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Slope failures are often said to be due to water, or rather the failure to recognize the correct
water conditions, and application of the pore pressures normal to the bases of the slices in
conventional slope stability analyses may give the impression that this accounts for seepage
forces in non-hydrostatic conditions. However, this is not correct. The seepage forces that one
assumes might be applied by using total unit weights and specifying the pore pressures along
the slip surface do not actually make their way into the analysis. This can easily be checked by
running an analysis of a cohesive slope with varying phreatic surfaces. Regardless of how steep
the phreatic surface, it will make no difference to the computed factor of safety. The reason
that a cohesive slope, or a slope in which all the strengths are specified as fixed quantities, as
with undrained shear strengths, must be used is that the strength of frictional material will vary
with the normal effective stress so that changing the phreatic surface will make a difference,
but it does not make a difference to the limit equilibrium problem.

This problem related to seepage forces was noted by King (1989) and is most simply explained
by saying that if the seepage forces are pictured as boundary water pressures, the
corresponding forces will be applied at the centre of the base of each slice and they make no
difference to the standard equations of equilibrium. They make no difference to the moment
because the moment arm is zero and they are not included in the solution for force equilibrium
parallel to the base of the slice. They make no difference to force equilibrium normal to the
base of the slice because the force due to the weight of the slice is fixed and increasing the pore
pressure simply reduces the effective stress, which may change the calculated shear strength,
but doesn’t impact the solution of the equations of equilibrium. The shear strength will change
if a frictional material is specified but it has no effect if the shear strength is specified as a fixed
number. The writer and his then colleagues learnt this the hard way some years ago when
trying to include excess pore pressures generated by earthquake loading in a second stage
analysis. Once the programming was completed we found that it made no difference to the
calculated factor of safety! King suggested a solution which involved calculating the distributed
seepage forces and applying them at the appropriate height in each slice, but this is a little
unwieldy and requires a companion seepage analysis, so that his proposed solution has never
caught on.



However, it is easy to specify the seepage forces as horizontally applied forces on each slice in
the Ordinary Method of Columns (OMC), as discussed by Pyke (2017a). Pyke (2017b) also
explains why previous criticisms of the Ordinary Method of Slices (OMS), of which the OMCis a
#D extension, are misplaced and shows that if the alternate method of specifying unit weights
mentioned by both Whitman and bailey (1967) and Duncan, Wright and Brandon (2014) is used,
very reliable results are obtained. It turns out that any differences between the OMS and the
OMC and methods of analysis that “fully satisfy equilibrium” are due not to how unit weights
and pore pressures are treated but the different distributions of normal stresses around the
potential slip surface.

The application in the OMC or non-application in Spencer’s method of seepage forces is
illustrated in Figure 2 which shows an idealized levee section that is based on real levees in the
Sacramento - San Joaquin Delta of California. All the analyses that are shown were conducted
using TSLOPE, which is inherently a 3D program, but can also be used for conventional 2D
analyses. The soil properties are specified entirely as a cohesion, so that the shear strengths
used in both Spencer’s method and the OMC are the same, despite the difference in the
distribution of the normal stresses which can be seen in Figures 2(a) and 2(b). In Figures 2(a)
and 2(b) the phreatic surface is made flat and brought down below the levee so that there are
no seepage forces. For this case Spencer’s Method and the OMC give identical factors of safety
of 1.27, as shown on the figures and in Table 1.

Figure 2(a) — Flat Phreatic Surface, Spencer
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Figure 2(b) — Flat Phreatic Surface, OMC

In Figures 2(c), (d), (e) and (f) the phreatic surface is raised in two steps and it can be seen that
the factor of safety by Spencer’s Method does not change. Note that for the top phreatic
surface there is a red flag on the first slice using Spencer’s method. This is not due to interslice
tension but is the result of a negative normal stress on the base of that slice as a result of the
steep angle of inclination of the base, the same thing that standard implementations of the
OMS has been criticized for. It can be eliminated by moving the tension crack to the left but in
this case it makes no difference to the calculated factor of safety. The same issue does not arise
in the OMC as implemented in TSLOPE because the alternate method of calculating normal
stresses is used, as explained further below.
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Figure 2(c) — Middle Phreatic Surface, Spencer
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Figure 2(d) — Middle Phreatic Surface, OMC
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Figure 2(e) — Top Phreatic Surface, Spencer
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Figure 2(f) — Top Phreatic Surface, OMC



Case OMC Spencer

Flat phreatic surface 1.27 1.27
Middle phreatic surface 1.08 1.27
Top phreatic surface 0.98 1.27

Table 1 - Factors of Safety, All Cohesion Case
_ For this levee example, the difference could be critical, but this
example has been chosen to represent something of a worst case and often the seepage forces

do not make this much difference because they are small relative to the driving forces due to

gravity. But if you can’t or don’t make a check on the magnitude of the seepage forces, you will
never know.

If the shear strength is specified to be entirely non-cohesive and is thus a function of the
normal stresses at the bases of the columns, the effect of changing the phreatic surface
becomes more dramatic because it includes two factors, the seepage forces and a change in the
shear strengths. This can be seen in the following figures. Figures 2 (g) and 2(h) show the
solution for the flat phreatic surface using both Spencer’s Method and the OMC.
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Figure 2(g) — Flat Phreatic Surface, Spencer, Cohesionless
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Figure 2(h) — Flat Phreatic Surface, OMC, Cohesionless

It can be seen in these figures that the normal forces in Spencer’s method, which implies that
the potential sliding mass is rigid, are more spread out, resulting in higher average shear
strengths and hence a higher factor of safety than the OMC solution, which implies a more
flexible potential sliding mass. The truth likely lies somewhere in between these two limits so
the engineer has to decide whether the potential sliding mass is more rigid or less rigid in
assigning weights to the two alternate answers.

The results for the top phreatic surface are shown in Figures 2(i) and 2(j). It may be seen that
the result of combining the lack of seepage forces in Spencer’s Method and the effect of the
different normal stress distribution is now quite large. The OMC factor of safety for the flat
phreatic surface was 75% of the Spencer factor of safety but another 75% multiplier due to the
different normal stress distribution now means that the OMC factor of safety is only 55% of the
Spencer factor of safety. Again, this might be something of an extreme case since both effects
are maximized. In practice a levee would not be composed of solely cohesionless materials,
nonetheless, even a factor of safety of 1.5 and a conservative choice of soil strength parameters
might not provide the expected margin of safety for levees with significant cohesionless soil
content if the analysis is done using standard limit equilibrium methods.

Case OMC Spencer
Flat phreatic surface 1.88 2.48
Middle phreatic surface 1.22 1.97
Top phreatic surface 0.97 1.75

Table 2 - Factors of Safety, Cohesionless Case
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Figure 2(i) — Top Phreatic Surface, Spencer, Cohesionless
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Figure 2(j) — Top Phreatic Surface, OMC, Cohesionless

Returning to just the question of seepage forces, since these will often not make that much
difference, this suggests that an increase in the total weights, elimination of negative pore
pressures in partially saturated soils, a change from drained to undrained loading conditions
and more general softening of soils might be bigger factors in why landslides often appear to be
triggered by water. But, in critical cases the engineer needs to use a method of analysis such as
the OMC, which does include seepage forces, as a check on standard limit equilibrium

calculations.
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