0.5, where υr is the Poisson ratio of the 
reinforced soil, are assumed to act within the reinforced 
section due to seismic loading. Similarly, the shear and 
primary wave velocities acting within the back fill can be 
given by Vsb=(Gb/ρb)

0.5 and Vpb= (Gb(2−2υb)/(ρb(1− 
2υb)))

0.5, respectively, where ρb is the density of the back 
fill and υb is the Poisson ratio of the back fill. For most 
geological materials, Vpr/Vsr and Vpb/Vsb can be taken as 
1.87 [14]. The period of lateral shaking, T=2π/ω, where 
ω is the angular frequency, is considered in the analysis. 
For most geotechnical structures, T=0.3 s is a reasonable 
assumption [15]. 

For a sinusoidal base shaking subjected to both 
horizontal and vertical seismic accelerations with the 
amplitude khg and kvg, where kh and kv are the horizontal 
and vertical seismic acceleration coefficients, 
respectively, the acceleration at any depth, z, below the 
ground surface and duration of earthquake, t, can be 
expressed as 
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where zq1=q/γr and zq2=q/γb are equivalent surcharge 
heights of reinforced soil mass and back fill wedge, 
respectively; γr and γb are unit weights of reinforced soil 
and back fill, respectively. 

Figure 1 depicts the schematic diagram of 
reinforced soil walls and forces involved in bearing 
capacity failure condition, and Fig. 2 illustrates the 
failure mechanism of back fill and associated forces. 

 

 
Fig. 1 Schematic diagram of reinforced soil walls and forces 

involved in bearing capacity failure condition 

 

 
Fig. 2 Failure mechanism of backfill and associated forces 

 
2.2 Seismic active force acting on reinforced section 

The weight of the back fill wedge is 
 

2
B b

1
cot

2
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where α is failure angle of the back fill, and H is height 
of reinforced soil walls. 

The total surcharge acting on the back fill is 
 

2 cotQ qH                                 (6) 
 

where q is surcharge. 
The total horizontal seismic force acting on the back 

fill wedge and surcharge, respectively, can be obtained 
by 
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where λb=TVsb, is the wavelength of shear wave about 
back fill. 

Similarly, the total vertical seismic force acting on 
the back fill wedge and surcharge, respectively, can also 
be obtained by 
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where ηb=TVpb, is the wavelength of primary wave about 
back fill. 

The total seismic active earth pressure, Pa(t), can be 
obtained by resolving the forces on the back fill wedge 
and considering the equilibrium of the forces, hence, Pa(t) 
can be expressed as 
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The seismic active earth pressure distribution can be 

obtained by differentiating Pa(z,t) with respect to the 
depth, z, as 
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where dη1=sin2π(t/T−(z−zq2)/ηb); dη2=cos2π(t/T−z/ηb)− 
cos2π(t/T−(z−zq2)/ηb); dη3=sin2π(t/T−z/ηb)−sin2π(t/T−(z− 

zq2)/ηb); dλ1=sin2π(t/T−(z−zq2)/λb); dλ2=cos2π(t/T−z/λb)− 
cos2π(t/T−(z−zq2)/λb); dλ3=sin2π(t/T−z/λb)−sin2π(t/T−(z− 
zq2)/λb). 

The acting point of seismic active earth pressure, h, 
can be determined by taking moment equilibrium about 
the base of the wall: 
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The total active earth pressure will be maximum 
when the failure angle is obtained by taking partial 
derivative of Pa(α, t) with respective to failure angle, α, 
which is called as the critical failure angle, αc [16−18]: 
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Simplification of Eq. (14) can be given by 
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where a=0.5γbH
2+qH+kvηbγb[Hcos2π(t/T−H/ηb)−  

 
ηb(sin2π(t/T)−sin2π(t/T−H/ηb))/2π]/2π+  
 
kvηbqH[cos2π(t/T−(H+zq2)/ηb)− 
 
cos2π(t/T−H/ηb)]/(2πzq2)  

b=khλbγb[Hcos2π(t/T−H/λb)−λb(sin2π(t/T)− 
 
sin2π(t/T−H/λb))/2π]/2π+khλbqH[cos2π(t/T− 
 
(H+zq2)/λb)−cos2π(t/T−H/λb)]/(2πzq2)  

The critical failure angle, ac, can be obtained by 
solving Eq. (15). 
 
2.3 Seismic safety factor against bearing capacity 

failure mode 
The weight of the reinforced soil mass is 
 

R rW HL                                 (16) 
 

where L is reinforcement length. 
The total surcharge acting on the reinforced section 

is 

1Q qL                                    (17) 
 
The total horizontal seismic force acting on the 

reinforced section and surcharge, respectively, can be 
given by 

h r r
h1

r

cos 2π cos 2π
2π

k L t H t
Q

T T

 


          
    

   (18) 

q1h r
hq1

q1 r r

cos 2π cos 2π
2π

H zk qL t t H
Q

z T T


 

     
             

                                          (19) 



J. Cent. South Univ. (2013) 20: 2593−2598 

 

2596 

 

 
where λr=TVsr, is the wavelength of shear wave about 
reinforced soil. 

Similarly, the total vertical seismic force acting on 
the reinforced section and surcharge, respectively, can 
also be given by 
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where ηr=TVpr, is the wavelength of primary wave about 
reinforced soil. 

The eccentricity can be calculated as the ratio of 
difference of sum of the moments of resisting forces to 
disturbing forces about the center line of the wall base as 
shown in the following equation: 
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where R=WR+Q1+Qv1+Qvq1+Pasinδ, is the normal force 
at the base. 

Bearing capacity refers to the ability of a foundation 
soil to support the structure. The Meyerhof distribution 
assumes that eccentric loading results in a uniform 
redistribution of pressure over a reduced area at the base 
of the wall. This area is defined by a width equal to the 
wall width minus twice the eccentricity. The safety factor 
against the bearing capacity failure can be defined by the 
ratio of ultimate bearing capacity of a shallow foundation 
below the base slab of reinforced soil, qu, to vertical 
stress at the base, σv, as shown below [1, 14]: 
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where σv=R/(L−2E), qu=0.5γf(L−2E)Nγ, and γf is unit 
weight of foundation soil; Nγ=2(Nq+1)tanf, is bearing 
capacity factor; Nq=exp(πtanf)tan(π/4+f/2); f is 
foundation soil friction angle. 
 
3 Results and discussion 
 

In the case of cohesionless soils, to avoid the 
phenomenon of shear fluidization for the certain 
combinations of kh and kv, RICHARDS et al [19] 
proposed that the soil friction angle, , considered in the 
analysis has to satisfy the following relationship: 
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In order to investigate the effect of various 
parameters on the seismic safety factor of reinforced soil 

walls against bearing capacity failure, the range of 
parameters and its basic values considered in the analysis 
are presented in Table 1, and the downward seismic force 
is defined as positive. 
 
Table 1 Range of parameters and its basic values considered in 

present work 

Parameter Basic value Range 

H/m 10 — 

q/(kN·m−2) 10 5−20 

L/H 0.6 0.5−0.7 

b/(°) 35 25−35 

r/(°) 35 — 

f/(°) 35 25−35 

δ/(°) 20 0−30 

t/s 0.3 — 

kh — 0−0.4 

kv 0.5 kh −0.3− + 0.3 

(γb=γr=γf)/(kN·m−3) 18 — 

(Vsr =Vsb)/(m·s−1) 200 — 

 
Figure 3 shows the variations of the safety factor of 

reinforced soil walls, FS, with kh for different values of 
L/H and kv=0. It can be seen from Fig. 3 that FS 
decreases with the increase of kh. 
 

 
Fig. 3 Variations of safety factor of reinforced soil walls, FS, 

with kh for different values of L/H 
 

Figure 4 depicts the variations of the safety factor of 
reinforced soil walls, FS, with kv for different values of 
L/H and kh=0.3. It is indicated in Fig. 4 that FS decreases 
with the increase of kv. When L/H is equal to 0.5, the 
variation of FS is not obvious with the increase of kv. 
However, the variation of FS begins to become apparent 
with the increase of kv when L/H is greater than 0.5. It 
can be also seen from Fig. 4 that the impact of the 
downward seismic force on the stability of reinforced 
soil walls is more adverse. 

Figures 3 and 4 also indicate that FS increases 
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Fig. 4 Variations of safety factor of reinforced soil walls, FS, 

with kv for different values of L/H 

 
rapidly with the increase of L/H. To make the following 
parameter research, L/H is assumed to be equal to 0.6, 
and the downward seismic force is only considered. 

Figure 5 shows the variations of the safety factor of 
reinforced soil walls, FS, with kh for different values of b. 
Figure 5 indicates that FS decreases gradually with the 
increase of kh, and increases obviously with the increase 
of b. When b varies from 25° to 45°, FS increases from 
3.579 to 6.813 for kh =0.3, and increases by 90%. 
 

 
Fig. 5 Variations of safety factor of reinforced soil walls, FS, 

with kh for different values of b 

 
Figure 6 shows the variations of the safety factor of 

reinforced soil walls, FS, with kh for different values of f. 
It is observed in Fig. 6 that FS decreases significantly 
with the increase of kh when f has a larger value, and 
increases strongly with the increase of f. When f  
varies from 25° to 45°, FS increases from 1.245 to 31.099 
for kh=0.3, and increases by 24-fold. 

Figure 7 shows the variations of the safety factor of 
reinforced soil walls, FS, with kh for different values of δ. 
Figure 7 demonstrates that FS decreases gradually with 
the increase of kh, and increases clearly with the increase 
of δ. When δ is changed from 0 to 30°, FS increases from 
2.226 to 6.490 for kh =0.3, and increases by 2-fold. 

 

 
Fig. 6 Variations of safety factor of reinforced soil walls, FS, 

with kh for different values of f 

 

 
Fig. 7 Variations of safety factor of reinforced soil walls, FS, 

with kh for different values of δ 

 
Figure 8 shows the variations of the safety factor of 

reinforced soil walls, FS, with kh for different values of q. 
It can be found in Fig. 8 that FS decreases quickly with 
the increase of kh, and decrease slightly with the increase 
of q. When q varies from 5 kN/m2 to 20 kN/m2, FS 

decreases from 5.826 to 4.839 for kh=0.3, and decreases 
by 17%. 
 

 
Fig. 8 Variations of safety factor of reinforced soil walls, FS, 

with kh for different values of q 
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4 Comparison of results 
 

Figure 9 shows a comparison of safety factor 
obtained by the present study with that obtained from the 
pseudo-static method [2] for kv=kh/2, H/λr=H/λb=0.3, 
H/ηr=H/ηb=0.16. It is observed that the results obtained 
from the present study are larger than the results obtained 
from the pseudo-static method for the same set of 
parameters. Furthermore, the lager value the horizontal 
seismic force has, the more obvious the difference of the 
results between the present work and the pseudo-static 
method becomes. 
 

 
Fig. 9 Comparisons of variation of safety factor of reinforced 

soil walls, FS, with kh obtained by present study and pseudo- 

static method 

 
5 Conclusions 

 
1) The safety factor decreases with the increase of 

horizontal or vertical seismic acceleration coefficients. 
But, the horizontal seismic acceleration coefficient 
affects the safety factor more significantly, and the 
impact of the downward seismic force on the safety 
factor is more disadvantageous. 

2) The safety factor increases gradually with the 
increase of the ratio of reinforcement length to wall 
height. In seismic design, the appropriate increase of the 
ratio of reinforcement length to wall height is conducive 
to the stability of reinforced soil walls. 

3) The safety factor increases with the increase of 
back fill friction angle, foundation soil friction angle, and 
soil−reinforcement interface friction angle. In addition, 
the foundation soil friction angle has much stronger 
influence on the seismic stability of reinforced soil walls 
than the others. 

4) The safety factor decreases slowly with the 
increase of surcharge. Therefore, the surcharge slightly 
affects the seismic stability of reinforced soil walls. 

5) The results obtained from the pseudo-static 
method are more conservative than the results obtained 
from the present work in the same situation. 
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