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ABSTRACT 
 

Many buildings are constructed near the soil slopes. Such structures can be 
regarded as an extra surcharge on the slopes. The intensity and location of the 
surcharge affects the slopes. In this research, using limit analysis method and upper 
bound theory with non-associated flow rule, the building behavior near soil has been 
estimated. The authors have suggested a formulation for calculating the velocity 
behavior of the soil slope in presence of a surcharge for different failure modes. The 
effects of building’s intensity, location of building as well as the soil properties have 
been investigated. 
 
 

1. INTRODUCTION 
 

There have been various studies on surcharge near the slope. In analytical 
studies, the kinematic theorem of limit analysis presented by Michalowski (2007), 
Askari and Farzaneh (2003), Mojallal et al. (2012), Aminpoor and Ghanbari (2014), Yu 
et al. (2014), Zhang et al. (2016) that investigated different condition for slope stability, 
slope displacement and surcharge near the slope. The limit equilibrium technique 
presented by Cai and Bathurst (1996), Huang and Wang (2005), Huang and Wu (2006, 
2007), Huang and Wu (2009), Caltabiano et al. (2012). 

 

Among the experimental studies, following works can be mentioned: Huang et al. 
(2008, Bathurst et al. (2009), Huang and Luo (2010), Huang et al. (2011), Bathurst et al. 
(2012) and Srilatha et al. (2013). Numerical studies include those by Liu (2009), Lee et 
al. (2010), Liu and Wang (2011).  

In the present research, using limit analysis method, the yield surcharge building 
near the slope has been studied. The rotational failure modes has been considered in 
this research. Finally, this failure mode has been compared with the limit equilibrium 
method.  
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2. YIELD CRITERION  

Davis (1968) by examining the failure mechanism on slip-lines for a non-
associated Mohr Coulomb material, established that the shear and normal stress are 
related by 

  cn  tan  (1) 

Where c  and  are ‘reduced’ strength parameters, defined by 
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c is the cohesion,   is the friction angle and  is the dilation angle. The use of these 

reduced strengths provides a practical means for non-associated flow rule in limit 
analysis (Sloan 2013). The new CJS yield criteria was presented in 1988 by Cambo, 
Jafari and Seidoroff at the French School of French Lion to express the behavior of the 
soil soils. The dependence of the rupture level is considered to be the invariant of the 
stress tensor and non-associated flow rule is considered. In general, this model has a 
deformation level as follows (Maleki 1998): 

(3)    

kk

ij
kk

ijij

ijijII

mII

I

s

sss

IRhsf


















1

1

3

0

 

Where Rm is the radius of failure and  h  control the variation of the failure radius in 

the deviation plan (Maleki 1998). 
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With the approximation of the relation cjs and non-associated Mohr Coulomb, we find 
the following relation: 
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3. Studying the failure mechanism  

A slope is located next to a building (Fig. 1). For the rotational failure as illustrated 

in Fig. 1, the soil wedge rotates around the point O with the angular velocity. In this 
figure, X is the width of the failure wedge, a is the distance of surcharge from the edge 
of the slope, b is the width of the surcharge and hq is the height of the surcharge. The 
formula for the log-spiral failure surface can be expressed by Eq. (7). In this equation, 

 r  is the radius as a function of the arbitrary angle  and  V is the incipient velocity 

as a function of  r . 

 

(7)      tan)(exp 00rr 

It has to be noted that the failure surface moves along the heel of the slope and 
can be located either in front of or behind the reinforced area. By considering non 
cohesion material, the rate of internal work is zero. The rate of work done by body 
forces can be obtained from Eq. (8) regardless of the location of the surcharge. In this 

equation, the functions f1 to f6 are dependent on h


and parameter. 

These functions have been introduced by other researchers (Crespellani et al. 1998; 
Michalowski 1998) and are summarized in the appendix. 
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In order to calculate the minimum rate of external work due to the surcharge, 
three different cases of surcharge’s location have been considered as following: 

1- Case 1: The surcharge is completely located within the failure wedge 
2- Case 2: The surcharge is partially located within the failure wedge 
3- Case 3: The surcharge is completely located outside the failure wedge. 

Considering the forces applied to the failure wedge and the length of their arms from 
the center of rotation, the rate of external work due to the surcharge for case 1 can be 
calculated by Eq. (10). 

(10) 
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In this equation qh  is the height of the center of mass of the building (surcharge) 

and X is the width of the failure wedge (Fig. 1). The rate of external work due to 
surcharge in case 2 is obtained from Eq. (11). It has to be noted that in case 3, since 
the surcharge is located outside the failure wedge, the rate of external work is zero. 

(11) 
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Assuming at the time of failure, the rates of internal and external work can be equaled. 

(12) 0QW  

Solving Eq. (12), the yield surcharge for the three cases of surcharge can be 

obtained from Eqs. (13) and (14). It has to be mentioned that the value of  will be 
canceled out from the denominator and numerator of these equations.   

In case 1: 

(13)  
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In case 2: 

(14) 
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In case 3 the surcharge has no effect to the slope. The yield surcharge is a 
function of two parameters  and h. By solving the obtained equations and Eq. (15) 
simultaneously, the critical yield surcharge can be calculated. 
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4. The results of the suggested method 

By decreasing the distance of surcharge, the yield condition becomes critical. As 
the distance of surcharge from the edge of the slope is increased again, the effect of 
surcharge is decreased. In this figure, the height of the center of mass of the building is 
8 m and b is one meter. The soil and slope properties are shown in Table 1. Variations 
of yield surcharge versus distance of surcharge from the edge of slope for different 
widths are shown in Table 2. 
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Table 3 shows variations of the yield surcharge with different angles. The steeper 
slopes show smaller yield accelerations and larger displacements. 

Table 4 shows a comparison between the results of the suggested formulation 
and the results of Meyerhof, Vesic and Hansen limit equilibrium methods. The results 
show a good agreement between the suggested method and the others methods 
reported data. 

5. Conclusion 

Using the upper bound theory of limit analysis a new formulation is presented in 
this research for calculating yield surcharge of building near the soil slopes. For this 
purpose rotational failure modes have been considered. In this method, the effect of 
location of surcharge related to the edge of the slope and soil properties such as 
internal friction angle of soil and specific weight of soil have been investigated. For the 
case where the surcharge has a small distance from the edge of the slope, the 
rotational mode would result in a critical manner. The reason is an increase in the arm 
of the moment induced by surcharge. Finally, by increasing the distance of surcharge 
from the edge of the slope the effect of surcharge disappears and the slope would 
behave similar to the case without a surcharge.  

6. Appendix 

The functions f1 to f6 are defined as following (Crespellani et al. 1998; Michalowski 
1998). 
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Fig. 1 Rotational failure mechanism for the building near the slope 
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Table 1. Soil and slope properties 

b (m) degrees  H (m) Rm (kN/m
3
) CJS 

1 30 5 0.320 18 0.863 

 

 

Table 2. Variations of yield surcharge versus the distance of surcharge from the end of 
slope 

a (m) 0 2 .5 5 10 

q (Kpa) 415.34 618.24 779.68 783.31 

 

 

Table 3. Variations of yield surcharge versus angles of slope 

degrees  20 30 40 

q (Kpa) 838.56 415.34 183.22 

 

 

Table 4. Comparison of q values form suggested method and limit equilibrium methods  

Bearing capacity near the slope Bearing capacity without slope  

Proposed 
method 

Hansen Vesic Meyerhof Hansen Vesic Meyerhof a (m) 

415.34 401.965 427.2803 379.178 2246.467 2387.947 2119.117 0 

 


