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Abstract: This study will lead to the analysis of unsaturated soil using Bishop’s Simplified
method which is one method to analyse slope stability in method of slices. In this study, the
original formula for Bishop’s Simplified method of saturated soil were modified by adding the
element of matric suction, together with unsaturated friction angle, which was applicable for
the analysis of unsaturated soil. In this study, 0 kPa and 20 kPa of matric suctions were applied in
the analysis for both methods. From the analysis, the result indicates that the factor of safety
(FOS) value of Bishop’s Simplified method was 8.82 % higher than Fellenius’s method for 0 kPa
suction, which means that the soil is in saturated condition. For 20 kPa of suction, the FOS of
Bishop (1955) was 6.84 % higher than Fellenius (1936). It can be concluded that, the reason for
the relative accuracy of the Bishop’s Simplified method is that in considering only the vertical
equilibrium of any slice, there is no need to account for the horizontal components of the inter-
slice forces.
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1.0 Introduction

Nowadays, slope failure can be consider as one of the mostfrequentdisaster that
happened not only in Malaysia, but also in other countries. This is due to the increment
and rising of development all over the world wether for developed or other countries
which may lead to extensively cutting the existence slope during the development.
According to Sutejo and Gofar, (2015) failure occurs of man-made slope is caused by
designs errors including geometric design i.e. slope inclination, slope height, and the
inability to determine the load that may affect the slope together with the soil resistance.
This study aims to determine the factor of safety (FOS) of unsaturated soil slopes by
using one method from method of slices which is Bishop’s Simplified method (Bishop,
1955). The original formula of Bishop’s Simplified method for saturated soil was

modified in order to include the element of matric suction, (z, — 4, ) together with
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unsaturated friction angle, ¢b. The FOS that been determined from the calculation

using Bishop’s Simplified method then was analysed and finally, a comparison of FOS
between Bishop (1955) with Fellenius (1936) was carried out in order to determine
which method gave higher and more accurate FOS for slope stabilization.

2.0 Methodology

In the current work, a reasonably simple framework has been sought that will permit the
first assessment of the influence of soil suction changes on soil shear strength. For this
purpose, the following relationship provided by (Fredlund et al., 1978) appears suitable:

T= C'+(O-n _:Lla)tan ¢I+(lua _/uw)tan ¢b (1)

where (4, —u,,) is the matric suction and #° is the angle indicating the rate of

increase in shear strength relative to matric suction. (o, — z,) is the net normal stress,
¢’ is the effective cohesion and ¢' is angle of friction.

Fredlund and Rahardjo (1993) provided the relationship on how shear strength, matric
suction together with net normal stress give a three dimensional failure surface, as
shown in Figure 1.

Shear stress (1)

Net normal stress

’ EG)? - ”:rjf ’ (Gn— 11g)

Figure 1: Extended Mohr-Coulomb failure envelope for unsaturated soils, modified after
Fredlund and Rahardjo (1993)
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Figure 2 show the forces acting on a slice within the sliding soil mass.

I vy

Figure 2: Forces acting on a slice through a sliding mass with a circular slip
surface, modified after Fredlund and Rahardjo (1993)

To calculate the FOS in unsaturated soil slope, a force equation which includes matric
suction must be established. The mobilized shear force, S,, at the base of a slice can then
be written as (Lambe and Whitman, 1969).

-4
Sn= @)

Where 7 is shear strength of unsaturated soil as defined previously in Equation (1).
Combining Equations (1) and (2), gives,

S, = I(C'+ (O-n _:ua)tan ¢FI+(:ua _luw)tan ¢b) (3)

Resolve Bishop vertically,

Ncosa =W +AX —Ssin a

_ W+AX -Ssina
cosa

N
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oo (C1+(N—p Dtang'+(u, - p,)1tan 4°)
F

(4)

Substitute for N;

. - (c'lcos a +(W +AX —Ssin a — u, 1 cos a)tan @'+ (u, — u,)1cos ertan ¢°)
- F cos a
(5)

As b = width of slice = | cos & and substitute (2, — £,,) which is matric suction as M
and also assuming the air pore pressure is constant (atmospheric) then x, =0;

1 _ 1 b
- EKC b+(W +AX —z,b) tan ¢'+Mb tan ¢ ]—Stanatanqﬁ'} ©
F COoS «

o

tan o tan @'
Substitute [1+QT¢)

. 1(c'b+W+AX —gb)tang'+Mbtang” | 1 -
F COS & m,
Moment of equilibrium;
D Wsina=)$
Z{(c'bjt(w +AX — p,b) tan ¢'+ Mb tan ¢b)(ser§ aﬂ
F= - ®)

D Wsin o

After a lot of consideration, the final formula is as stated in Equation (8). The element of
matric suction, (£, —4,,) together with unsaturated friction angle, #° was included in

the original equation of Bishop’s Simplified method of saturated soil. When suction
becomes zero, it means that the soil is saturated and the equation will turn to the original
equation as done by Bishop.
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3.0 Results and Discussion

Figure 3 shows method of slices: division of sliding mass into slices and forces acting
on a typical slice.

The Method of Slices / Circle Centre
(ne', # material) u ,,\

\ Forces Acting On

Each Slice:-

Figure 3: Method of slices: Division of sliding mass into slices and
forces acting on a typical slice (Chowdhury et al., 2010)

Chowdhury et al., (2010) has reported that, the major difference between Bishop’s
Simplified method with Fellenius’s method (Fellenius, 1936) is that in considering the
vertical equilibrium of any slices, there is no need to account for the horizontal
components of the inter-slice forces. The resolution of forces takes place in vertical
direction instead direction normal to the arc. Meaning that, with Bishop’s Simplified
method of slices, the side forces E acting on the sides of the slices will not enter into the
analysis. It is assumed that the shear side forces X may be neglected without introducing
serious error into the analysis

Figure 4 shows the detail of slope geometry with slip surface and location of slices by
Ishak (2014). Ishak (2014) used this detail geometry in his research to calculate slope
stabilization using Fellenius’s method (1936) equation for unsaturated soil which had
been modified by Rees and Ali (2012).
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Figure 4: Detail slope geometry with slip surface and location of slices (Ishak, 2014)

The experimental values of shear strength with ¢ ° angle of tropical residual soil
suggested by Ishak (2014) is as shown in Table 1. In this study, two suction values were
used (0 kPa and 20 kPa) for FOS values on slope. Table 2 shows the calculations of
Bishop’s Simplified method with 0 kPa suction.

Table 1: Experimental values of shear strength with ¢ ° angle of tropical residual soil

Researcher Location ¢’ (kPa) o) d°)

Ishak (2014) Faculty of Electrical 9 23 20
Engineering, UTM

Ishak (2014) suggested that the type of soil in Faculty of Electrical Engineering, UTM is
sandy silt with cohesion value, ¢ is 9 kPa, friction angle, ¢ is 23°, and unsaturated
friction angle, ¢ "is 20°.
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Table 2: Calculations of Bishop’s Simplified method with 0 kPa suction
(values for z,b,W, and « are suggested by Ishak, 2014)

127

¢ | oy Ly
(kPa) B (| (kNm3) | (kPa)
9 3 0 19 0
Slice 7 b W a sing | tang' |tangh | tane [cose | cb | Wtang' ybtangbf assumed | assumed |assumed |assumed| Wsine
r
No (cm) (m) & | O (kPa) | FS=18 | FS=1.85 | FS=19 |FS=195| (kN)
r r
W[ @ [@ | @1 | @2 [ @ [ @] 6
1 12876 | 0.62481 | 153 |-21199| -0.362 | 0.424 | 0.000 | -0.388 |0.932| 5623 | 0.649 0 7405 7385 | 7366 | 7.348 | -0.553
2 3042 1 749 | -1504 | -0.259 | 0424 | 0000 | -0.269 | 0.966| 9.000 | 3179 0 13464 | 13440 | 13417 | 13395 | -1.9M
3 921 118 | 2065 | -7.005 | -0.122 | 0424 | 0000 | -0.123 | 0.993 | 10.620 | 8.765 0 20113 | 20097 | 20082 | 20.067 | -2518
4 165.01 13 40.76 | 1.9909 | 0.035 | 0424 | 0.000 | 0.035 |0.999]11700] 17.301 | 0 28782 | 28788 | 28794 | 28.800 | 1416
5 21851 101 | 4193 | 104 | 0181 | 0424 | 0000 | 0184 0984|9090 | 17799 | 0 26204 | 26234 | 26261 | 26.288 | 7.510
6 253.06 101 | 4856 [ 17.944| 0308 | 0424 | 0000 | 0324 [0951] 9090 | 20613 | 0 29007 | 20063 | 20.116 | 29.166 | 14.961
7 21634 | 10067 | 5286 | 25819 | 0436 | 0424 | 0.000 | 0.484 |0.900 ] 9.060 | 22436 | 0 31406 | 31493 | 31576 | 31655 | 23021
8 285.68 | 10067 | 5464 | 34259 | 0563 | 0424 | 0.000 | 0.681 |0.827 ] 9.060 | 23195 | 0 33625 | 33751 | 33872 | 33987 | 30.760
9 21204 | 10067 | 5203 | 43691 | 0691 | 0424 | 0.000 | 0.955 |0.723] 9.060 | 22087 | 0 35156 | 35332 | 35500 | 35661 | 35943
10 | 15311 | 1498 | 4358 | 5041 | 0861 | 0424 | 0.000 | 1692 | 050913482 | 18498 | O 492 | 45271 | 45607 | 45930 | 37.513
Total 210085 | 270.854 | 271590 | 272.297 | 146.170
_ 270085 _,
l - — =
146 .170
270.854
FOS,= ————— =
146 . 170
271.590
3= ———— =1.86
146 . 170
_2712.297
4 -_ — =
146 . 170

Figure 5 shows the graph of Bishop’s Simplified method (1955) with 0 kPa suction.
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Figure 5: Graph of Bishop’s Simplified method (1955) with 0 kPa suction

The graph indicate that, the actual FOS value for Bishop (1955) with 0 kPa suction is
1.85. Since the FOS is greater than 1, therefore it is safe. Table 3 shows the percentage
differences of FOS between Bishop’s Simplified method with Fellenius’s method of 0
kPa suction.

Table 3: Differences of FOS value with 0 kPa suction

Type of Analysis FOS Percentage Difference (%)
Fellenius’s method (1936) 1.70 0
(Ishak, 2014)
Bishop’s Simplified method 1.85 8.82
(1955)

The results suggested that, calculation by using Bishop’s Simplified method gave higher
FOS value compare to ordinary Fellenius’s method (1936) by 8.82 % for 0 kPa suction.
This is due to different consideration from both methods which Fellenius’s method only
consider moment of equilibrium while Bishop’s method consider both moment of
equilibrium and vertical forces. This make Bishop’s method more accurate compare to
Fellenius’s method thus give higher FOS value. Table 4 shows the calculations of
Bishop’s Simplified method with 20 kPa suction.
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Table 4: Calculations of Bishop’s Simplified method with 20 kPa suction
(values for z,b,W, and « are suggested by Ishak, 2014)

129

L T A Y A
(kPa) 0 O | (kum3) | (kPe)
9 23 20 19 20
Slice 4 b W o | sna | tang' [tangb | tana |cose | ch | Wiang' whtan @bl assumed | assumed |assumed |assumed | Wsine
No (cm) (m) () (Pa) | FS=24 | FS=245 | FS=25 |FS=255| (KN)
r r r r
Wl @ [6@|@ | @2 ] @ | @] 6
1 12876 | 062481 | 153 |-21199| 0362 | 0424 | 0.364 | -0.388 | 0.932] 5623 | 0649 |454824| 12460 | 12442 | 12424 | 12407 | -0.553
2 3042 1 749 | -1504 | 0259 | 0424 | 0364 | -0.269 | 0.966 | 9.000 | 3179 | 7.27194 | 21154 | 201133 | 20112 | 21092 | -1.94
3 921 118 | 2065 | -7.005 | 0122 | 0424 | 0364 | 0123 [ 0993 |10.620 | 8765 | 85897 | 28811 | 28.798 | 28786 | 28.774 | -2518
4 | 16501 13 | 4076 | 19909 | 0035 | 0424 | 0364 | 0035 | 0999 |11.700 | 17.301 |9.46323| 38.252 | 33257 | 38261 | 38.266 | 1416
5 21851 100 | 4193 | 104 | 0181 | 0424 | 0364 | 0184 | 0984|909 | 17799 | 7.3522 | 33719 | 33740 | 33761 | 33781 | 7.510
6 253.06 100 | 4856 [ 179441 0308 | 0424 | 0364 | 0324 [ 09511 9.090 | 20613 | 7.3522 | 36840 | 36881 | 36.920 | 36.958 | 14.961
7 | 21634 | 10067 | 5286 | 25819 | 0436 | 0424 | 0364 | 0484 |0900| 9.060 | 22436 |7.32818| 30730 | 39.794 | 30.856 | 30915 | 23021
8 | 28568 | 10067 | 5464 | 34259 | 0563 | 0424 | 0364 | 0681 |0827| 9.060 | 23195 |7.32818| 42743 | 42.837 | 42.928 | 43015 | 30.760
9 21204 | 10067 | 5203 | 43691 0691 | 0424 | 0364 | 0955 |0.723] 9.060 | 22087 [7.32818| 45520 | 45655 | 45785 | 45910 | 35943
10 | 15311 | 1498 | 4358 | 5041 | 0861 | 0424 | 0364 | 1692 | 050913482 | 18498 |109045| 64864 | 65170 | 65467 | 65.755 | 37.513
Total 364004 | 364.707 | 365.300 | 365.873 | 146.170
364.094
= =249
146 .170
364.707
FOS,= ————— =2
146 .170
365.300
FOS;= ———— =250
146 .170
366.873
FOS,= —————=2.50
146 .170

Figure 6 show the graph of Bishop’s Simplified method with 20 kPa suction.
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Figure 6: Graph of Bishop’s Simplified method (1955) with 20 kPa suction

The graph indicates that, the actual FOS value for Bishop (1955) with 20 kPa suction is
2.50. Since the FOS is greater than 1, therefore it is safe. Table 5 shows the percentage
differences of FOS between Bishop’s Simplified method with Fellenius’s method of 20
kPa suction.

Table 5: Differences of FOS value with 20 kPa suction

Type of Analysis FOS Percentage Difference (%)
Fellenius’s method (1936) 2.34 0
(Ishak, 2014)
Bishop’s Simplified method 2.50 6.84
(1955)

The results indicate that, calculation by using Bishop’s Simplified method gave higher
FOSvalue compare to ordinary Fellenius’s method (1936) by 6.84 % for 20 kPa suction.
Clearly, these two comparisons show that more accurate FOS value for slope
stabilization can be obtained by calculating using Bishop’s Simplified method compare
to Fellenius (1936). Also, as the FOS value was greater than 1, therefore, the slope was
in safe and good condition.
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4.0 Conclusion

It can be concluded that,Bishop’s Simplified method gave higher and more accurate
FOS value compare to Fellenius’s method (1936) for slope stabilization. The results
indicate that, there is more than 8 % differences in FOS when calculated using Bishop
(1955) instead of Fellenius (1936) for 0 kPa suction. Bishop (1955) also gave more than
6% differences of FOS value compare to Fellenius (1936) when applying 20 kPa suction
value. The analysis of Bishop’s simplified method was carried out in term of stresses
instead of forces which were used in Fellenius (1936). The major difference between
these two methods is that, in Bishop (1955), the resolution of forces takes place in the
vertical direction instead the direction normal to the arc. Meaning that, the side forces E
of Bishop acting on the sides of the slices will not enter into the analysis. The reason for
the relative accuracy of the Bishop (1955) is that in considering only the vertical
equilibrium of any slice, there is no need to account for the horizontal components of the
inter-slice forces (Chowdhury et al., 2010).
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