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ABSTRACT 

The ICOLD Tailings Dam Safety Bulletin 2020 Draft, advocates that if tailings material is classified as 
contractive, then post-peak/residual strengths must be considered in stability analyses. Should the 
target Factor of Safety (generally 1.1) not be achieved for this condition, either re-design is required or 
a rigorous and thorough assessment to evaluate potential for strain softening and liquefaction under 
various triggering mechanisms must be undertaken. The avenue for rigorous triggering analysis afforded 
by the ICOLD Bulletin, is explored in this article. A case study based on an existing Tailings Storage 
Facility (TSF) is presented and discussed, with the aim of demonstrating that despite being contractive, 
the stress state of tailings under various potential triggering events does not reach critical state or result 
in liquefaction. The advanced modelling techniques, including 2- and 3-dimensional finite element 
modelling, along with the use of the critical state constitutive NorSand material model, demonstrates 
and validates the patent stability of the facility. The approach provides an engineering method to 
rationally analyse tailings slopes containing contractive material. The findings of the analyses are also 
corroborated by real life TSF behaviour.   

1. BACKGROUND 

Until the 1950’s, at least in South Africa, tailings dams were created without any theoretical analysis or 
quantified measure of stability. Thereafter, from the late 1950’s, simplistic analytical models provided a 
“mostly adequate” measure or simulation of stability, with a margin for error (the factor of safety) 
providing a degree of perceived comfort and confidence in the actual practice. 

Persistent failures led to an increase in the desired factor of safety (from 1,3 to 1,5) towards the end of 
the 20th century. Nevertheless, failures continued with unacceptable frequency, prompting that the input 
parameters to the prevailing simplistic analytical model be revised to consider both peak and residual 
strengths, the latter being mandatory wherever a saturated contractive material occurs. This is the 
current routine approach advocated in the latest ICOLD (2020) bulletin and guidelines.  

In many parts of the world this residual strength assumption is used, indicating in particular that 
upstream dam development should not be pursued in light of the FoS frequently not complying with 
requirements. In practice, particularly in South Africa where most tailings dams are upstream structures, 
accepting such an approach would be significantly and detrimentally consequential to the mining 
industry, the economy and hence SA society at large. 

Consequentially, it is necessary to develop an analytical method to explore the potential triggers of 
residual strength conditions (an option afforded in ICOLD (2020), Figure 5-2) in an effort to investigate 
the acceptability of upstream tailings dam development. The primary advance has been the introduction 
and application of the critical state soil mechanics NorSand constitutive model (Jefferies & Been, 2016) 
as opposed to the traditionally applied linear Mohr-Coulomb stress-strain model. Powerful Finite 
Element Analysis (FEA) computational tools and capacity have also been essential in facilitating the 
application of the numerically complex modelling that, as will be seen, appears to provide a more realistic 
simulation of the behaviour of tailings. 
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2. AIMS AND OBJECTIVES 

The objective of this paper is to present a more rigorous analytical approach to demonstrate that through 
testing various potential liquefaction triggering mechanisms, stability can be validated, thereby negating 
the need to allow residual/post-peak strengths to unconditionally govern the outcome of an assessment.  

To facilitate this, advanced analytical techniques were applied to a large and well established upstream 
on-wall cycloned fine tailings facility, allowing analytical results to be correlated against measured and 
observed performance, including past seismic events.  

3. APPROACH AND METHODOLOGY 

3.1 Developing Topographical Models for Analysis 

Utilising available topographical information, including survey, historical imaging and piezometric data, 
both 2- and 3-dimensional models of the facility were produced.  

Material zoning, as shown in Figure 1, consists of an outer “skin” comprising more permeable underflow, 
the core comprising overflow and an intermediate zone between the two. The outside overall slope of 
the TSF is approximately 1V:4,5H with a large bench, approximately 60m wide, just above mid-height. 
The crest of the facility is at least 6m wide and 6m above the fully contained inside basin.  

 

Figure 1. Typical Material Zoning Section  

3.2 Materials Investigation  

A materials investigation targeting representative tailings zones as well as the underlying foundation 
material was undertaken. In situ testing included CPTu and seismic cone testing, SPT’s and 
pressuremeter testing. 

Laboratory testing was conducted on reconstituted tailings samples, which included conventional triaxial 
testing, state-of-the-art critical state triaxial testing, and slurry consolidometer testing.  

3.3 Derivation of Material Parameters 

3.3.1 Strength Parameters  

The table below provides a summary of the strength parameters derived for Peak Drained, Peak 
Undrained and Residual Undrained conditions. In addition to this, NorSand properties derived from 
critical state triaxial testing are also provided.  

Peak and residual undrained strengths are included as ratios of undrained strength to vertical effective 
stress.  
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Table 1. Strength material properties of tailings material 

 Overflow Intermediate Underflow Derived via 

Drained Conditions (Mohr Coulomb)  

Cohesion (kPa) 0 0 0 Interpretation of 
triaxial test results 

Friction Angle (˚) 29.0 30.0 30.1 

Undrained (Mohr Coulomb) 

Peak Undrained Strength Ratio 0.35 0.35 N/A Interpretation of 
CPTu test results 

Residual Undrained Strength 
Ratio  

0.119 0.119 

NorSand 

Semi-log CSL Γ 0.998 0.845 N/A 

 

 

λ (Natural Log) 0.063 0.043 

Curved CSL a 0.998 0.95 

b 0.29 0.3 

c 0.18 0.135 

Mtc 1.26 1.26 

Ntc 0.45 0.7 

Χtc 3.5 6.3 

H 45-600ψ 80-830ψ 

 

3.3.2 Insitu State of Tailings 

The state parameter (ψ) of the tailings defines whether the material will behave dilatantly or contractively 
under shear loading. The state parameter is the numeric difference between the actual void ratio and 
the corresponding critical state void ratio. Positive state parameters are synonymous with soils that are 
“loose” of critical and negative state parameters suggest soils that are “dense” of critical. Under 
undrained loading, loose contractive soils will lose strength (strain softening). Soils that are dense of 
critical (dilative) will increase in strength (strain hardening).  

The characteristic state parameter on the subject facility was determined as 𝜓𝑘 = +0.085 using a 90% 
confidence level via statistical processing. A value of 90% confidence is stringent when compared to the 
70% confidence typically used in determination of cautious estimates for other soil parameters. This is 
motivated by the fact that via stochastic simulation and physical testing, it has been shown that 
looser/weaker material zones may control the overall soil mass behaviour.  

According to critical state theory, state parameters > -0.05 are considered contractive and thus 
potentially susceptible to liquefaction. The overflow tailings on the subject TSF thus falls into this 
category.  

4. STABILITY ASSESSMENT 

4.1 Mohr Coulomb Analyses 

2-dimensional assessments were conducted using Limit Equilibrium Analysis (LEA) software to assess 
the stability of selected cross sections of the facility based upon the Mohr-Coulomb constitutive model. 
Since this method does not include deformation assessment, it was used as a screening/validation 
check, before conducting more detailed analyses using finite element analysis (FEA) assessments 
(coupled with seepage analyses). In the latter, pore pressures, stresses and strains within the facility 
were assessed during staged construction, which “builds-in” the stress history. Once this staged 
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construction of the facility was complete, the Factor of Safety (FoS) was approximated using the 
Strength Reduction Method (SRM). 

The following scenarios as set out in ICOLD were considered. 

Table 2. Load conditions considered using Mohr-Coulomb criteria 

Condition Required FoS Description 

Static condition 
– drained 

1.5 This load condition is one where the tailings storage facility is 
operating normally and is not experiencing loading which may 

cause excess pore water pressures. 

Static condition 
– undrained 

1.5 Generally, in geotechnical engineering, undrained properties 
would only be applied to a material where loading occurs rapidly 
in relation to the rate at which excess pore water pressures can 
dissipate. However, in the case of normally consolidated, fine 
grained and contractive tailings, undrained behaviour may be 

applicable for static conditions as well. 

Residual 
strength 
condition 

1.1 This scenario replicates a condition where material within the 
facility has undergone liquefaction or strain softening (due to a 

triggering event) and possesses reduced strength. 

 
Figure 2 provides the Factors of Safety returned from the analysis of 5 representative cross sections 
utilising LEA and FEA techniques and considering the three scenarios set out in Table 2 above.  

 

Figure 2. Summary of LEA and FEA results 

For all cross sections, the required levels of stability were achieved for static peak drained conditions 
(FoS >1,5). Some Factors of Safety for the peak undrained condition were slightly below the required 
FoS of 1.5. All Factors of Safety achieved for the residual undrained condition are below 1.1, thereby 
not meeting the ICOLD requirements. This may be expected, considering that the residual strength ratio 
is only a third of the peak strength ratio. More pertinent, however, is that all Factors of Safety are well 
below unity, indicating that if residual strengths had ever prevailed in the history of the facility, failure 
would have resulted. Clearly that is not the case, confirming that residual strength conditions have never 
been experienced. In order to pursue a realistic analytical approach, the option of rigorously investigating 
triggering mechanisms (as afforded by ICOLD, Figure 5-2) as opposed to unconditional acceptance of 
residual strengths is necessary. The NorSand constitutive material model was utilized in a FEM process 
to undertake such rigorous analyses, as discussed in the following section.  

4.2 NorSand Analyses 

The NorSand constitutive model is a complex formulation for sand behaviour based on the principles of 
critical state soil mechanics (CSSM).  The NorSand constitutive model describes the behaviour of soil 
in terms of mean effective stress, deviator stress and void ratio within a 3-dimensional space. Soil state 
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is assessed in relation to yield surfaces which converge on the Critical State Line (CSL) as shearing 
advances. Using this material model in Finite Element Analysis allows monitoring of these properties 
relative to critical state conditions over the normal development life of the facility and under possible 
“abnormal” loading conditions that could potentially trigger liquefaction failure or at least residual 
strength. 

Four potential liquefaction triggering mechanisms considered in the evaluation are described below. 

Table 3. Potential triggering mechanisms considered 

Liquefaction Type Triggering Mechanism 

Static  Inherent trigger in normal construction/ development of the facility 

Loss of Confinement causing decrease in effective stress 

Raised phreatic surface causing decrease in effective stress 

Dynamic  Seismic Event (1 in 10 000-year) 

 

Representative points (elements) within the saturated overflow and intermediate zones were selected 
on each of the cross sections and were queried for variables required to define the prevailing stress 
state. These points are illustrated on a typical section in Figure 3. 

  

Figure 3. Points assessed on a typical cross section 

The output data from the FEM software allows post-processing of the information in various forms, to 
illustrate the actual stress path in relation to failure state, thereby providing a visual (and numerically 
quantifiable) indication of the state of stress within the slope in relation to a failure state. 

4.2.1 Normal Construction Triggering Mechanism 

The analysis involves “building” the dam in stages with the stresses and strains being calculated at the 
queried points as a result of the addition of each subsequent tailings layer. Here, it was assumed that 
drained conditions would prevail, justified by CPTu and piezometer readings. The stress paths of the 
queried points are hence tracked and plotted in p’:q’ space throughout staged construction of the facility 
as illustrated in Figure 4. The NorSand derived critical state line, which is a 3D surface in p’,q’,e space 
is shown as a projection on the p’,q’ plane (with gradient of Mtc) in the figure. 

It can be seen from these stress paths that the mean effective stress (p’) increases at a higher rate than 
the deviatoric stress (q) in the early stages of deposition. This results in the stress path diverging from 
the critical state line, indicating an increase in strength. However, as deposition continues, the rate of 
increase of deviatoric stress accelerates and eventually exceeds that of mean effective stress and the 
path turns and trends towards the critical state line, signifying a decrease in stability. This is to say that 
the tailings material strength is increasing slower than applied load in the latter stages of modelling. With 
this said, the stress state does not near the CSL at the time of attainment of current facility height.    
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Figure 4. Typical Stress paths in p:q space  

The p’,q’ graphs do not provide a familiar measure of stability, such as a Factor of Safety. However, with 
some mathematical manipulation, an Instability Ratio can be derived. The Instability Ratio is defined as 
the ratio of deviatoric to mean effective stress divided by Mtc (which is the stress ratio at failure). The 
Instability Ratio provides insight into how close a given stress state is to the critical state line. The 
Instability Ratio is plotted (against mean effective stress) for all queried points in the graph in Figure 5 
and provides an understanding of stability of the facility as construction advances in 5m lifts.  

These plots suggest that stress states move further from failure state as mean effective stress increases 
to a value of approximately 400kPa for overflow material and 300kPa for intermediate material, 
(equivalent to around 40m height of dam) and then turn to become gradually less stable as mean 
effective stress further increases. At final height (+/-120m), stability ratios for all queried elements are 
lower than 0.6; still well below the “failure criterion” of 1.0.  

As mentioned, the NorSand failure envelope exists in 3D, but for simplification is presented as a 
projection in 2D planes, in p’,q’ and p’,e space. The latter is provided in Figure 6. From these plots, it is 
evident that a significant increase in stress (facility height) would be required for the stress paths to 
intersect the failure locus if the prevailing conditions persisted. It should be noted that while the plot 
indicates a trend towards the CSL, the x-axis is in logarithmic scale, thus requiring a substantial increase 
in mean effective stress to be of detrimental consequence.  

This analysis demonstrates that with an increase in loading under normal operating conditions, the 
material state (stress and void ratio) changes do not regress to residual strengths, despite the material 
being contractive. 

 

0

100

200

300

400

500

600

700

800

200 400 600 800 1000

D
ev

ia
to

r 
st

re
ss

Mean Effective stress

CSL
Point 1
Point 2
Point 3
Point 4
Point 5
Point 6
Point 7
Point 8
Point 9
Point 10
Point 11
Point 12
Point 13
Point 14
Point 15
Point 16
Point 17
Point 18
Point 19
Point 20
Point 21
Point 22
Point 23
Point 24
Point 25



7 

  

Figure 5. Instability Ratio plotted against mean effective stress  

 

Figure 6. Void ratio versus mean effective stress   

4.2.2 Investigation into loss of confinement 

Since mean effective stress, which governs shear strength, is a function of overburden pressure, 
removal of the latter would result in a reduction in shear strength. Overburden pressure could be lost 
due to deliberate removal, i.e., re-mining, or possibly shallow surface sloughing/toe failure brought about 
by uncontrolled circumstances. An indication of the assumed removed volume of underflow perimeter 
is presented in Figure 7 for reference.  

A drained analysis was initially undertaken to assess the consequence of this load case. Dashed stress 
paths presented in Figure 8 below show the development of stress states under normal operating 
conditions to the current facility height. The stress path behaviour after removal of confinement is 
depicted by the solid lines. The sharp trajectory of these plots to the left indicates reduction in mean 
effective stress and softening of the material to be followed by failure as the CSL is reached.  
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Figure 7. Loss of confinement by removal of underflow perimeter toe 

 

Figure 8. Stress paths for queried points  

It can clearly be seen that removal of confinement offered by the underflow material at the toe of the 
perimeter wall results in a reduction of mean effective stress, an increase in deviatoric stress, and brings 
key elements to the critical state locus. Failure of these zones would in turn likely cause progressive 
liquefaction and failure of zones deeper within the facility. Removal of confinement is therefore 
considered a credible trigger for softening and liquefaction. This drained analysis does not consider the 
additional detrimental attributes of rapid undrained loss of confinement – which would have exacerbated 
the rapidity and extent of failure. 

While significant loss of confinement would probably invoke catastrophic failure, the initial failures 
required to realise this situation would occur through drained underflow material (resistant to 
softening/brittle behaviour). Proper design and facility management effectively mitigate this occurrence 
and hence counteract the “loss of confinement” trigger which would otherwise be a serious concern.    

4.2.3 Investigation into effect of raised phreatic surface 

Investigations into this effect were performed by elevating the phreatic surface by some 10m in a steady-
state seepage analysis. Owing to the relatively shallow overall slope angle (<1:4,5), failure could not be 
induced by this mechanism.  

Figure 9 provides the plot of stress paths in p’:q’ space, where dashed portions of lines indicate 
construction of the facility to final height and solid lines indicate the portion of the simulation where the 
phreatic surface was raised. It can be seen that the increase in phreatic surface level results in a minimal 
decrease of mean effective stress with little change of deviatoric stress. Stress paths remain far from 
intersection with the CSL. 
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Figure 9. Stress paths for queried points 

4.2.4 Dynamic analysis 

The historic approach to assessing the effect of seismicity has been to select an event return period 
dependent upon the severity of the consequence of failure, with the Global Tailings Initiative (GTI) and 
ICOLD advocating a 1:10 000-year return period for Extreme Consequences. Seismic or Natural Hazard 
assessments use records of past events to statistically predict the magnitude of specific return period 
events, typically expressed in terms of peak horizontal ground acceleration. Traditional stability analyses 
apply the horizontal acceleration as a static load. This approach is flawed (or at least very limited in 
usefulness) as real seismic events are of relatively short duration and impose dynamic/cyclic load.  

The adopted analytical approach allows cyclic load to be applied as a realistic dynamic external stress 
(load) to the NorSand controlled tailings FEM model based upon the time histories of actual recorded 
seismic events scaled to match the assigned design return period event. The time history of a seismic 
event, now measured digitally by modern seismographs, includes the amplitude, frequency and duration 
of the event.  

This time-history dynamic assessment was undertaken using the FLAC3D Version 7.0 software 
package, as it allows for incorporation of two additional softening parameters, applicable to dynamic 
analyses. The first of these parameters is the inner cap hardening parameter (H), coming into effect 
when effective stress reduces at more or less constant load, brought on by an increase in pore water 
pressure. A value of 10 was selected for the assessment. The second parameter is the Modulus 
Annealing Parameter (Z) which considers the effects of kinematic softening, occurring during principal 
stress rotation, and plays an important role in material behaviour during cyclic/seismic loading.   

The TSF has, since its inception 40 years ago, been subjected to numerous anthropogenically (mining) 
induced seismic events believed to range up to 0,15g.   No physical distress was observed on the facility 
during any of these events. Consequently, a back analysis was conducted, applying a purpose-
developed 0.15g anthropogenic time history event, with the Z value being adjusted to render 
displacements representative of the observed behaviour – i.e., very low displacements (<0.2m). A 
correlated Z value of 0 was thus derived and selected as applicable for the assessment. Use of this 
parameter will be further investigated in future evaluations and requires additional research to shed 
more light on typical values where back analysis is not possible. 

The critical section of the TSF was analysed, applying the 1:10 000-year time history loading from three 
different seismic events at the current stage of dam development, incorporating the additional NorSand 
parameter H.  

As before, the proximity of the stress paths to the CSL can be used to determine the instability ratio for 
the queried points during the seismic events. Effects of the cyclic loading are evident in the stress paths, 
shown in Figure 10. Although an increase in the ratio is noted, none of the plots approach failure 
represented by a value of 1.0.  
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Figure 10. Instability Ratio Plot for the 1 in 10 000-year Northridge seismic signal 

5. CONCLUSION 

In order to investigate the stability of the TSF against possible triggering mechanisms, 2- and 3D finite 
element analyses were conducted utilising the NorSand constitutive model.  Four liquefaction triggering 
mechanisms were investigated, namely, static liquefaction during normal operating conditions, loss of 
confinement, raising of the phreatic surface and dynamic liquefaction caused by dynamic/seismic 
loading. All were found to either be mitigatable or would otherwise not to result in liquefaction.  

This article demonstrates that by utilizing the NorSand constitutive model and finite element analysis, 
the stress and strain state of upstream tailings facilities can be realistically analysed/predicted 
throughout normal and abnormal loading conditions, indicating that despite the presence of contractive 
tailings, liquefaction does not automatically ensue. This methodology analytically validates the observed 
stability of hundreds of well managed upstream tailings dams, providing an alternative to traditional 
Mohr-Coulomb analyses. 
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