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1 INTRODUCTION 
 
South Africa has a rich mining heritage and as such, 
is home to a vast number of tailings dams. The current 
practice in South Africa to assess slope stability of 
these dams is to perform slope stability analyses using 
drained, effective stress parameters (i.e. a Mohr-Cou-
lomb friction angle 𝜙′ and cohesion 𝑐′). As noted by 
Ladd (1991), this type of analysis is referred to as Ef-
fective Stress Analysis (ESA). 

Recent prolific tailings dam failures around the 
world have highlighted the devastating effects a tail-
ings dam failure can have on the environment and the 
local communities. As a result of these failures, many 
of which were attributed to undrained failures, there 
has been a movement towards the inclusion of un-
drained strengths (i.e. undrained stress ratios 𝑠%/𝜎()

* ) 
in slope stability analyses. As noted by Ladd (1991). 
this type of analysis is referred to as Undrained Stress 
Analysis (USA). 

An improvement on the use of undrained stress ra-
tios is the inclusion of mode of shear strengths and 
this paper investigates the use of mode of shear on the 
determination of the Factor of Safety (FoS) against 
failure for typical upstream constructed tailings dams. 
The values obtained were then compared to those ob-
tained using the current methods employed in South 
Africa as well as an alternative method proposed by 
Olson (2001). 

 

2 SOIL SHEAR STRENGTH 

2.1 Drained and undrained strength 

The fundamental difference between drained and un-
drained strengths lies in the shearing conditions. Dur-
ing shear, soil can behave in one of three manners: 
completely undrained, partially drained or completely 
drained.  

If the shearing is sufficiently fast that there is no 
drainage of shear induced pore pressure, the un-
drained strength is mobilised, and undrained strength 
parameters can be used (i.e. 𝑠%/𝜎()

* ). If, however, the 
shearing is at a slow enough rate that all the shear in-
duced pore pressures dissipate, the drained shear 
strength will be mobilised, and effective strength pa-
rameters can be used (i.e. 𝜙′ and 𝑐′).  

If the shearing is neither fast enough for drained 
conditions to develop nor slow enough for undrained 
conditions to develop, then partially drained condi-
tions will occur and a strength between the drained 
and undrained strength will be mobilised. It is im-
portant to identify these conditions as there is a sig-
nificant difference in strength. Under the same effec-
tive stress, peak undrained strengths are typically 
only half of the peak drained strengths (Olson & Stark 
2003). 

Contractive material in undrained shear generally 
follows a strain softening stress path with a peak 
reached at low strains, followed by a sharp drop to a 
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steady state value as shown in Figure 1. For this pa-
per, only the peak (yield) undrained strength is con-
sidered. 

 

 
Figure 1. Yield and steady state undrained shear strength (after 
Olson & Matson, 2008) 

2.1 Mode of shear 

Early references to the influence of mode of shear on 
the undrained shear strength of soil, with particular 
emphasis on slope stability analysis, can be found in 
Soydemir (1972).  

Along a conventional slip surface, there are zones 
where different modes of shear can be expected. For 
a slip from left to right, as shown in Figure 2, the first 
segment will be in compression shear, the middle seg-
ment will be in simple shear and the last segment will 
be in extension shear. Sadrekarimi (2014) proposed 
boundaries between the segments based on the coun-
ter clockwise angle (𝛼) of the failure plane to the hor-
izontal. 𝛼 values less than -15° are considered to be 
in extension shear, α values greater than -15° but less 
than 30° are considered to be in simple shear and 𝛼 
values greater than 30° are considered to be in com-
pression shear. 

 

 
Figure 2. Mode of shear (Sadrekarimi, 2014) 

2.2 Determining shear strengths 

As noted by Jeffries & Been (2015), the shear 
strength of a soil is not an intrinsic parameter and var-
ies according to the state of the soil (i.e. void ratio, 
stress conditions and arrangement of the particles). 
The strength of a soil can be investigated by means of 
field or laboratory tests. In this study, three laboratory 

tests were investigated: the Triaxial Compression 
(TXC) test, the Triaxial Extension (TXE) test and the 
Direct Simple Shear (DSS) test. Each test forces a 
particular mode of shear onto the soil and allows the 
definition of the shear strength for that particular 
mode of shear for the state of the soil.  

The boundary conditions for each test, although re-
ferred to as drained and undrained, do not limit the 
inference of material strengths. The nuances of which 
are articulately explained by Lade (2016). Neverthe-
less, a good laboratory testing regime will consist of 
both drained and undrained tests. Aside from the rel-
evant international standards, details on determining 
drained strengths from triaxial tests can be found in 
Lade (2016) and details for determining undrained 
shear strengths can be found in Olson & Mattson 
(2008). 

TXC tests are the most common laboratory shear 
tests performed due to their perceived repeatability. 
There are two types of tests available to determine the 
shear strength of remoulded samples: consolidated 
drained (CD) and consolidated undrained (CU). CD 
tests have the advantage of achieving higher effective 
stresses and CU tests have the advantage of shorter 
testing times due to the stabilisation rather than the 
dissipation of excess pore pressures. 

TXE tests are the least common of the three tests 
and are generally only used for research purposes in 
South Africa. The setup is the same as the TXC test 
with the exception that the horizontal stresses are 
greater than the vertical stresses (i.e. 𝜎( > 𝜎,). A lim-
itation of the TXE test is the concern regarding strain 
localisation. As identified by Lade (2016), necking is 
always observed in conventional TXE tests. To limit 
this effect, several alternatives have been suggested. 
Perhaps the most well-known attempt is the use of 
dual cylinders proposed by Yamamuro & Lade 
(1995). These, however, have typically been limited 
to research application and are not implemented in 
commercial laboratories. 

DSS tests, despite their relative simplicity are also 
not commonly used in South Africa. The reason is un-
clear as these tests are not overly complicated and the 
results can be quite useful. The rare use of this test 
may be due to the nonuniformity of shear stresses 
across a horizontal cross section or the inability to 
measure the evolution of the principal stress rotation 
as described by Rossato & Simonini (1990). 

To fully define a material behaviour for the three 
modes of shear, all three tests are required. This is 
typically not feasible for most projects and is one of 
the leading reasons why this is not incorporated in 
slope stability analysis. Sadrekarimi (2014), however, 
developed equations for estimating these three 
strengths based only on the normalised cone re-
sistance measured by Cone Penetration Tests with 
pore pressure measurements (CPTu). These tests are 
routinely performed on tailings dams and results are 
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usually readily available, thereby making the defini-
tion of the three mode of shear strengths possible for 
most tailings dams. 

2.3 Comparison of strengths based on mode of 
shear  

Sadrekarimi (2014) studied a database of TXC, TXE 
and DSS tests and, for each type of test, defined a re-
lationship between the interpreted yield undrained 
shear strength and the ratio between the yield and 
steady state strength, defined as the undrained brittle-
ness index. A database of field test results from lique-
faction flow failures was also studied and a relation-
ship between the normalised cone resistance and 
undrained brittleness index was developed. By com-
paring these two relationships, a link between the nor-
malised cone resistance and yield undrained shear 
strength for each type of laboratory test was devel-
oped. A plot of these strengths is shown in Figure 3. 
It was found that shear strengths in DSS lie between 
the TXC and TXE strengths with TXC strength being 
approximately 16 % greater and TXE strengths 30 % 
less.  
 

 
Figure 3. Difference in strength between modes of shear (after 
Sadrekarimi, 2014) 

 
Two points are relevant from this work. The first is 
that, since TXC strengths are generally used in South 
Africa, the research suggests that the strengths are 
overestimated in the DSS and TXE range. Secondly, 
the overestimation is a function of the vertical effec-
tive stress. At low stresses, the difference is marginal 
while at larger stresses, the difference can be substan-
tial. For example, a soil particle at the base of a 30 m 
high tailings dam could have a TXC strength of 
90 kPa, DSS strength of 75 kPa and TXE strength of 
50 kPa. 

2.4 Applicability of undrained strengths 

Since the mobilisation of undrained strengths is only 
possible when undrained conditions develop and 
since undrained conditions can only develop if the 
shearing rate is sufficiently slow that there is no drain-
age of shear induced pore pressures, it would seem 

logical that only slow draining, fine-grained soils are 
susceptible to undrained shear under typical shearing 
conditions. This, however, is not the case as pointed 
out by Eckersley (1990) where a series of large-scale 
tests were conducted on coarse-grained coal stock-
piles. By merely raising the phreatic surface in the 
coal, the effective stresses were changed, and failure 
was induced. From this, and building on previous re-
search, it was concluded that flowslides can initiate 
under essentially static, drained conditions and that 
failure occurs due to shear-induced excess pore pres-
sures generated in relatively thin shear zones. The 
process of this instability under static loading is de-
scribed as follows: 

“When subjected to very slow, drained increases in 
shear stress, the soil contracts, and water is expelled 
from the voids until a point of inherent instability is 
reached. At this point even the slightest increment of 
stress or strain results in such rapid generation of ex-
cess pore pressures in comparison to the drainage ca-
pacity of the soil that shear strength drops rapidly to 
the steady state value. The applied stresses can then 
no longer be sustained, and rapid acceleration oc-
curs.” 

Olson (2001) describes the mobilisation of un-
drained shear strengths as triggering of undrained 
shear strengths and an attempt to quantify potential 
triggers was made by Martin & McRoberts (1999). 
An extensive list, applicable over the life-cycle of up-
stream constructed tailings dams, was developed and 
it was concluded that the prudent approach was to as-
sume that, if a plausible trigger existed, that un-
drained strengths could be mobilised. Therefore, 
simply because a soil is deemed to be coarse grained, 
does mean it cannot experience undrained behaviour 
and, provided a plausible trigger exists, a prudent ap-
proach is to assume the undrained strengths can be 
mobilised. 

2.5 Alternative methods of incorporating mode of 
shear in slope stability analyses 

The determination of all three mode of shear strengths 
can be quite cumbersome and may not be feasible for 
some projects. Therefore, several alternatives have 
been proposed over the years. Two alternatives are 
discussed briefly in this section. Due to the limited 
data available to the authors, specifically in terms of 
TXE and DSS test results, only the first method was 
pursued for this assessment. 

Olson (2001) performed a comprehensive study of 
liquefaction flow case histories. In each case, un-
drained conditions developed, and undrained shear 
strengths were mobilised. One of the findings was 
that, for almost all of the case histories, the use of the 
DSS strength over the length of the slip surface was 
appropriate as the majority of the slips were near hor-
izontal. 

An attempt to incorporate strain compatibility 
along the slip surface was proposed by Koutsoftas & 
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Ladd (1985) where an equal distribution between the 
three shear modes was assumed and an average 
stress-strain curve was developed and used as the 
strength function. This approach is only used for large 
projects as numerous, high quality tests for each mode 
of shear at the same effective stress are required. 

2.6 Defining undrained strengths in slope stability 
analyses 

Measured undrained shear strengths, whether meas-
ured in the laboratory or in the field, are only appli-
cable to a soil for the state at which the strength was 
measured. If the state of the soil changes, the meas-
ured undrained shear strength is no longer applicable. 
To overcome this, the Stress History and Normalised 
Soil Engineering Properties (SHANSEP) technique 
can be used. As described by Ladd (1991), when us-
ing the SHANSEP technique, the undrained shear 
strength is defined as a ratio to the vertical effective 
stress on the soil. Using this ratio, the measured 
strength can be used at varying effective stress levels. 

The SHANSEP strength model is very similar to a 
Mohr-Coulomb strength envelope with the difference 
that the derived shear strength is a function of the ver-
tical effective stresses instead of normal effective 
stresses. As noted by Olson (2001), since most un-
drained failures are dominated by DSS, this does not 
have a significant difference in calculated FoS. 

2.7 Review of the Fundão failure  

In 2015, the Fundão tailings dam in Brazil failed, re-
sulting in one of the worst environmental disasters in 
the world. A comprehensive investigation into the 
causes of the failure was conducted by Morgenstern 
et al. (2016). As part of the investigation, an extensive 
laboratory and field investigation, followed by nu-
merical analysis, was conducted. The report is one of 
the few published reports where mode of shear 
strengths are used in slope stability analyses. During 
the investigation, two critical section were identified: 
the left and right abutment. 

The left abutment, with an undrained FoS of 1.33 
failed but the right abutment with a FoS of 0.9 did not. 
Morgenstern et al. (2016) noted that this was due to 
the trigger that occurred at the left abutment. It was 
concluded that, although the FoS was below 1.0 for 
the right abutment, which indicated that rapid flow 
sliding should have initiated, there was no trigger and 
therefore undrained strengths were not mobilised and 
the effective drained strengths remained relevant. The 
failure of the left abutment with an undrained FoS of 
1.33 shows some of the shortcomings of the current 
slope stability analysis methods. 

 
 
 
 

3 ANALYSIS 

3.1 Modelling software 

To evaluate the effect of the use of mode of shear 
strength, several limit equilibrium slope stability 
analyses were conducted. The SLOPE/W compo-
nents of the GeoStudio 2019 software package was 
chosen specifically as it included a function to specify 
the strength based on the base angle of the slice. 

3.2 Scenarios modelled 

Three scenarios, shown in Figure 4, were modelled. 
For Scenario A, the left abutment of the Fundão fail-
ure was remodelled. For Scenario B, a typical up-
stream tailings dam with a weak layer near the base 
was modelled. For Scenario C, Scenario B was re-
peated with the removal of the weak layer and the ad-
dition of a lined starter wall to induce larger sections 
of extension shear. The USA analyses were con-
ducted in line with the methods suggested by Ladd 
(1991) and Brown & Gillani (2016) where effective 
strengths are applied above the phreatic surface (i.e. 
assumed unsaturated) and undrained strengths are ap-
plied below the phreatic surface. 

For each scenario, four strength models were used. 
strength model 1 was an effective strength model us-
ing a Mohr-Coulomb failure envelope (i.e. ESA) and 
strength models 2, 3 and 4 were undrained strength 
models using SHANSEP failure envelopes (i.e. 
USA). The difference between strength models 2, 3 
and 4 related to the use of strengths for the expected 
modes of shear. For strength model 2, TXC strength 
was applied for all modes (i.e. regardless of slice base 
angle). This is in line with current practice in South 
Africa For strength model 3, DSS strength was ap-
plied for all modes as suggested by Olson (2001) and 
for strength model 4, TXC, DSS and TXE strengths 
were applied for the appropriate mode of shear based 
on the boundaries suggested by Sadrekarimi (2014). 
 

 
Figure 4. Three scenarios modelled 
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3.3 Material properties 

Selected material properties used for the assessment 
are shown in Table 1, other materials used remained 
constant for all strength models are therefore not 
noted. For Scenario A, the properties were taken di-
rectly from the failure investigation report (Morgen-
stern et al. 2016). The Mohr-Coulomb properties for 
Scenarios B and C were taken from recent test results 
on material from gold tailings dams and the mode of 
shear strengths estimated from CPTu data using the 
equations proposed by Sadrekarimi (2014). 
 
Table 1. Material properties used in this assessment __________________________________________________ 
         MC   TXC  DSS  TXE 
       𝜙′ (°), 𝑐′ (kPa) 𝑠%/𝜎()

*  𝑠%/𝜎()
*  𝑠%/𝜎()

*  __________________________________________________ 
Fundão  slimes    33, 0   0.30  0.22  0.14 

Weak Layer     25, 0   0.24  0.20  0.14 

Contractive Tailings  33, 0   0.30  0.26  0.18 __________________________________________________ 

 
 
4 RESULTS 
 
Three analyses were performed: the re-assessment of 
the left abutment of the Fundão tailings dam; a typical 
tailings dam with a weak layer and a typical tailings 
dam with a lined starter wall. The results from the 
analyses are shown in Table 2. Note that there is a 
significant difference between the drained and un-
drained strengths, which is expected. It was assumed 
that the true FoS was obtained using strength model 4 
where mode of shear was incorporated. 

There is not a large difference between the use of 
TXC strength (strength model 2) or the use of DSS 
strength (strength model 3) only. It is interesting to 
note that, by using DSS strength only, a more con-
servative FoS was obtained. 
 
Table 2. Results from stability analyses (FoS comparison to 
strength model 4 shown in parenthesis) __________________________________________________ 
           Strength model       
Scenario   1. MC  2. TXC  3. DSS  4. Mode of 
         only   only   shear incl.  __________________________________________________ 
A. Fundão Left 2.15   1.50   1.12   1.16    
Abutment   (+85 %)  (+29 %)  (-3 %)       __________________________________________________ 
B. Low     1.86   1.05   0.91   0.98    
Weak Layer  (+90 %)  (+7 %)  (-7 %)       __________________________________________________ 
C. Lined    2.37   1.25   1.09   1.15    
Starter Wall  (+106 %) (+9 %)  (-5 %)       __________________________________________________ 

 
Figures 5 & 6 show the slice base angle for the critical 
slips for the three models. For Scenario A, the entire 
slip surface lies within the DSS zone. This is likely 
due to the low DSS strength of the Fundão slimes and 
the geometry of the foundation material. For Sce-
nario B, only TXC and DSS strengths are applicable. 
For Scenario C, it is clear that the inclusion of lined 
starter wall induced extension shear along the slip 
surface and all three modes of shear are induced. 

 
Figure 5. Scenario A cross section (a) and slice base angle (b). 

 

Note that, for all three scenarios, the majority of the 
slip surfaces lie within the DSS range which explains 
why there is not a significant difference between the 
use of DSS strength throughout the slip and splitting 
the strengths based on mode of shear. This is in line 
with the findings by Olson (2001). 
 

 
Figure 6. Scenario B cross section (a), Scenario C cross section 
(b) and slice base angles for Scenarios B and C (c) 
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Note that, for all three scenarios, the majority of the 
slip surfaces lie within the DSS range which explains 
why there is not a significant difference between the 
use of DSS strength throughout the slip and splitting 
the strengths based on mode of shear. This is in line 
with the findings by Olson (2001). 
 
 
5 CONCLUSIONS 
 
The results from this paper show that the inclusion of 
mode of shear does influence the calculated FoS 
against failure. Assuming that the analysis where 
mode of shear is included gives the true FoS, the use 
of TXC strength only appears to overestimate the 
FoS, while the use of DSS strength only appears to 
underestimate the FoS. The FoS obtained from the 
ESA is significantly greater than the results from the 
USA which highlights the importance of not simply 
relying on this FoS for assessing the stability of 
slopes. 

Unfortunately, most projects are limited by time 
and cost and it is not feasible to conduct all the tests 
required to adequately define the strength of the ma-
terials for the different modes of shear. However, 
Sadrekarimi (2014) developed equations for estimat-
ing these three strengths based only on the normalised 
cone resistance. This means that all three strengths 
can be estimated by using CPTu test results alone, 
which are significantly faster and more cost effective 
than the associated laboratory tests. 

It is clear from the recent tailings dam failures (the 
Fundão failure in particular) that the current methods 
for assessing the slope stability of tailings dams does 
not rigorously address all failure modes. The results 
presented in this paper show that the variation in FoS 
against failure for undrained analysis when mode of 
shear is considered against when it is not considered 
is large enough to warrant that the mode of shear be 
at least considered in all slope stability analyses 
where undrained shear is likely to occur.  

The FoS values calculated for undrained failures 
are typically very close to 1.0 and therefore even a 
small variation in the calculated FoS can result in the 
assumption of either a potentially stable or unstable 
slope. Modern commercial software packages allow 
multiple analyses to be performed quickly. Including 
these additional scenarios should, therefore, not un-
duly increase the time or cost of conducting stability 
assessments. 

Regarding the calculated FoS against undrained 
failures, the authors are unsure how these should be 
interpreted. However, the results presented by Eck-
ersley (1990) are concerning and highlight that even 
coarse-grained materials can be subject to undrained 
shear. Therefore, without additional information and 
considering the devastating effects of the recent major 
failures on the environment and local communities, it 
would seem prudent that the conservative approach 

should be taken and a trigger should be assumed to 
exist and undrained stability should be considered, as 
suggested by Martin & McRoberts (1999).  

However, as identified by Morgenstern et al. 
(2016), undrained failure can still occur with peak un-
drained FoS values significantly greater than 1.0. This 
suggests that alternate methods of evaluating slope 
stability, such as finite element modelling using ad-
vanced constitute models or the use of steady state 
undrained strengths, must be pursued.  
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