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In order to understand the techniques of determining the value of 
safety factor for reinforced slope with a row of stone column, 
some of limitation had been taken for analysis. 
Based on two-dimensional analysis of slopes, a 3-D stone column 
must be changed to 2-D.Figure 4a shows a sample of grouped 
stone column arrangement. With respect to this figure, one row of 
successively stone columns with center to center spacing of S is 
replaced with an equivalent column. The volumes of stone col-
umn materials are identical in both two and three dimensional 
conditions. On the basis of equality of volumes, equivalent strip 
width for each row of the stone columns is obtained from 

Barksdale &Bachus, 1983; Cheung, 1998, quoted from (Gha-
zavi, and Shahmandi,2008). 
 

 
…………..(1) 
 

Where: 
R is radius of 3-D stone columns 
S is distance between centers of stone columns in each row. 
Figure (4b) shows a slope reinforced by a row of stone col-
umns which in this figures is horizontal distance of column 
from topmost of the slope. The slope is assumed to be homo-
geneous and consist of saturated clay in un-drained conditions 
(Φ = 0). 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. (a) Plan of grouped stone columns (Barksdale 
&Bachus, 1983); (b) Static slope stability analysis of homoge-
neous saturated clay (Φ = 0) reinforced with a row of column 
 
 

 
In this section, one row of stone columns are used to reinforce 
the slope and parametric studies have been performed to de-
termine the effects of contributing parameters such as geo-
technical properties of slope soil materials and stone column 
materials, geometrical specifications of the slope (height and 
angle of the slope) and diameter of the stone columns. 
The following tables represent summary results of SLIDE 
V.5.0 computer program of two examples in case of using 
stone column supports. 
 

Table (3)Safety factors related to slope in figure (5a) when a 
row of column is located at x = 0, for different values of col-

umn width. 
 

Friction angle 
of stone col-

umn materials 
[degree] 

No 
Col-
umn 

(equivalent strip width of column) 

0.65 m 0.8 m 1.0 m 

35 0.917 0.963 0.984 1.00 
40 0.917 0.974 0.999 1.02 
45 0.917 0.985 1.081 1.04 

 
Table (4)Safety factors related to slope in figure (5b) when a 
row of column is located at x = 0,for different values of col-

umn width. 
 

Friction angle 
of stone col-

umn materials 
[degree] 

No col-
umn  

(equivalent strip width of column) 

0.65m 0.8m 1.0m 

35 0.868 0.937 0.951 0.965 

40 0.868 0.952 0.970 0.987 

45 0.868 0.969 0.986 1.013 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure (5) slope profiles for two cases used in parametric 
study, X= 0 for two cases 
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                                 ………. (2)  
 
      
                                 ………. (3) 
 
                                                     
If global FOSG is unity then both equations can be represented 
by Equation 3 
  
                                ………… (4) 
 
Equation 4 can be rewritten as shown in Equation 5 
 
                                             ……….. (5) 
 
 
Therefore the Global Factor of Safety (FOSG) can be considered 
to comprise two components i.e. that due to the soil shear 
strength alone (FOSU) and Factor of Safety due to reinforce-
ment (FOSTR) Equation 6. 
 
 
                                        ……….. (6) 
 
And  

 
                             ……….. (7) 
. 
 
In Equation 7 the value of A* depends on the driving moment 
and the critical slip circle parameters Y. 
Then expression 5 can be re-written as shown in Equation 8, 
Where TRM is the mobilized tensile strength (Tensile strength at 
given global FOS). 
 

                                 … (8) 

In order to achieve a specific FOS both soil shear strength and 

tensile strength from the incorporated reinforcements should 

work together to generate a global Factor of Safety. Since the 

addition of reinforcement to a slope can change the position of 

the critical circle (from that of an unreinforced slope FOSU) it is 

useful to define a parameter (FOSSR), which is the contribution to 

Factor of Safety, of the tensile force within a reinforced soil. 

Therefore Equation 8 can be written in the more general form as 

Equation 9. 

                                 ………(9) 

Relation between different types of factor of Safety used is 

shown in Equation 10. 

If TR=0 and FOSG=1, then 

FOSSR = FOSU  . . . . . . . .. . . . . .(10) 

 

5.3 Parametric study (Tieback support) 

A parametric study was conducted in order to review typical 

engineering properties for existing free drained embankment and 

soft clay soils. The result of this analysis, 4 types of slopes and 

mechanical properties for free drained embankments and founda-

tion soils were tabulated as shown in Table 5. 

 

Table 5: Typical value of the relevant parameters extracted from 

filed dataMwasha, 2009. 

 

 

6. Back-Analysis Approaches  

Formulations of equation (9) can be used effectively if the critical 

slip circle parameter A* for reinforced slope is known. A com-

puter program SLIDE V.5.0 was used to analyze simple self drain 

slopes erected on homogenous soft soil. Slopes having Vertical: 

Embank

bank-

ment 

Typical steepest 

slope(V: H) 

Slope range chosen for 

analysis V: H 

1:1 to 1:5 1:2 to1:5 

Typical shear 

strength parameters 

c′ = 0(kN/m2) , φ′ = 

35 to 41 

Selected shear strength 

parameters 

c′(kN/m2) = 0 , φ′ = 35 

and 41 

Range of bulk unit 

weight 

18 to 20(kN/m3) 

Selected bulk unit 

weight 

18(kN/m3) 

Soft soil Typical shear 

strength parameters 

c′ = 0 , φ′ = 14 to 26 

Selected shear strength 

parameters 

c′ = 0 , φ′ = 14 to 26  

Range of bulk unit 

weight 

15 to 20(kN/m3) 

Selected bulk unit 

weight 

15 to 22(kN/m3) 

FOS
M

FOS
MM

G

TR

G

R
D



MFOS
MM TR

G

R
D 



MMM TRR D
  




 SIN WR

Y
 TFOSFOS RM

UG

FOSFOSFOS TRUG


AWR

Y *

 SIN 

1


 

ATFOS
FOS *
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G

U    1

AFOS
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FOS
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G
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G

SR *
1 
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Height (V:H) = 1:2, 1:3, 1:4. 1:5 were analyzed based on data 

from parametric study.. For demonstration the foundation depth 

(D) was 3m to an embankment height (He) of 3m. The investiga-

tion was conducted at the end of construction. Effective angles of 

internal friction for foundation varied from 15, 20, 23 and 26 

degrees and for an embankment varied from 35to 41 degrees. 

. 

 

 

 

 

 

 

The back-analysis process was conducted using SLIDE program 

by incorporating reinforcement parameters at the base of an em-

bankment. A method of trial and error was formulated in order to 

estimate the tensile strength required to achieve specific FOS. 

The global Factors of Safety estimated were 1.0, 1.2, 1.5 and 2.0 

 

 

 

 

 

 

 

TR 
(KN/m) 

 

TR 
(KN/m) 

TR 
(KN/m) 

TR 
(KN/m) 

FA 
(KN/m) 

FP 
(KN/m) 

FOSSR FOS Embankment 
and 

Foundation 
parameters 

 
Slopes 
V:H 

Un reinforced 0 0 0.527 0.527 For embankment 
γ = 18kN/m3 
 = 41o 
C = 0 

 

For foundation 

γ=20kN/m3 

 = 15o 

C = 0 

1:2 

   30.25 30.25 30.25 0.527 1.00 

  37.40  37.40 44.88 0.527 1.20 

 45.31   45.31 68.00 0.527 1.50 

54.27    54.27 108.545 0.527 2.0 

Un reinforced 0 0 0.573 0.573 

1:3 

   26.33 26.33 26.30 0.573 1.00 

  32.86  32.86 39.43 0.573 1.20 

 40.155   40.155 60.232 0.573 1.50 

48.44    48.44 96.89 0.573 2.0 

                Un reinforced 0 0 0.752 0.752 

1:4 

   9.75 9.75 9.75 0.752 1.00 

  14.55  14.55 17.46 0.752 1.20 

 19.63   19.63 29.44 0.752 1.50 

25.175    25.17 50.34 0.752 2.0 

Un reinforced 0 0 0.88 0.88 

1:5 

   6.04 6.04 6.04 0.88 1.00 

  13.0  13.0 15.55 0.88 1.20 

 19.6   19.6 29.38 0.88 1.50 

26.38    26.38 52.77 0.88 2.0 

Table 6: Estimation of required reinforcement (Tieback) to achieve specific FOS using back analysis methods 

TR (kN/m) – Tensile strength required to achieve a specified global FOS in kN per meter. 
FP (kN/m) –Passive force kilo Newton/meter 
FA (kN/m) –Active Force kilo Newton/Meter 
FOSSR – Factor of safety due to shear strength parameters  
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9. CONCLUSION 

In this research, increasing the stability of side slope had been 

investigated by two analysis approaches, reinforced with stone 

columns, and reinforced with Tieback support. Several parame-

tric analyses have been performed using the limit equilibrium 

method. The following conclusions are drawn based on this 

study: 

In case of using stone columns, 

 The safety factor values of stone column-reinforced slopes 

are influenced by various parameters including geometrical 

specifications of slope, geotechnical properties of soil and 

stone column materials, center to center spacing of columns, 

location of columns, number of column rows and etc. 

 If slope is reinforced by a row of column, the maximum 

safety factor is achieved when the column is located on the 

topmost of slope. With further moving the column toward 

the slope toe, the factor of safety decreases. 

 With increasing the sliding active force, for example due to 

low untrained shear strength of slope soil, increasing the 

slope height or the slope angle, the influence of column on 

safety factor values increases. 

 With increasing equivalent width of stone columns and fric-

tion angle of column materials, safety factor values increase 

dramatically. 

 

In case of using Tieback support, 

It has been found that the proposed equations used for estimating 

amount of required reinforcement to achieve a specific FOS un-

derestimate the value of required reinforcement by a large 

amount. The proposed equations can be used for preliminary as-

sessment of reinforcement required to achieve a specific FOS. It 

is strongly recommended that the future work on this topic to be 

conducted 

by varying foundation depth as well as embankment height for 

different soil parameters. These different parameters will be used 

to create wider applicable solution for this problem. 

 

 

REFERENCES 

1. Duncan M. J. and Wright G. S. (2005)”Soil strength and 

Slope Stability“. John Wiley & Sons.INC 

 

2. Mwasha, Abrahams (2008)“Investigating the Effects of 

Basal Reinforcement on the Critical Slip Circle Parame-

ters of an Embankment on Soft Ground“Electronic Jour-

nal of Geotechnical Engineering Volume 13 Bundle H. pp 1-

16 

 

3. Mwasha, Abrahams (2009),”A Parametric Study Leading 

to Software Analysis Revealing an Equation for the Pre-

liminary Design of Reinforced Earth Embankments“. 

University of West Indies, EJGE. 

 

4. USA Army of Engineers (1995) “Engineering use of Geo-

textiles“ TM 5-818-8 

 

5. Yaeger,S., (2002), ”Slope Stability and Methods of In-

creasing the Factor of Safety“,ECI 281a,Department of 

Civil and Environmental Engineering, University of Califor-

nia, Davis. 

6. Abramson, Lee W., Lee, Thomas S., Sharma, Sunhill, Boyce, 

Glenn M. (1996), ”Slope Stability and Stabilization Me-

thods“, John Wiley & Sons, Inc., New York, New York. 

 

7 Ghazavi. M., Shahmandi. A. (2008), ”Analytical Static Sta-

bility Analysis of Slopes Reinforced by Stone 

umns“,International Association for Computer Methods and 

Advances in Geomechanics (IACMAG),Goa, India p 3530-

3537. 

 

1844

IJSER




