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1 INTRODUCTION 
 
To reduce the seepage of contaminants from indus-
trial and mine waste facilities bottom liners are placed 
between the in-situ material and waste body. Geosyn-
thetics such as geosynthetic clay liners or geomem-
branes are often used for this purpose. These layers 
can form a preferential failure plane on which the 
waste body slides. This failure mode needs to be as-
sessed during design. 

This paper compares analytical approaches availa-
ble within Slope/W (GEO-SLOPE, 2007) for as-
sessing the stability of lined facilities to a two-part 
wedge method proposed by Qian et al. (2003). The 
intention is to determine how the calculated factor of 
safety varies with analytical method and to compare 
this to the variability in the strength parameters. This 
variability is then compared to suggested design fac-
tors of safety in the literature. 

 
2 DESIGN PRACTICES 

2.1 Typical interface shear strength values 

Liner systems are typically a sandwich of geosynthet-
ics, with interface strengths determined separately for 
each individual interface. Typical values for the inter-
face adhesion (A) and interface friction angle (δ) from 
McCartney et al. (2002) are given in Table 1 for in-
ternal geosynthetic clay liner (GCL) strengths and 
GCL to textured High Density Polyethylene (HDPE). 
In design the lowest peak strength and associated re-
sidual strength would be used. In this case, both the 
peak and residual strengths associated with the GCL-
HDPE interface would be used.  

Table 1. Typical interface shear strength values _________________________________________________ 

Interface         Adhesion*  Friction angle*                                         ___________________________ 

          kPa     °  _________________________________________________ 

GCL Internal – Peak    30.43 (8.61)  28.71 (3.88)   

GCL Internal – Residual  15.63 (9.49)  8.96 (2.43) 

GCL to HDPE – Peak   7.43 (5.11)   20.60 (3.25) 

GCL to HDPE – Residual 5.27 (2.47)   12.28 (1.81) _________________________________________________ 

* Values in brackets are standard deviations 

2.2 Analysis methods 

Two analysis methods are available within Slope/W 
to assess the stability of lined facilities. The first is to 
include a thin layer to model the strength along the 
interface. This approach allows any strength criteria 
to be used to model the interface. However, these thin 
elements can be difficult to define within the model 
dimensions.  

The second is to specify a strength modifier func-
tion which specifies that a different strength be used 
for predefined slice base inclinations. At these prede-
fined slice base inclinations, the overall strength (i.e. 
the strength of the waste) is multiplied by a modifier 
factor. That is, the c and φ values defined for the 
waste body, are both multiplied by the same modifier 
factor for specified base inclinations, before use in the 
shear strength computation. This makes it somewhat 
difficult to define a unique strength for the liner if 
both A and δ values are required. This approach is 
therefore only practical when the strength of both the 
waste and liner are defined by friction angles.  

Qian et al. (2003) proposed a two-part wedge anal-
ysis to calculate the factor of safety (FS) of a waste 

A comparison of approaches to determine bottom liner stability 

C.J. MacRobert 
University of the Witwatersrand, Johannesburg, South Africa 

 
 

ABSTRACT: Industrial and mine waste facilities are increasingly incorporating bottom liners to prevent con-
tamination of ground water. A factor influencing the stability of these facilities is the interface friction generated 
along the liner. This paper explores three different approaches to assessing the stability of lined facilities: 1) 
using a thin element in a limit equilibrium formulation; 2) using an anisotropic strength modifier to specify the 
strength along the liner; and 3) a simple two-part wedge analysis. A comparison of model complexity and 
factors of safety obtained will be given. The relationship between probabilities of failures and factors of safety 
suggested in literature are explored in relation to the variability of strength parameters.  



17th ARC Conference 2019 

 386 

mass against possible translational failure along pre-
determined sliding failure surfaces. The waste mass 
is divided into two discrete parts: an active wedge 
along the back slope and a passive wedge lying on the 
front slope. The active wedge tends to cause failure 
and the passive wedge resists this movement. The 
method takes into account the internal friction angle 
of the waste in determining the direction of the inter 
wedge force. This method can only be used where 
both the waste and interface strength are defined by 
friction angles. Furthermore, the geometry needs to 
be simplified to a trapezoid or triangle. An upper and 
lower bound factor of safety is determined based on 
the assumption made for the interwedge force direc-
tion. The average of these two values is considered in 
this paper. 

2.3 Factors of safety 

The minimum requirements for landfills (DWAF, 
1998) specifies that for side slopes FS greater than 1.3 
should be obtained with strengths based on the resid-
ual interface strength. No specific specification is 
made for bottom liners. Stark and Poeppel (1994) 
suggest that peak strengths should be used for bottom 
liners and the residual strength for side slopes and a 
FS ≥ 1.5 obtained. Further, Stark and Poeppel (1994) 
suggest that a second check using the residual 
strength on all interfaces and FS > 1.0 be obtained if 

using ring shear residual strengths or FS > 1.1 be ob-
tained if using direct shear box residual strengths. No 
clear distinction is made as to what slope angle makes 
a bottom liner a side slope, however it is generally 
accepted that any slope steeper than 1:4 (12° to 14°) 
is a side slope. However, the length of the slope and 
the stiffness of the waste body can also influence 
whether peak or residual strengths are appropriate. 
Engineering judgement is necessary in such situa-
tions. 

 
3 STUDY METHOD 

3.1 Geometry 

A typical waste facility on a 1:10 (5.7°) base slope 
was used as a geometry for the study (Figure 1a). The 
average outer slope of the waste facility was 1:5 
(11°), formed from a series of benches. The height of 
the facility was 45 m above the toe. Two failure sur-
faces were considered, one confined to the slope (de-
fined by an exit point at the toe and an entry point 
halfway up the slope) and another through the top of 
the facility (defined by an exit point at the toe and an 
entry point halfway along the top surface). 

A simplified geometry (Figure 1b) was developed 
for the two part wedge analysis. The same failure sur-
faces were considered, as for the actual geometry, alt-
hough the simplified geometry necessitated that the 
exit point be moved to coincide with the new toe. 

Figure 1. Profile for comparative study: a) actual geometry and b) simplified geometry 

 

3.2 Strength parameters 

Whilst it would be appropriate to use both the peak 
and residual strength associated with the GCL-HDPE 
interface, for illustrative purposes the peak internal 
GCL (A = 30.43 ± 8.61 kPa, δ = 28.71 ± 3.88°) and 
residual GCL-HPDE (A = 5.27 ± 2.47 kPa, δ = 12.28 
± 1.81°) strengths were used.  

For methods requiring only an interface friction 
value, shear stress values at 10 kPa normal stress in-
crements from 0 to 400 kPa were calculated based on 
average A and δ values and a best fit line plotted 
through the data with A = 0, the slope of this line was 
used to determine the corresponding interface friction 
angle. For the peak internal GCL δ was 33.44° and for 
the residual GCL-HDPE δ was 13.34°. To determine 
an appropriate standard deviation for these two δ val-
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ues, the average δ coefficient of variation was deter-
mined for values given in Table 1 (17.8%). For the 
peak internal GCL the standard deviation was 6.0° 
and for the residual GCL-HDPE the standard devia-
tion was 2.3° 

The waste body was assumed to have a friction an-
gle (φ) of 39° and a unit weight of 17 kN/m3.  

3.3 Phreatic surface 

No phreatic surface was considered in this analysis. 

3.4 Analysis method 

Factors of safety (FS) were determined using the 
Morgenstern-Price method. Failure surfaces were de-
fined with entry and exit points specified above, and 
then optimised using the Monte Carlo stepping algo-
rithm built into Slope/W. This results in non-circular 
block failure surfaces. 

To determine probabilities of failure (pf), normal 
distributions for strength parameters were assumed 
(minimum and maximum determined as 3 standard 
deviations from mean). A 40 000 run Monte Carlo 
simulation was used to determine pf.  

 
4 RESULTS 

4.1 Factor of safety 

Factors of safety are given in Table 2 and Table 3.  
 
Table 2. Factors of safety for failure of lower section (*Critical 
slip surface within waste body see Figure 2) 

Run Strength criteria Analysis method FS 

1 Peak (δ=28.71°, A=30.43 kPa)  0.05 m layer 3.8* 

2  1.0 m layer 3.8* 

3 Peak (δ=33.44°, A=0 kPa) 0.05 m layer 3.6 

4  1.0 m layer 3.5 

5  Strength modifier 3.6 

6  Two-part wedge 3.5 

7 Residual (δ=12.28°, A=5.27 kPa) 0.05 m layer 1.8 

8  1.0 m layer 1.7 

9 Residual (δ=13.34°, A=0 kPa) 0.05 m layer 1.7 

10  1.0 m layer 1.6 

11  Strength modifier 1.7 

12  Two-part wedge 1.6 

 
Table 3. Factors of safety for failure of upper section 

Run Strength criteria Analysis method FS 

13 Peak (δ=28.71°, A=30.43 kPa)  0.05 m layer 4.3 

14  1.0 m layer 4.3 

15 Peak (δ=33.44°, A=0 kPa) 0.05 m layer 4.3 

16  1.0 m layer 4.2 

17  Strength modifier 4.3 

18  Two-part wedge 4.3 

19 Residual (δ=12.28°, A=5.27 kPa) 0.05 m layer 1.9 

20  1.0 m layer 1.9 

21 Residual (δ=13.34°, A=0 kPa) 0.05 m layer 1.9 

22  1.0 m layer 1.9 

23  Strength modifier 1.9 

24  Two-part wedge 1.9 

Visual representations of the various analysis runs are 
given in Figure 2 and Figure 3. 
 

 
Figure 2. Stability runs for lower section (numbers along right 
hand side are run numbers in Table 3. 
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Figure 3. Stability runs for upper section (numbers along right 
hand side are run numbers in Table 4. 

 

4.2 Probability of failure 

Probabilities of failure were only determined for the 
1.0 m thin layer models. As the probabilities of failure 
were small the coefficient of variation (CV) for mean 
(M) FS are given in Table 5. 

 
Table 4. Monte Carlo probability results (M – Mean, CV – Co-
efficient of variation) 

Run Strength criteria Analysis 

method 

M 

FS 

CV 

FS 

14 Peak (δ=28.71°, A=30.43 kPa) 1.0 m layer 4.3 11% 

4 Peak (δ=33.44°, A=0 kPa) 1.0 m layer 3.5 18% 

16 Peak (δ=33.44°, A=0 kPa) 1.0 m layer 4.2 18% 

8 Residual (δ=12.28°, A=5.27 kPa) 1.0 m layer 1.7 11% 

20 Residual (δ=12.28°, A=5.27 kPa) 1.0 m layer 1.9 12% 

10 Residual (δ=13.34°, A=0 kPa) 1.0 m layer 1.6 14% 

22 Residual (δ=13.34°, A=0 kPa) 1.0 m layer 1.9 15% 

 
5 DISCUSSIONS 

5.1 Comparison of analysis methods 

It is clear from Table 2 and 3, and Figure 2 and 3 that 
the analysis method has a small influence on calcu-
lated factors of safety. Further, the stability of the fa-
cility improves as the facility tops out. 

Runs 1 and 2 resulted in failure surfaces within the 
waste body. In this case adhesion resulted in slip cir-
cles through the liner with higher FS. Runs 3 to 6 re-
sulted in very similar FS (M FS = 2.55, CV FS = 2%). 
For Runs 7 to 12, including adhesion had a negligible 
effect and analysis methods had a small influence on 
FS (M FS = 1.68, CV FS = 4%). 

For Runs 13 to 18, adhesion had a negligible effect 
as the normal stresses were on average higher. Anal-
ysis methods had a small influence on FS (M FS = 
4.28, CV FS = 1%). For Runs 19 to 24 both adhesion 
and analysis method had no influence on FS (M FS = 
1.9, CV FS = 0%). 

5.2 Comparison of variability 

It is clear that analysis method has a much smaller in-
fluence on FS (CV ≈ 2%) compared to material 
strength variability (CV ≈ 14% - see Table 4). Model 
complexity therefore has a negligible influence com-
pared to material variability.  

Commonly used FS in design (FS = 1.3 and FS = 
1.5) are compared to pf in Figure 4. To generate this 
Figure the two extreme CV in Table 4 were used to 
obtain the probability FS < 1.0 for each FS assuming 
a normal distribution of FS. 

For FS = 1.3, pf ranges between 0.1 and 0.02 de-
pending on the variability inherent to the material. For 
similar reasons for FS = 1.5, pf ranges between 0.03 
and 0.001. These are low pf and would be interpreted 
by many engineers to show that the likelihood of fail-
ure was negligible (MacRobert, 2018). 
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Figure 4. Probability of failure associated with different factors 
of safety. 

 
 
6 CONCLUSIONS 
 
The stability of waste facilities with bottom liners can 
be analysed using limit equilibrium approaches. 
Three approaches were compared (a thin layer, aniso-
tropic strength modifier and two-part wedge analy-
sis). The variability in calculated factor of safety for 
the different approaches was low with a coefficient of 
variation of 2%.  

However, considering the variability in interface 
shear strength resulted in much greater variability 
with a coefficient of variation ranging between 11% 
and 18%. It is therefore apparent that using a simple 
model does not add significant error to the analysis 
over that inherent to the material.  

Considering these two extreme coefficients of var-
iation (11% and 18%) the probability of failure asso-
ciated with a factor of safety of 1.3 ranged between 
0.1 and 0.02. The probability of failure associated 
with a factor of safety of 1.5 ranged between 0.03 and 
0.001. These probabilities of failure would be inter-
preted by engineers as very low likelihoods of failure. 
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