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In recent years, there have been several large tailings dam failures around the world that have 

resulted in significant negative environmental and social consequences. These failures are 

clearly a cause for concern and have led to a major review of the current design and 

operational practices of tailings dams. The outcomes of the independent panel investigations 

into the causes of these failures have highlighted several areas of uncertainty, mostly involving 

undrained shearing and the mobilisation of undrained shear strengths. 

 

Within the context of undrained shearing, a specific area of uncertainty is the in-situ stress 

state. Although it is known that the in-situ stress state theoretically influences the undrained 

shear response for sandy soils, there are very few reported attempts to measure the in-situ 

stress state in literature. The objective of this study was therefore to design, construct, verify 

and implement a remote monitoring system capable of measuring the in-situ stress state in an 

upstream constructed tailings dam.  

 

Such a system was developed, and it comprised several commercially available sensors, as 

well as some sensors constructed at the University of Pretoria. To measure the total earth 

pressures, two Earth Pressure Cells (EPCs) were used. These were installed in tailings dams 

such that the vertical and horizontal stresses could be measured. Tensiometers were used to 

measure the pore pressure, and a moisture probe was used to record the soil moisture 

content. Several other components such as dataloggers, batteries, and solar panels were 

included to ensure the completeness of the system. 

 



A rigorous verification process followed the development of the system which comprised 

testing of the individual sensors, as well as long-term testing of the entire system. Once the 

system was verified, it was installed on three active tailings dams. 

 

Data from 27 months of monitoring of the in-situ stresses in an upstream constructed gold 

tailings dam are presented. Although there was some variability during the early monitoring 

periods, the in-situ stresses stabilised and remained within a fairly narrow band after a few 

months. It was found that the in-situ stress state is not isotropic. Rather, the stress state, 

described using the geostatic stress ratio, was found to vary between 0.4 and 0.6 for the gold 

tailings dam monitored. Shorter-term data obtained from an iron ore and platinum tailings site 

showed similar stress states. 

 

To place these findings within a behavioural framework, a series of oedometer and triaxial 

compression tests were conducted on the gold tailings. It was found that gold tailings exhibited 

a unique Normal Consolidation Line (NCL) and unique Critical State Line (CSL) for remoulded 

samples prepared using the Moist Tamping technique. In terms of the undrained shearing 

response, it was found that the gold tailings is influenced by both the density and stress 

anisotropy. It was specifically found that these parameters influence the yield undrained shear 

strength and Brittleness Index. This is important as both of these parameters are used directly 

in design and safety evaluations in some international guidelines. Relatively small changes in 

both void ratio and stress anisotropy resulted in meaningful changes in yield undrained shear 

strength and brittleness index.  

 

In terms of the performance of the EPCs, it was found that these sensors appear susceptible 

to temperature influences that cannot be corrected using the thermal correction factors 

provided by the manufacturer. In this study, a number of laboratory and field experiments were 

conducted where EPCs under constant load were subjected to large variations in temperature. 

This thermal influence was found to vary between 0.3 and 6.5 kPa/°C. 

 

In summary, this study presented experimental data showing the large influence the in-situ 

stress state can have on the undrained shearing behaviour of loose gold tailings. In particular, 

the influence on the yield undrained shear strength and Brittleness Index were highlighted. A 

remote monitoring system, capable of monitoring the in-situ stress state in upstream 

constructed tailings dams was presented. The system is cost-effective and simple to install. 

The system installed on the gold site remains fully functional 27 months after installation and 

will likely continue providing reliable data for many years to come. 



ñIf I have seen further, it is by standing on the shoulders of giants.ò 

 

Sir Isaac Newton, 1675  
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1 INTRODUCTION 

1.1 BACKGROUND  

Tailings dams are some of the largest man-made structures in the world and can have 

significant negative social and environmental impacts if not designed, constructed, operated 

and closed appropriately. Recently, there have been several prolific global tailings dam failures 

that have resulted in significant negative social and environmental impacts. For example, the 

Fundão tailings dam failure in 2015 resulted in the contamination of over 670 km of a major 

river (Morgenstern et al., 2016). Similarly, the Feijão tailings dam failure in 2019 resulted in 

the death of over 250 people (Robertson et al., 2019). 

 

Clearly, these are unacceptable consequences. The global tailings industry has recognised 

this, and in 2020 the Global Industry Standard on Tailings Management (GISTM) was released 

(Oberle, 2020). The intent of this document was to provide clear, objective, minimum 

requirements for the design, construction, operation and closure of tailings dams with the 

ultimate goal of improving tailings dam safety. The International Council of Mining and Metals 

(ICMM) is an international organisation dedicated to a safe, fair and sustainable mining and 

metals industry. With large members involved in many countries all over the world, the 

commitment by the ICMM to comply with the GISTM is significant. 

 

Although the publication of the GISTM is a step in the right direction, there are still significant 

uncertainties involved with its implementation. This has been recognised and there has been 

an attempt to address this in terms of administrative clarity. For example, in 2021 two 

supporting guideline documents to the GISTM were published (ICMM, 2021a, 2021b). Even 

with these guideline documents, there still remains a need for tailings-specific research and 

that is where this study becomes relevant. 

 

A key area of uncertainty within the GISTM is related to the in-situ stress state of soil. This 

stress state can be evaluated using the geostatic stress ratio, ὑ, which is simply the ratio 

between the horizontal and vertical effective stress in the soil. Although the equation is simple, 

determination of these parameters is not. So much so that in their theme lecture at the 

International Conference on Geotechnical Engineering for Coastal Development, 

Jamiolkowski et al. (1991) stated that the assessment of the horizontal effective stress remains 

a sort of black hole in soil engineering. This was followed up at the opening address of CPTô95 

where Jamiolkowski (1995) stated that it is evident that there is an urgent need for developing 
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non-destructive methods for the evaluation of ὑ in situ. These are bold statements and in the 

authorôs view, they remain relevant to this day. Further, it appears that these statements about 

the uncertainty regarding the in-situ horizontal effective stress is especially true for mine 

tailings. 

 

The purpose of this research is therefore to attempt to reduce some of the current uncertainty 

regarding the behaviour of mine tailings in undrained shear. A specific focus was the 

measurement of the in-situ stress state in an active tailings dam. To provide some context as 

to why knowledge of the in-situ stress state is important, a behavioural framework was also 

defined with a particular focus on the influence of the stress state on the undrained shear 

response of the gold tailings. The choice of the tailings material and tailings dam site was 

made based on the composition of the current tailings dams in South Africa. 

 

1.2 OBJECTIVES OF THE STUDY 

There were five objectives of the study, two key objectives and three lesser objectives. These 

are defined below. 

 

1. The primary objective of the study was to design, construct, test and implement a 

remote monitoring system capable of measuring the in-situ stress state in an active 

upstream constructed tailings dam. 

2. A secondary objective was the use the remote monitoring system on an active 

upstream constructed tailings dam to measure the changes in the in-situ stress state. 

The system should specifically measure the resulting change in in-situ stress state due 

to routine deposition events and subsequent drying cycles for as long a period as 

possible. 

 

In addition to the two key objectives, three smaller objectives were identified: 

3. Define a behavioural framework for the gold tailings, with a specific focus on the 

influence of the stress ratio (ὑ) on the mechanical response during undrained 

shearing in triaxial compression. 

4. Within the behavioural framework defined for the gold tailings, investigate the 

uniqueness of the Normal Consolidation Line (NCL). 

5. Investigate the performance of the various sensors used in terms of their long-term 

performance for monitoring of gold tailings. 
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1.3 SCOPE OF THE STUDY 

Although the defined objectives of this study can be applied in a broad sense, the scope of 

this study was limited to the following aspects: 

 

1. This study was limited to the investigation of gold tailings from a single, upstream 

constructed tailings dam located in the East Rand in Gauteng. Although additional 

tailings types were initially investigated, these eventually proved unsuccessful for long-

term monitoring and therefore only short-term data are presented for the other tailings 

types. 

2. The in-situ stress state was represented as a stress ratio of the horizontal and vertical 

effective stresses. 

3. Laboratory element testing was limited to triaxial compression tests and oedometer 

tests. 

4. Element testing was limited to remoulded samples. The majority of the samples were 

remoulded using the Moist Tamping method with a limited number of samples 

prepared using the Slurry Deposition method. 

5. No direct field methods to verify the in-situ stress state were used. 

6. No numerical modelling was conducted. 

7. Although some aspects of unsaturated soil mechanics were considered, the behaviour 

of the gold tailings was predominantly assessed within a saturated soil mechanics 

framework. 

8. Unless otherwise stated, the work presented in this thesis remains the work of the 

candidate. Assistance from other students and laboratory technicians during the field 

installations and laboratory testing is acknowledged where applicable and is greatly 

appreciated. 

 

1.4 METHODOLOGY 

A multi-phase approach was taken to achieve the desired objectives of this study. The main 

stages of the study can be summarised as follows: 

 

1. Firstly, a literature review was conducted to identify the current state of knowledge in 

the field of tailings engineering, with a particular focus on gold tailings, upstream 

constructed tailings dams, laboratory testing and field monitoring. 
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2. The next stage comprised the design of the remote monitoring system. Clear 

requirements were identified for the system, and individual component was specifically 

chosen. 

3. Once the system was designed, it needed to be tested. The individual sensors were 

tested and then the entire system was tested in a long-term laboratory trial. The intent 

of the trial was to verify the performance of the system in controlled laboratory 

conditions. 

4. Once the performance of the system was verified, the next step was to deploy the 

system to the test site. Three test sites were chosen, and the remote monitoring 

stations were successfully installed. After installation, data were routinely collected 

remotely to investigate the true in-situ stress state in active tailings dams. This 

monitoring phases was supplemented with site visit to collect samples, take 

photographs, and inspect the monitoring system. 

5. During this monitoring period, while the remote monitoring system was actively 

recording data, additional laboratory tests were conducted. At this stage, concerns 

were noted at two of the sites and it seemed that recording of reliable long-term data 

would not be possible. It was therefore decided that testing would only be focused on 

the gold tailings. The intent of these tests was to define the behavioural framework of 

the gold tailings, with a specific focus on the influence of density and stress state. 

6. A thorough review of the laboratory and field data was then conducted, the results of 

which are summarised and presented in this report. 

 

1.5 ORGANISATION OF THE REPORT 

The report consists of the following chapters and appendices: 

¶ Chapter 1 provides the background, objectives and scope of the study. 

¶ Chapter 2 provides a literature review of key concepts of the study. 

¶ Chapter 3 provides an overview of the laboratory element testing that was conducted 

on the gold tailings. The intent of the testing was to provide a behavioural framework 

for the soil, within which the observed field data could be presented and interpreted. 

¶ Chapter 4 provides an overview of the requirements and the design of the remote 

monitoring system.  

¶ Chapter 5 provides the results from the laboratory verification tests on the individual 

sensors, as well as the entire system. 
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¶ Chapter 6 provides the results from the field monitoring at the three test sites. 

¶ Chapter 7 contains an interpretation and discussion of the laboratory and field data. 

¶ Chapter 8 provides the conclusions and recommendation of the study. 

¶ A list of References is provided
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2 LITERATURE REVIEW 

2.1 INTRODUCTION 

A literature review was conducted to investigate the current state of knowledge for key aspects 

related to this study. A specific focus was placed on gold tailings and upstream constructed tailings 

dams. The existing behavioural framework for sandy soils is discussed and areas of uncertainty, 

with specific regard to gold tailings are highlighted. Finally, sensors for geotechnical monitoring are 

reviewed and discussed. A summary of key findings from the literature review is also provided. 

 

2.2 TAILINGS AND TAILINGS DAMS  

2.2.1 Gold tailings 

The term tailings (or slimes) is used to refer to the crushed rock particle produced as a by-product 

of the mining process (Vick, 1983). To ensure optimum resource extraction, the ore is typically 

ground to silt-size particles, pumped in a slurry form, and hydraulically deposited onto large 

stockpiles called Tailings Storage Facilities (TSFs) or tailings dams. 

 

Different ore types create different tailings types, so while gold mining produces gold tailings, 

platinum mining produces platinum tailings, etc. The tailings differ from each other in terms of 

physical and chemical characteristics. These differences lead to the soils having different 

behavioural characteristics, even under the same external conditions. It is therefore important to 

classify the tailings that is being considered.  

 

The focus of this research is gold tailings sourced from an active tailings dam in the East Rand in 

Gauteng, South Africa. Mining at the site is from the Witwatersrand Supergroup. Historically, 

investigative work on gold tailings from the same group has been conducted by Vermeulen (2001), 

Papageorgiou (2004) and Chang (2009). Additional details regarding the scope and findings of 

these studies are provided in Section 2.3.4 

 

One of the simplest ways to classify a soil is by its grading, which describes the composition of the 

soil in terms of particle size. It is known that the grading of a soil can affect key properties of the 

soil. For example, Fourie & Papageorgiou (2001) showed how for the Merriespruit gold tailings the 

fines content influenced the intercept of the Critical State Line (CSL), as well as the critical state 

friction angle. 
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In a conventional tailings dam, the tailings exists in various gradings in the dam. This is typically 

due the deposition method employed which results in the coarser material settling near the outer 

wall and the finer material settling near the centre of the dam. Figure 2.1 shows results from grading 

samples obtained from the beach of a kimberlite (diamond) tailings dam. The grading of each 

sample is represented by a relative particle size ratio. It can be seen that there is a general 

decrease in particle size as the distance from the point of deposition increases. Although this was 

shown for a kimberlite tailings dam, these characteristics are generally true for other tailings dams, 

including gold tailings. Whenever discussing soil properties and behaviour, it is therefore always 

important to link this behaviour with the grading of the soil under consideration. In terms of dam 

safety, it is usually the coarser fraction that is of importance as it is this material that lies within the 

structural zone of a tailing dam. Details of the structural zone are provided in Section 2.2.3. 

 

 

Figure 2.1: Change in particle size with distance from discharge point (after Blight, 2009) 

 

Initially, it was suspected that aspects such as sun-drying greatly improved the geotechnical 

properties of the tailings, compared to samples which were not allowed to dry. However, there was 

limited published experimental data to support this view. Donaldson (1960) was perhaps the first 

researcher to investigate this aspect.  

 

A number of oedometer tests were conducted on undisturbed gold tailings samples obtained from 

the East Geduld gold slimes dam in the East Rand of Gauteng. The samples, 76.2 mm in diameter, 

were obtained using a piston sampler, similar to that used by Collins (1954). The intent of the 

testing was to determine the preconsolidation pressure, i.e. the maximum pressure to which the 

soil had been subjected to. Knowledge of the preconsolidation pressure, together with the current 
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pressure conditions (which could be estimated using the depth below the surface and the bulk 

density of the overlying tailings), allowed for the estimation of the degree of overconsolidation of 

the sample. Samples with a preconsolidation pressure greater than the current pressure were 

considered overconsolidated (OC), while samples with a preconsolidation pressure equal to the 

current stress state were considered normally consolidated (NC). It should be noted these 

comparisons do not consider the effect of matric suctions, which would have an influence on the 

equivalent effective stress state of the soil. 

 

Figure 2.2 shows the results from these oedometer tests. For each test, the preconsolidation 

pressure is plotted at the depth from which the sample was taken. Also shown is the line 

representing the estimated stress conditions within the dam when the samples were obtained. Data 

points lying on this line represent samples in a NC state, while data points to the right of this line 

represent samples in an OC state. Data points to the left of the line are theoretically not possible 

and are likely a result of sampling disturbance. These samples are considered to be in a NC state. 

 

Although there is significant scatter in the data, some key observations that can be made. Firstly, 

it is clear that the material above the phreatic surface appears to be in an OC state, and by some 

margin. However, below the phreatic surface this is less noticeable. In fact, it can be interpreted 

that all the samples below the phreatic surface are NC (despite the fact that these samples would 

have experienced a similar stress history to the samples above the phreatic surface, and are now 

just simply re-saturated). It was noted that similar findings, regarding the state of the tailings above 

and below the phreatic surface, were obtained when considering the results from the vane shear 

tests and the corresponding laboratory shear tests.  

 

Based on the results by Donaldson (1960), it can be concluded that desiccation caused by sun-

drying clearly results in tailings with greater stiffness and strength characteristics than can be 

explained for an equivalent NC sample. Since it is known that no previous load was applied to the 

tailings, this improvement in both stiffness and strength must be attributed to the sun drying induced 

desiccation. However, once the tailings re-saturates, this influence is reduced significantly and the 

difference between the desiccated sample, and an equivalent NC sample becomes almost 

negligible.  
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Figure 2.2: Preconsolidation pressures for the East Geduld gold slimes (after Donaldson, 1965) 

 

A similar investigation was conducted by Blight (1988), where the compression behaviour of gold 

tailings was compared for a number of conditions. Figure 2.3 shows a series of compression curves 

of gold slimes. Unfortunately, unlike Figure 2.2, very little information is provided regarding the data 

used to generate this plot.  

 

Despite this lack of information, this figure has been used by many researchers even in recent 

years (e.g. Reid et al., 2018) to support the statement that gold tailings exists in a heavily 

overconsolidated state in the field. It is believed that the purpose of this figure is to show the 

benefits of sun drying, specifically at future points in time once the material has been re-saturated. 

However, the author is of the opinion that these benefits are mostly lost once the tailings is re-

wetted. This opinion is based on the experimental evidence presented in Figure 2.2, and is 

discussed further in Section 2.2.4 as part of the discussion on the Merriespruit failure. This opinion 

is also supported by Reid et al. (2018), where it was found that for gold tailings in Direct Simple 

Shear, the influence of desiccation on shear strength was negligible once the specimens had been 
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re-saturated and consolidated to effective vertical stresses greater than 250 kPa. 

 

 

Figure 2.3: Effect of sun drying on void ratio of gold slimes (after Blight, 1988) 

 

Although knowing the physical characteristics of the soil under consideration is important, 

knowledge of the mineralogical components of a soil can also be useful. One method that can be 

used to determine the mineralogical composition of a soil is X-Ray Diffraction (XRD). XRD is a 

versatile, non-destructive analytical method for the identification and quantitative determination of 

crystalline phases present in a sample (König et al., 2017). There are various implementation 

methods that can be used to analyse a material using the XRD technique. 

 

One of these methods is the Rietveld method (Rietveld, 1969). The Rietveld method directly reports 

the relative weight fractions of all crystalline phases included in the model, which thus sum to 

100%. However, not all solids are crystalline. Some are amorphous, like glass, and do not have 

any regular interior arrangement of atoms (Cullity, 1956). Solids of this nature cannot be 

determined directly by XRD due to their lack of crystalline structure. Therefore, while the relative 

values for phase concentrations would be correct, the absolute amounts would be overestimated 

in proportion to the amount on non-analysed phases present (e.g. Scarlett et al., 2004). To address 

this, alternative interpretation such as the traditional external standard approach (OôConnor & 
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Raven, 1988) can be taken. In the method, the absolute weight fractions are calculated and thus 

also the amorphous/unidentified phase content.  

 

Table 2.1 shows a summary of the XRD results on the gold tailings mined from the Witwatersrand 

Supergroup as reported by Vermeulen (2001). It can be seen that the bulk of the gold tailings 

comprises quartz, with some clay minerology in the form of illite and kaolinite. 

 

Table 2.1: Summary of XRD results on gold tailings mined from the Witwatersrand Supergroup (after 

Vermeulen, 2001) 

 Mispah (Fine) Mispah (Coarse) Pay Dam (Fine) Pay Dam (Coarse) 

Quartz 75 83 59 79 

Muscovite 9 8 7 9 

Pyrophyllite 4 1 17 5 

Illite 6 5 11 3 

Clinochlore 3 2 3 3 

Kaolinite 2 1 3 1 

Pyrite - - 1 - 

 

2.2.2 Tailings dams 

A key difference between tailings dams and conventional water dams is the method of construction, 

or wall raising. Unlike conventional water retaining dams where the entire embankment is 

constructed prior to filling, construction is an ongoing process in a tailings dam. These structures 

typically have long operating lives so the construction phase can last several decades. These 

extended construction periods have some drawbacks, including potential changes in mineral 

extraction technology which can result in different mechanical or chemical properties of the tailings. 

This is especially important for upstream constructed facilities where the tailings itself is used for 

the outer wall raising. 

 

In general, there are three types of construction methods for tailings dams, and these are shown 

in Figure 2.4. Upstream construction, shown in Figure 2.4(a), is the oldest and most common 

method used in South Africa (e.g. Wates & Lyell, 2018). For this construction method, the 

previously-deposited tailings is used to as part of the wall raising material. Although it can be the 

most cost-effective option, it is the most susceptible to liquefaction and post-earthquake 

deformations (e.g. Vick, 1983). 
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Downstream construction, shown in Figure 2.4(b), is a more stable option compared to upstream 

construction as the structural zone contains competent material. However, significantly more fill 

material is required to construct the outer wall. This material can either be imported, or selected 

fractions of the tailings can be used (for example, the coarse fraction of cyclone tailings). For the 

same dam height, Ὄ , three times as much volume of embankment fill material can be required 

when compared to the upstream method as shown in Figure 2.4(b). Downstream methods also 

require careful planning as the footprint of the dam increases with each successive lift. 

 

The centreline method, shown in Figure 2.4(c), shares advantages with both the upstream and 

downstream methods. For example, less embankment fill material is required than the downstream 

method and there is an improvement in the seismic resistance when compared to the upstream 

method. The type of construction method is usually based on a range of site-specific factors 

including tailings type, deposition rate, seismic activity in the region, local communities, local 

legislation, etc. 

 

 

Figure 2.4: Typical wall-raising methods for tailings dams: (a) upstream, (b) downstream, (c) centreline (after 

Vick, 1983) 

 

The focus of this research is on upstream tailings dams. This was chosen as these dams are the 

most common type in South Africa, and are also considered to be of a higher risk when compared 
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to downstream or centreline constructed dams (e.g. Franks et al., 2021). 

 

2.2.3 Typical features of a modern tailings dam 

Modern tailings dams have several key features to ensure adequate slope stability and operational 

efficiency. These features are discussed in this section. 

 

2.2.3.1 Structural zone  

The structural zone refers to the outer portion of the tailings dam embankment that controls the 

structural stability of the tailings dam. For upstream constructed tailings dams, this zone is 

constructed using the tailings itself. For modified centreline and downstream constructed dams, 

this material is typically imported.  

 

A key advantage of the centreline and downstream construction methodologies is that the type of 

imported material, as well as the placement method, can be specified. This makes it easier to 

control the density of the material which can greatly improve the dams resistance to liquefaction. 

Naturally, this typically comes with an increased cost when compared to upstream constructed 

dams. 

 

Additionally, new technologies are leading to new deposition techniques such as Hydraulic Dry 

Stacking (HDS). HDS is a co-disposal technique that is designed to improve the conditions of 

material placed in the structural zone in upstream constructed facilities. It is currently being trialled, 

and the preliminary results seem promising (e.g. Newman et al., 2022; Newman et al., 2023). 

Alternatively, the use of mechanical cyclones, and the subsequent compaction of the tailings has 

been attempted in some cases (e.g. de Mello Martins et al., 2022). However, these technologies 

and approaches remain in trial phases, and it is unclear whether these methods will be able to 

scale to meet the production volumes required by modern mines. 

 

2.2.3.2 Internal drainage system  

A key aspect of any modern tailings dam is the internal drainage system. The intent of this system 

is to ensure that the pore pressures within the dam, specifically within the structural zone, are kept 

as low as possible. This helps for three main reasons. Firstly any reduction in pore pressure will 

increase the effective stress in the soil which generally improves the stability of the dam. Secondly, 

an effective internal drainage system assists with consolidation. As tailings dams are continuously 

being raised, the previously deposited tailings are constantly being loaded. Adequate consolidation 
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of the underlying tailings typically improves both the stiffness and strength of the tailings, both of 

which contribute to stability. 

 

Thirdly, a key requirement for static liquefaction is saturation of the soil. However, it has been 

shown that full saturation is not necessary for static liquefaction in some cases (e.g. Lü et al., 2018; 

świdziŒski & SmyczyŒski, 2022). Regardless, a well-designed and operated internal drainage 

system can assist in ensuring that key sections of the structural zone remain free draining and 

essentially unsaturated, thereby significantly improving the resistance to liquefaction. A well-

designed, and effective internal drainage system is therefore crucial for a modern tailings dam. 

 

2.2.3.3 Surface water drainage system  

Another key feature of modern tailings dams is a surface water drainage system. Traditionally, 

these have been gravity-based systems such as penstocks. However, in recent years, there has 

been a move towards pumped systems. This change is primarily driven by the North American 

view that traditional penstock gravity decant systems are fragile systems which have been shown 

to be problematic (e.g. FEMA, 2005). 

 

However, in a country like South Africa where energy security is a challenge, it remains to be seen 

whether the benefits of a potentially more robust system outweigh the risks of interrupted power 

supply. There are also additional operational costs associated with pumping that are not required 

for gravity decant systems. Regardless, both pumped and traditional penstock decant systems 

have been, and continue to be used effectively in South Africa.  

 

The purpose of the surface water decanting system is to limit the volume of water stored on the 

tailings dam. This is done for a number of reasons but foremost is related to dam safety, specifically 

to ensure that there is sufficient storage capacity to safely contain large storm events. There is 

strong evidence that unnecessarily storing excess water on a tailings dam increases the likelihood 

of failure as well as the effect of any potential failure (e.g. Smith & Connell, 1979; Rico et al., 2008). 

This is generally best managed with a robust freeboard plan and a dedicated return water dam. In 

water scarce countries such as South Africa, an optimum design of these features is critical. 

 

2.2.3.4 Monitoring system  

Even with the best design and construction, monitoring is key to ensure continued compliance to 

the design, as well as to ensure that key assumptions made during the design phase remain 

appropriate. Traditional monitoring systems include those that measure pore pressures, drainage 

system flowrates (both from the penstock and basal drainage systems), pond water levels and 
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daily rainfall. More manual measurements include freeboard measurements, deposition tonnages 

and deposition densities. All of these measurements provide valuable information to the design 

engineers and operators. Optimum monitoring systems are essential in providing a continuous 

view on the health of a tailings dam. A more detailed discussion on several of the sensors used for 

these measurements is provided in Section 2.6. 

 

Currently, the biggest area of concern regarding tailings dam safety is related to undrained 

shearing. This is partly due to the fact that these failures occur rapidly, typically with no warning 

and with no time for slope stabilization or even evacuation measures. Unfortunately, as far as the 

author is aware, there are currently no monitoring systems capable of detecting precursors to 

undrained shearing failures. 

 

2.2.4 Historical Water and Tailings Dam Failures 

Tailings dams are some of the largest man-made structures in the world and have the potential to 

cause significant social and environmental damage if not appropriately designed, constructed, and 

operated. In this section, several key tailings dam failures (and a water dam failure) are discussed. 

Figure 2.5 shows the locations of the case histories that were investigated. 

 

 

Figure 2.5: Locations of the tailings and water dam case histories investigated 

 

2.2.4.1 Merriespruit tailings dam, South Africa  

The Harmony Gold Mine Complex was located in the vicinity of the Town of Virginia in the Free 
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State Province of South Africa. On the evening of 22 February 1994, after a moderate rainfall event, 

the Merriespruit Tailings Dam 4 failed resulting in the uncontrolled release of 600 000 m3 of tailings 

and the unfortunate death of 17 people. 

 

Construction of the Merriespruit Tailings Dam 4 started in 1987. The dam was designed as an 

upstream constructed facility and was meant to be operated with two compartments. At the time of 

failure, the dam was 31 m high which meant the dam had been constructed at an average Rate of 

Rise (RoR) of 1.94 m/year. The dam was meant to be dormant. However, investigations conducted 

after the failure revealed that deposition was occurring on the dam at the time of the failure. 

 

Figure 2.6 shows a sketch of the series of events that led to the failure at Merriespruit as postulated 

by Wagener (1997). After the rainfall event on the afternoon of 22 February 1994, there was an 

overtopping event at the Northern wall of Dam 4A. This was caused as a direct result of the 

operating pool being located against the outer wall; the loss of the division berm between 

compartments 4A and 4B which resulted in all the rain falling on both compartments ending up on 

the Northern wall, as well as the poor freeboard (approximately 300 mm) that was in place prior to 

the rainfall event.  

 

This overtopping event eroded the loose tailings that was placed on the lower berms to fill in the 

gulleys created by earlier slips. The removal of this tailings led to more small slip failures occurring. 

This led to a series of slip failures retrogressively moving up the slope, resulting in the final slip 

failure which enabled the release of approximately 600 000 m3 of tailings from the dam. The town 

of Merriespruit was less than 400 m from the toe of Dam 4 and since the failure occurred in the 

evening, there was little time for warning and evacuations. 
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Figure 2.6: Sketch showing the postulated series of events that led to failure at Merriespruit (after Wagener, 

1997) 

 

Although there was the terrible consequence of the loss of 17 lives, this incident did prompt a 

thorough review of the safety of tailings dams in South Africa. In fact, the failure at Merriespruit led 

directly to the development of the South African National Standard on Mine Residue (SANS 10286) 

which is still in place in 2024. This document specifies minimum requirements for the design, 

construction, operation, and closure of tailings dams in South Africa. 

 

A key learning from this incident, specifically with regard to the numerous post-failure analyses that 

were conducted, was that it forced tailings practitioners in South Africa to critically evaluate the 

long-held view that due to the desiccation process, mine tailings are generally in a heavily 

overconsolidated state and will have a dilative tendency upon undrained shear. Therefore failure 

mechanisms such as static liquefaction are not applicable. This view was supported by earlier 

research in South Africa (e.g. Donaldson, 1965; Blight, 1988). 

 

However, as discussed in Section 2.2.1, closer inspection of these results reveals that there is 
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much uncertainty regarding the sampling and testing procedure conducted. This is specifically true 

to the data presented by Blight (1988). In addition, although this improvement in stiffness and 

strength may be true for the material at the surface, it is likely not true for the material at greater 

depths, particularly below the phreatic surface. Perhaps the best evidence that the tailings at 

Merriespruit was in a loose state is from the field testing that was conducted after the failure. The 

next two paragraphs deal with results from a sampling study, as well as a Cone Penetration Test 

(CPT) probing campaign. In the authorôs opinion, these results are clearly not indicative of soils in 

a heavily overconsolidated state.  

 

Figure 2.7 shows the results from the field sampling campaign conducted by Fourie et al. (2001). 

Notice the number of occurrences for samples with void ratios far in excess of 1.0. These are very 

loose samples and, as will be shown in Section 3.5.6, gold tailings specimens at these loose 

densities generally exhibit collapse behaviour in undrained shear. 

 

 

Figure 2.7: Results from the field sampling campaign at Merriespruit (after Fourie et al., 2001) 

 

Figure 2.8 shows a result from a CPT probe conducted near the decant facility at the Merriespruit 

Dam 4. Note the consistently low tip resistances (approximately 0.5 MPa) and high dynamic pore 

pressures. This is indicative of a loose material and not of a soil in a heavily overconsolidated state.  
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Figure 2.8: Results from a piezocone probe conducted near the decant facility on Merriespruit (Fourie et al., 

2001) 

 

2.2.4.2 Mount Polley tailings dam, Can ada 

The Mount Polley Mine is a gold and copper mine located 56 km North-East of the Town of Williams 

Lake in British Columbia, Canada. On 4 August 2014, the Mount Polley Tailings dam failed and 

resulted in the uncontrolled discharge of millions of cubic meters of tailings into an environmentally 

sensitive area. Thankfully there were no reported injuries nor deaths, however, there was 

significant environmental damage that was caused. As with the previous case studies, much of the 

information presented here was obtained from the independent investigation report (Morgenstern 

et al. 2015). 

 

Construction of the dam started in 1996 and, at the time of failure, the dam was 40 m high. The 

dam was raised using the modified-centreline construction method with a rockwall downstream 

slope. Traditionally, these types of facilities have been considered robust and highly unlikely to fail. 

Although this is true for failure surfaces through the waste rock, this opinion neglects to consider 

slip surfaces through the foundation soils. Incredibly, at the time of failure, it was reported that there 

were 10 Mm3 of water stored on the dam. This certainly negatively influenced the extent of the 

impact of the failure. 



 

2-15 

 

 

It was concluded that the key issue regarding the failure at Mount Polley was a localised geological 

unit, referred to at the Upper Glaciolacustrine Unit (Upper GLU). Based on the results from the 

post-failure site investigation, this unit appeared to be less than 150 m wide and only 2.5 m thick 

at its thickest. Further, this unit was approximately 8 m below Natural Ground Level (NGL). 

Figure 2.9 shows a cross section through the embankment at the failure sections. The Upper GLU 

Unit is shown in turquoise. 

 

The geological history of site meant that the Upper GLU unit was in a heavily overconsolidated 

state prior to the construction of the tailings dam. However, once the applied load to the Upper 

GLU (as a result of the rock wall and tailings) reached the historical maximum, the Upper GLU 

became normally consolidated and exhibited a significant reduction in stiffness. The discontinuous 

nature of the Upper GLU (i.e. the fact that the GLU only existed below the rock outer wall and not 

the retained tailings) allowed an unfavourable slip surface geometry to develop through the outer 

wall. The low shear strength of the Upper GLU, combined with its reduced stiffness (due to 

becoming normally consolidated), and the unfavourable geometry were ultimately attributed to 

have led to the failure. 

 

During the failure investigation it was found that the design did not consider the effect of this Upper 

GLU layer. In particular, the following was stated regarding the geotechnical site investigations that 

were conducted prior to the failure (i.e. the investigations upon with the design and subsequent 

safety evaluations of the tailings dam were conducted): 

 

ñThe type and extent of the pre-failure site investigations were not sufficient to detect this 

stratum [n]or identify its critical natureò (Morgenstern et al., 2015) 

 

It should be noted that the initial design called for an outer slope of 1(V):2(H), however, due to 

operational constraints, the slope was built to a temporary, interim slope of 1(V):1.4(H). The intent 

was that once the quantities of waste rock became available again, the design slopes would be 

created. An analysis conducted by Morgenstern et al. (2015) showed that, had the outer wall been 

completed to the design slopes, a FoS of 1.27 would have been calculated, even considering the 

presences of the Upper GLU layer. Unfortunately, the failure occurred before this could occur. 
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Figure 2.9: Cross section through the failure section at Mount Polley (after Morgenstern et al., 2015) 

KEY PLAN: NOT TO SCALE

M
A

J
O

R
 

S
T

R
A

T
IG

R
A

P
H

IC
 

U
N

IT
S

S
T

R
A

T
IG

R
A

P
H

IC
 

S
U

B
-U

N
IT

S

UPPER TILL

UPPER GLU

LOWER TILLS

WEAK BEDROCK

LOWER BASAL TILL

LOWER GLU

LOWER BASAL TILL

GLACIOFLUVIAL

S
.O

.L
ZONING AT KP SECTION G (Sta. 4+300)

POST-BREACH GROUND PROFILE

SURVEYED SHEAR SURFACE FROM 

REMNANT TILL CORE EXCAVATION 

DONE NOV. 2014

PRE-BREACH GROUND PROFILE

PRE-BREACH 

GROUND PROFILE

MAPPED POST-BREACH 

TILL OUTCROP

1
4
-0

7

1
4
-0

4

o
/s

 4
2

.7
 m

 W
.

o
/s

 3
.4

 m
 W

.

o
/s

 8
.8

 m
 W

.

1
4
-0

3
o

/s
 3

.9
 m

 W
.

o
/s

 2
.4

 m
 W

.

1
4
-1

0
o

/s
 2

.9
 m

 W
.

o
/s

 1
.6

 m
 W

.

1
4
-1

1
o

/s
 1

.6
 m

 W
.

o
/s

 0
.7

 m
 W

.

1.25

1.4

1

1

1.3

1

1.6

1

970

960

950

940

930

920

910

900

0 10 20m

E
L
E

V
A

T
IO

N
 (

m
)



 

2-17 

 

2.2.4.3 Fund«o tailings dam, Brazil  

The Germano Iron Ore Mining and Processing Complex is located 5 km North-West of the Town 

of Bento-Rodrigues in Minas Gerais, Brazil. Failure of the Fundão tailings dam occurred on 5 

November 2015, resulting in nine deaths and significant environmental damage (Morgenstern et 

al., 2016). The tailings dam was commissioned in 2008, and at the time of the failure, was 110 m 

high. 

 

Two distinct waste streams are produced by the processing plant: sands and slimes. The sands 

are coarse-grained and nonplastic, while the slimes are fine-grained and clayey in nature. These 

materials are produced in specific quantities and a key feature of the design was to ensure physical 

separation of the sand and slimes. As part of the design, the slimes would be stored behind Dike 2 

and the sands behind Dike 1 (the main embankment). 

 

There were three key pillars to the design and operation of the Fundão tailings dam and these are 

shown in Figure 2.11(a). The first key design aspect was a 200 m wide beach zone at the outer 

wall with the finer slimes impounded behind the sands. The maintenance of the 200 m wide beach 

required a certain volume of sands to be produced which was linked to a 70/30 split by volume 

between the sands and the slimes produced by the processing plants. 

 

The dam was located in a seismically active region, and it was known that sandy soils placed in a 

loose state are susceptible to cyclic liquefaction and associated sudden strength loss. However, it 

has been shown on numerous occasions that the resistance to cyclic liquefaction greatly increases 

as the degree of saturation of the sands decreases (e.g. Yoshimi et al., 1989; Mele et al., 2019). 

The second key pillar of the design was therefore the inclusion of a robust internal drainage system 

which would ensure the sands remained dry (and therefore resistant to cyclic liquefaction). To 

monitor the effectiveness of the blanket drainage system, a comprehensive piezometer network 

was designed and installed. 

 

The third and final key design aspect was a surface water decant system. The purpose of this 

system was to remove supernatant water from the surface of the tailings dam. This would provide 

the processing plant with supplementary water for ore processing but more importantly reduce the 

volume of standing water on the tailings dam, thereby limiting recharge of the flow regime in the 

sands. The system consisted of two high-capacity drainage galleries: the main drainage gallery 

and the secondary drainage gallery which were intended to serve the material retained behind 

Dikes 1 and 2, respectively. 
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Unfortunately, during construction and operation, there were significant deviations from the design. 

For example, a significant internal erosion event was noted at the base of Dike 1 in 2009. A formal 

investigation revealed serious construction flaws in the base drains and filters, including a portion 

of a drain outlet that was never completed. It was deemed not feasible to repair the basal drainage 

system and all the drains were sealed to prevent future erosion issues. To replace the internal 

drainage system, a blanket drain was planned to be installed on top of the existing sands. 

 

In 2010, there was a change in the plant which resulted in a change in the 70/30 split between the 

sand and the slimes. This meant that an intermediate Dike (Dike 1A) needed to be constructed to 

temporarily store the additional slimes while the sand structural zone ñcaught upò in terms of 

elevation. In 2010, a sinkhole appeared above the main drainage gallery. Subsequent 

investigations found serious construction defects in the drainage gallery. It was decided that water 

from Dike 2 would be re-routed to Dike 1 via an overflow channel so that surface water could be 

abstracted using the secondary drainage gallery. During this period, slimes encroached into the 

sands zone and in some cases, came within 60 m of the outer wall. 

 

Similar structural defects were found in the secondary drainage gallery. Subsequent investigations 

led to the recommendation that the secondary drainage gallery also be sealed. However, since the 

sealing operation would take time, and the dam would continue to be raised in this time, concerns 

were raised regarding the structural integrity of the gallery if the dam were to be raised as per the 

original design. It was therefore decided that a temporary setback would be created. This setback 

(shown in Figure 2.10) would maintain plant production, limit additional load being placed on the 

compromised drainage gallery, and maintain access to the drainage gallery for the sealing works. 
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Figure 2.10: Aerial photograph showing the setback at the Left Abutment (after Morgenstern et al., 2016) 

 

Unfortunately, the issues at the site continued. In 2013, serious seepage and structural cracks 

were noted at the toe of the setback. A stabilising buttress was designed, and construction started 

shortly thereafter. Incredibly, while battling to mitigate the seepage and stability concerns, a third 

processing plant was commissioned 2014. At the same time, the blanket drain that was installed 

as a replacement to the basal drainage system reached its drainage capacity. This severely limited 

the ability to dewater the sands in the structural zone. 

 

In the months preceding the failure, the dam was raised at a rapid pace, with an average annual 

RoR of 18 m in 2013, 13 m in 2014, and 13 m in the first 10 months of 2015. In October 2015, the 

month before the failure, the dam was raised 2.9 m. This equates to an annualised RoR of 

35 m/year. 

 

As shown in Figure 2.11(b), at the time of failure, not one of the three key pillars of the design were 

in place at the Left Abutment. The failure of the main drainage gallery and the creation of the 

overflow channel led to slimes intruding into the sands zone on several occasions. Similarly, the 

sealing of the basal drainage system, combined with the excess surface water, led to the sands 

zone becoming saturated. Although the setback at the Left Abutment (which was done to facilitate 

the safe closure of the compromised secondary drainage gallery) resulted in a flatter overall slope, 

it resulted in an unfavourable geometry for the localised setback slope itself, which was constructed 

over the intrusive slimes layers. 

 

The independent panel concluded that failure of the Fund«o tailings dam was due to a ñlateral 

Setback at the 

Left Abutment

Right Abutment

October 2015
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extrusionò of the slimes layer and subsequent static liquefaction of the overlying, loose, saturated 

sands. Figure 2.11(c) shows key aspects of the proposed failure mechanism. The high RoR of the 

setback resulted in the rapid loading of the slimes. The geometry of the setback resulted in the 

sands downstream of the intrusive slimes having less vertical confining stress and this allowed for 

the lateral extrusion of the rapidly loaded slimes.  

 

The loose, non-cohesive sands above the slimes (and below the setback) moved in conjunction 

with the slimes. This movement of the sands resulted in a reduction in lateral confining stress to 

the sands (downstream of the setback). Since the sands were in a loose and saturated state, this 

reduction in lateral confining stress resulted in collapse of the material just downstream of the 

setback. This collapse initiated the flow liquefaction failure. 

 

 

Figure 2.11: Cross section of the Fundão Left Abutment showing: (a) the design intent, (b) the site conditions 

in November 2015, and (c) the proposed failure mechanism (after Morgenstern et al., 2016) 
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A total of 32 Mm3 of tailings material was released as a result of the failure and the downstream 

town of Bento Rodrigues was severely impacted. Within a few days, the impact of the failure was 

noted at the mouth of the Doce River, more than 670 km from the Fundão tailings dam. This failure 

had significant environmental consequences and recovery and rehabilitation is still ongoing to this 

day. 

 

This case history highlights how initial construction defects can have significant long-term 

consequences, as well as the negative influence that intense production pressure that is a constant 

feature in many large mines can have on a tailings dam. 

 

2.2.4.4 Feij«o tailings dam, Brazil  

The Córrego de Feijão Iron Ore Mining and Processing Complex is located 9 km North-East of the 

Town of Brumadinho in Minas Gerais, Brazil. Failure of the Feijão Tailings Dam B1 occurred on 25 

January 2019 when 9.7 Mm3 of tailings was released. The ensuing mudflow resulted in 

catastrophic environmental damage and at least 250 deaths. An independent expert panel was 

established to investigate the cause of the failure (Robertson et al., 2019). 

 

A unique aspect of this case study is that the moment of failure was captured on video (Chadwick, 

2019). This case is also interesting as it was a failure of a dormant dam, with the last deposition 

occurring in 2016, almost three years prior to the failure. The dam was operated with no decant 

facility and satellite images taken over the years show several instances of the pond being located 

against the outer wall. This configuration is known to result in the tailings settling in a very loose 

state (e.g. Reid, 2021). Interestingly, a few months after the release of the independent report, a 

second investigation was commissioned (CIMNE, 2021). Although the same field data were 

analysed as part of the second investigation, additional samples were obtained from site and new 

laboratory testing was conducted. 

 

As part of their respective investigations, the panels worked through an immense amount of 

laboratory and field data. For example, in the case of the Robertson et al. (2019) investigation, the 

panel reviewed data from over 110 piezometers and 210 laboratory tests. This is in addition to the 

37 000 data points from the CPT probing that was conducted. For the CIMNE (2021) investigation, 

the 37 000 CPT data points were re-analysed and an additional 70 advanced laboratory tests were 

conducted. A key aspect of both investigations was the influence of the drilling activities associate 

with borehole B1-SM-13, which occurred on the day of the failure. 
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Figure 2.12 shows the key cross sections used by both investigations to determine the cause of 

the failure of the Feijão tailings dam, with the cross section employed by the Robertson et al. (2019) 

investigation shown in Figure 2.12(a) and the cross section used by the CIMNE (2021) 

investigation in Figure 2.12(b). It is clear that an incredible level of detail was deemed necessary 

in both investigations. 

 

 

Figure 2.12: Cross section through the Feijão tailings dam: (a) after Robertson et al. (2019), and (b) after 

CIMNE (2021) 

 

Conflicting and contradicting findings were published for the two investigations. For the Robertson 

et al. (2019) investigation, it was proposed that a combination of loss of suction due to increased 

rainfall, combined with internal creep which was sufficient in magnitude to break the bonded 

tailings, led to failure. The triggering of failure due to liquefaction induced by the drilling of borehole 

B1-SM-13 was investigated and summarily dismissed as not being a plausible trigger mechanism. 

 

Conversely, for the CIMNE (2021) investigation, it was proposed the drilling activities associated 

with borehole B1-SM-13 were in fact the trigger of the failure. It was found that the localised 

increase in pore pressure was sufficient to induce a strain-softening response in the surrounding 

soil which ultimately resulted in the collapse of the slope. No evidence of bonding of the tailings 
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was found and rather than a reduction in suction (or increase in saturation), it was found that there 

was a general decrease in saturation of the slope in the months preceding the failure. In addition, 

even with extensive numerical modelling, it was found that failure could not have been initiated as 

a result of internal creep. 

 

In summary, both investigations proposed different, and conflicting reports on the cause of the 

failure of the Feijão tailings dam. Both investigations rigorously considered the causes propose by 

the other investigation and proposed with reasonable explanations why they couldnôt be the case. 

It is incredible that even with video footage of the failure, and with the leading minds in the field 

with access to resources such as advanced testing and numerical modelling, there is no consensus 

regarding the true cause of the failure. 

 

What is even more intriguing is that the proposed failure mechanisms are conflicting. For example, 

Robertson et al. (2019) showed SEM images and CPT interpretations indicating bonding ( see 

Figure 2.13(a) for the SEM images). However, independent SEM imaging and re-analysis of the 

CPT data by (CIMNE, 2021) showed no evidence of bonding (see Figure 2.13(b) for the results 

from the re-analysis of the CPT data). Similarly, the CIMNE (2021) investigation showed a general 

decrease in saturation, while the Robertson et al. (2019) investigation showed an increase in 

saturation in the months preceding failure.  
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Figure 2.13: Supporting evidence for the Feijão tailings showing: (a) bonding, after Robertson et al. (2019); 

and (b) no bonding, after CIMNE (2021) 

 

2.2.4.5 Edenville water dam  

The Edenville Dam is the only water retaining dam that is discussed in this section. This is an 

important case history as it was perhaps the first modern failure of a water dam where failure was 

attributed to static liquefaction. It is very likely that this failure will influence both water dam and 

tailings dam legislation in the near future. The details contained in this section were predominantly 

obtained from the independent investigation report (France et al., 2022). 
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Edenville Dam is one of four dams located in series along the Tittabawasse River in Central 

Michigan. The purpose of these dams was to generate electrical power and each dam had an 

associated hydroelectric facility. At the time of the failure, the Edenville Dam was approximately 

10.5 m high and was regulated by the Michigan Department of Environment, Great Lakes, and 

Energy (EGLE) as the Federal Energy Regulatory Commission (FERC) had revoked the Edenville 

dam licence in 2018. One of the key reasons for the revoking of the FERC licence was due to the 

inability of the spillway to safely pass the Probable Maximum Flood (PMF). The revocation of the 

FERC licence meant that the only facilities available to control the reservoir level at the Edenville 

Dam were the spillway gates. Without an operating licence, water could not be released through 

the powerhouse, and the lower-level sluiceways had been inoperable for decades. 

 

After a moderate rainfall event, the Edenville Dam failed on 19 May 2020, and resulted in the 

uncontrolled release of a significant volume of water. The 24-hour rainfall event itself was estimated 

to be between a 25- and 50-year recurrence interval event. However, as a result of an unusual 

combination of rainfall characteristics and watershed conditions, the resulting flood event was 

representative of a 100-to-200-year event. The failure of the Edenville Dam led directly to the 

overtopping failure of the downstream Sanford Dam some three hours later. 

 

Like the Feijão tailings dam failure, the Edenville Dam failure was caught on video (MLive, 2020). 

With the limited documentation available on the history of the dam, as well as limited monitoring 

information for the specific section that failed in the days leading up to the failure, the video footage 

played a key role in the investigation that followed the failure. It was noted that without the video 

footage, the evidence for static liquefaction would have been less conclusive and there is a chance 

that an alternative failure mode could have been inferred. 

 

Thankfully, no injuries nor deaths were reported as approximately 11 000 residents in the 

downstream vicinity were evacuated as part of the emergency response prior to the failure. This 

was a particularly sensitive issue in the United States as a similar incident had occurred a few 

years before when more than 180 000 residents were ordered to evacuate after stability concerns 

were noted at the Oroville Dam (France et al., 2018). Despite the evacuations, the failure of the 

Edenville and Sanford dams was reported to have affected 3 000 homes and caused damages in 

the order of $190 million for residents, in addition to $55 million in damage to public infrastructure 

(France et al., 2022).  

 

Construction of the Edenville Dam started in 1923. The dam comprised a left and right embankment 

with a spillway and powerhouse in between. The left embankment, where failure occurred was 

approximately 240 m in length. Upon review of the design documentation, the Independent 
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Forensic Team (IFT) found that the design of the Edenville Dam was not substantially inadequate 

if the dam had been built according to the design plans and construction specifications. However, 

during the course of the investigation, it became clear that the actual construction of the dam 

deviated substantially from the design plans and construction specifications, apparently with the 

knowledge of the designer. This resulted in the safety margins of the dam being below average 

when compared to dams of similar type and size that were built between 1910 and 1930 in the 

United States. 

 

In particular, the following deficiencies in the construction were noted: 

¶ Lack of compaction of the fill material. This resulted in sections of the dam being created 

with very loose to loose sands which created the fundamental physical conditions required 

for static liquefaction. 

¶ Poor control over the downstream slope angle. This resulted in the slope being 1(V):1.6(H) 

in the upper part of the failure section, compared to the design downstream slope 1(V): 

2(H). 

¶ Poor under-drainage construction. An investigation conducted in 2012 revealed that no 

underdrains had been constructed in the vicinity of the failure section. This meant that the 

saturation of the slope in this area would be increased, compared to the rest of the 

embankment. 

 

The reservoir impounded by the Edenville Dam is known as Wixom Lake, which had a storage 

volume of 44.4 Mm3. Figure 2.15 show an output from the stability assessment of the Edenville left 

embankment considering the reservoir level under normal operating conditions. In this 

assessment, the strength parameters as identified in the 1987 inspection report were used. A FoS 

of 1.04 was calculated using drained strength parameters, which is significantly lower than the 

value of 1.5 as required by FERC. This lower FoS value was attributed to a steeper downstream 

slope than the adjacent sections where the wall height was greater. In these sections, the 

calculated FoS was greater than 1.5 and the phreatic surface was monitored using piezometers. 

This low FoS value is clearly indicative of a dam with marginal stability. 

 

As part of their investigation, the IFT closely examined three potential primary failure mechanisms 

for the Edenville Dam: overtopping, internal erosion, and instability. An overtopping failure was 

ultimately ruled out as there was no evidence (neither from the video recording, photographs, nor 

eyewitness accounts) of water flowing across the crest nor evidence of water on the downstream 

face until less than four minutes before the failure. An internal erosion failure was ruled out due to 

a combination of factors including the fact that no turbid discharge water was detected; and that 

the kinetics of the failure, specifically the global acceleration and velocity of the failure mass, were 
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not consistent with historical observations of internal erosion failure.  

 

As will be shown in Section 2.5.6, a numerical analysis was conducted which showed that the 

stress state in the embankment was such that only a small trigger event was required to initiate 

collapse. Based on the knowledge of the collapse behaviour of loose, saturated, sandy soils it was 

noted that even a gradual rise in pore pressure in an embankment containing such soils could 

trigger collapse behaviour. This collapse could be initiated without any significant changes in shear 

stress and at a stress state below the drained failure envelope. It is not disputed that on the day of 

the failure, the reservoir level was at its highest elevation.  

 

Further, laboratory tests showed that the loose embankment material was susceptible to collapse. 

All this lead the IFT to conclude that the failure at Edenville was a result of wetting-induced collapse 

of the loose sandy soils in the downstream face of the dam, and subsequent static liquefaction 

failure of the embankment. It was ultimately found that static liquefaction was the most likely cause 

of failure. This was based predominantly on the video footage which showed a rapid instability 

failure of a localised portion of the downstream section of the dam. This localised failure was 

followed by the collapse of the upstream remnant of the embankment. 

 

Figure 2.14 shows a photograph of the failed section 36 s after the initiation of failure. In this image 

it is clear to see that the extent of the failed embankment section is limited to a length of 12 m to 

24 m along the axis of the dam. 

 

 

Figure 2.14: Photograph of the Edenville Dam failure 36s after initiation of failure (after France et al., 2022) 

 

Another interesting aspect of the report was the discussion on the existing guideline documents 

t = 36s
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for water storage dams in the United States. A specific attempt was made to determine how loose, 

saturated, sandy soils should be evaluated, and if there was any guidance of designing against 

static liquefaction. The following extract from the report details their findings: ñéin fact, references 

and guidance documents for dam design and analysis indicate that drained strengths should be 

used for sands and silty sands for all load conditions except for rapidly applied loads, such as 

earthquakesò. Therefore, at the time of the failure, static liquefaction was not treated as a plausible 

failure mechanism for water storage dams in the United States. 

 

As with the Merriespruit tailings dam failure, the independent investigation report was quite clear 

in their opinion that the failure was foreseeable and preventable.  

 

ñWith respect to the human judgements, decisions, actions, and inactions during the project history 

leading up to the May 2020 event, the dam failures were foreseeable and preventableò (France 

et al., 2022). 

 

In addition, as was found with the Mount Polley tailings dam failure, there were deficiencies in the 

design and safety evaluations of the dam to such an extent that the key issue that resulted in the 

failure was not identified. 

 

ñDuring the nine decades after the construction, particularly once the dam came under FERC 

regulation about three decades before the failures, embankment stability analyses were performed 

for two locations where there were specific stability or seepage concerns, but these analyses were 

not sufficient in scope to evaluate the stability of the entire 6 000 ft length of the Edenville 

embankments. Therefore, the stability deficiency of the embankment section that failed was 

never recognisedò (France et al., 2022). 

 

The Edenville Dam failure is therefore an important case history offering valuable lessons. A key 

outcome of this failure is the question of whether static liquefaction should be considered as a 

possible failure mode for water dams? This is currently being addressed by regulators in the United 

States and it is likely that a decision will be made in the near future.
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Figure 2.15: Stability analysis for the Edenville left embankment (after France et al., 2022) 
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2.2.4.6 Jagersfontein tailings dam, South Africa  

The Jagersfontein Diamond Mine is located in the town of Jagersfontein in the Free State Province 

of South Africa. The mine is world-renown and has produced two of the ten largest rough diamonds 

ever discovered: the 995 carat Excelsior in 1893 and the 650 carat Reitz in 1895 (Philip, 2016). 

Mining at the site started almost 150 years ago but operations have been continuously interrupted 

during the years for various reasons, including regional wars, depressed commodity prices, and 

changes in ownership. 

 

In 2022, the only activities occurring on the site were reprocessing of old surface stockpiles. After 

processing, the waste material was stored on the Jagersfontein tailings dam. Unfortunately on 11 

September 2022, the Jagersfontein tailings dam failed, resulting in significant environmental 

damage and the death of at least one person (Dludla, 2022). As at the time of writing, the 

independent investigation report is still being developed and is only expected to be published in 

2024 (DWS, 2023). Therefore, there is limited scientific information available regarding exactly why 

failure occurred. However, there is other publicly available information available which is useful in 

understanding some of the conditions of the dam, as well as the consequences. 

 

For example, a commercial satellite operator used satellite imagery to estimate that at the time of 

the failure, the dam was 55 m high, and that a total of 5 Mm3 of tailings material was released as 

part of the failure (Rivet, 2023). In a separate study, it was shown that the failure impacted the 

Kalkfontein Dam, some 56 km downstream from the tailings dam (Torres-Cruz & OôDonovan, 

2023). The Kalkfontein Dam is a large water dam with a full storage capacity of 325 Mm3. It is used 

for agricultural purposes by many of the regional farmers and its pollution is a significant concern. 

 

There is still much uncertainty surrounding this failure and it is imperative that an appropriate 

scientific investigation is completed and published timeously. 

 

2.2.4.7 Summary  

In this section, six case histories of failures involving a large water and five tailings dams were 

presented. It is clear that the failure of these dams was not a chance occurrence. In each case, 

even those where the exact cause of failure is unclear, there is a clear pattern of poor decisions or 

actions (or inactions) which led to the deteriorating state of the dam and ultimately failure. In most 

cases, these potential adverse consequences of these actions or decisions were known and were 

done anyway, often in the pursuit of production targets. The impact of the temporary measures 

implemented at Mount Polley and Fundão are classic examples of this.  
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What is also of importance is that even with the best regulations in place, these failures still occur. 

This sentiment that improving governance will not end tailings dam failure is one that seems to be 

shared by other researchers (e.g. Jefferies, 2022). A key example is the Edenville Dam where 

there are decades of inspections, internal audits and external audits that certified the dam as 

stable. The Feijão failure is another example. In this case there were hundreds of sensors in the 

dam and a video camera monitoring the slope. Both these dams still failed, despite being certified 

stable a few months prior. It should be noted that there are some uncertainties relating to the 

credibility of those stability audits for the Feijão dam (e.g. SEC, 2022; SEC, 2023) but that is outside 

the scope of this review. 

 

Despite their tragic consequences, previous incidents provide valuable learning opportunities, and 

these should be taken advantage of to ensure these mistakes are not repeated in the future. 

 

2.2.5 Current Tailings Dam Management Framework 

It is important to highlight some of the current regulatory requirements as this will assist in providing 

context for the relevance of this research to the local and global tailings industry. In this section 

three documents relating to the design and operation of tailings dams are discussed. There are 

many more excellent documents available, such as those published by other governments, 

regulators, and even mining companies. However, for the scope of this study, it was decided that 

these three documents are of particular importance and need to be highlighted. 

 

2.2.5.1 South African National Standard  10286 (SANS 10286) 

The South African Bureau of Standards (SABS) is the statutory body in South Africa in charge of 

developing, publishing and maintaining South African National Standards (SANS). Following the 

Merriespruit tailings dam failure in 1994, which resulted in 17 deaths, SABS 0826 (later renamed 

to SANS 10286) was published. 

 

SANS 10286 details the minimum requirements for the planning, design, construction, operation, 

decommissioning and closure of mineral residue deposits in South Africa (SABS, 1998). Although 

SANS by nature are non-statutory documents, SANS10286 is considered to be slightly different to 

other standards. This is due to the fact that the Mine Health and Safety Act (MHSA) of 1996 

requires all mines to compile and adhere to a Code of Practice (CoP) document which, amongst 

other aspects deals with the design and operation of the mines tailings dams (RSA, 1996). The 

MHSA further states that all CoP documents must comply with the requirements as directed by the 

Chief Inspector of Mines. In 2000, the Chief Inspector of Mines published a document prescribing 
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that all CoP documents should comply to the SANS 10286 (DME, 2000). In this way, SANS 10286 

can be considered different to general SANS documents are there is a trail of official government 

documents specifically mentioning the document as a requirement to meet clearly defined 

requirements in an Act of Parliament which is law. 

 

At the time of writing, SANS 10286 was in the process of being updated. Although the draft 

document exists, it is perhaps premature to comment on the contents of this document as it has 

not yet been through the public comment process. Since the proposed changes from the 1998 

version are substantial, the public comment process is likely to result in some changes. Therefore, 

comments will be based on the existing version of the document. 

 

In addition to conventional tailings dams, the document includes jurisdiction over waste rock 

dumps. The document is broad in nature and does not prescribe minimum FoS values. Rather, 

minimum inspection and reporting requirements are set-out. The frequency of these inspections 

and the contents of the associated reports depends on the classification of the dam. Tailings dams 

are classified based on potential risks to people and the environment. For dams with a high risk, a 

registered professional engineer must be appointed as the responsible person for the dam.  

 

Although the SANS document is old, there is limited scientific evidence that the guidance provided 

in the document is deficient. In fact, a comparison in 2018 showed that at the time, the South 

African standard compared well with its peers (Wates, 2018). Regarding the Jagersfontein tailings 

dam failure in 2022, as far as the author is aware, there is no scientific evidence that the dam failed 

as a result of deficiencies in the current standard.  

 

However, it should be noted that the current version of SANS 10286 contains no specific 

requirements regarding dealing with undrained shearing which has been shown to be an area of 

concern for tailings dams. Instead, the standard falls back on providing the responsible engineer 

with freedom to decide on whatever criteria he or she feels necessary. Regardless, there is a clear 

push to incorporate aspects of new standards such as the GISTM and ICOLD Bulletin 194 into the 

South African standard. It remains to be seen to what extent this will be achieved. 

 

2.2.5.2 Global Industry Standard on Tailings Management (GISTM)  

The International Council for Mining and Metals (ICMM) is an international organisation dedicated 

to a safe, fair and sustainable mining and metals industry. Following the failure of the Feijão tailings 

dam in January 2019, which resulted in over 250 deaths, there was significant concern raised 

regarding the perceived lack of governance within the tailings industry. The ICMM, the United 
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Nations Environment Programme, and the Principles for Responsible Investment co-convened the 

Global Tailings Review to establish an international standard on tailings management. This 

initiative was led by Dr Bruno Oberle and in 2020, the Global Industry Standard on Tailings 

Management (GISTM) which was published (Oberle, 2020). 

 

The GISTM contains 77 requirements in six categories: affected communities; integrated 

knowledge base; design, construction, operation and monitoring of tailings storage facilities; 

management and governance; emergency response and long-term recovery; and public disclosure 

and access to information.  

 

Following the publication of the GISTM, the ICMM members committed in August 2020 to 

implement the GISTM within three years for all facilities with an ñExtremeò or òVery Highò hazard 

classification (as per Annexure 2 of GISTM), and all other facilities within five years. To support 

this commitment, ICMM published two additional documents in 2021. The first document, the 

Tailings Management Good Practice Guide was developed to support the interpretation of the 77 

requirements within the GISTM and promote good engineering practices for tailings management 

(ICMM, 2021a). The second document, the Conformance Protocols for the GISTM, was developed 

to help operators and independent third parties to assess implementation of the GISTM and to 

demonstrate conformance (ICMM, 2021b). 

 

Requirement 4.6 of the GISTM states that brittle failures modes should be identified and addressed 

using conservative design criteria, independent of trigger mechanisms, to minimise their impact on 

the performance of the tailings facility. For design engineers this is a critical aspect of the new 

standard, and it is this requirement that is likely to determine whether tailings dams should be 

declared safe or not according to the GISTM. However, despite the publication of the supporting 

documents, there is still significant uncertainty from both practicing engineers and academics 

regarding how this requirement should be implemented in practice (e.g. Fourie & Reid, 2021; 

France et al., 2022; Jefferies, 2022). The particular concern is the specification that brittle failure 

mechanisms should be addressed independent of the trigger mechanisms. Although this is a 

conservative approach, there is a cost associated with retrofitting existing designs. These costs 

can become quite substantial as almost all existing tailings facilities were not designed to this 

standard.  

 

In light of the above, Requirement 4.7 does make an allowance for deviations from Requirement 

4.6 but only under strict conditions, and with the support of senior management. As the GISTM is 

still in the early stages of implementation and auditing, these details are still being worked out and 

there are likely to be changes based on learnings from this initial implementation period. 
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Aside from the technical requirements, the GISTM is also administratively demanding and there is 

a real concern that there simply arenôt sufficient personnel worldwide to meet the demands of the 

GISTM (e.g. Hatton et al., 2020). To illustrate this point, Spencer (2021) showed that complex 

tailings facilities where the consequence of failure is high, can require as many as 24 hours per 

week from the Engineer of Record (EoR). For these types of facilities, the EoR needs to be a senior 

engineer, typically with more than 10 years of experience. This means that a senior engineer could 

spend more than half a typical work week on just one facility, which may not be practical. 

 

Like the current SANS document, no explicit FoS values are specified in the GISTM, nor in the 

associated guideline documents. 

 

2.2.5.3 International Commi ssion  on Large Dams Bulletin 194 (ICOLD Bulletin 194))  

The International Commission on Large Dams (ICOLD) is an international, non-governmental 

organisation that provides a forum for the exchange of knowledge and experience in dam 

engineering. A particular focus of ICOLD is to ensure that dams are built and operated safely, 

efficiently, economically, and without detrimental effects on the environment. To achieve this, 

ICOLD regularly publishes technical documents. A particular type of publication is a bulletin which 

is a state-of-the-art report on a single precise subject, written by experts and incorporating 

recommendations from engineers all over the world. 

 

South Africa has a number of large water dams and hosts the South African National Committee 

on Large Dams (SANCOLD). SANCOLD is a member of ICOLD and in that way ICOLD 

publications are relevant in a South African context. In 2022, ICOLD published Bulletin 194 which 

is focused on Tailings Dam Safety.  

 

Globally, it is common for tailings engineers to use guideline documents published for water dams. 

South Africa is no exception as the SANCOLD guidelines on freeboard are routinely applied to 

tailings dams, specifically those who meet the criteria for classification and registration as dams 

with a safety risk. In this way, it is believed the ICOLD Bulletin will be relevant to tailings engineers 

in South Africa. A key difference between ICOLD Bulletin 194 and the SANS and GISTM 

documents is that the ICOLD Bulletin provides minimum FoS values that should be achieved for 

various scenarios. 

 

Although the document itself is useful, it is the Appendices that are of particular interest for this 

study. Appendix A focuses on material behaviour and Appendix B deals with stability assessments. 
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Although a useful framework is provided, the author is of the opinion that there is perhaps a 

mismatch between the method provided and its usefulness for upstream constructed tailings dams. 

A key discrepancy is the classification of the soil state. Within the Bulletin 194 framework, soil 

behaviour, specifically the undrained shear response, is treated as a soil characteristic. This is in 

direct contradiction to the essence of critical state theory, where this behaviour is closely linked to 

the state of the soil. In the case of tailings dams, the material in the structural zone is known to 

vary. This is especially true for upstream constructed facilities. For example, a recent study at the 

Candelaria Mine by Robertson et al. (2023), based on previous observations by Robertson (2017), 

showed how by increasing the stress level imposed on the tailings, the brittleness of the tailings 

was reduced. In this case, the increase in stress was as a result of the construction of a rock pad 

on the tailings.  

 

Other examples for tailings include the numerical results from the Cadia Northern TSF (NTSF) 

analysis which show how ὑ changes with time (Figure 2.33). Figure 2.30 shows how the ὑ value 

can influence the stress-strain response of a soil. In other words, brittleness is not a soil 

characteristic and can change depending on the state. This concept has been shown 

experimentally for many soils. 

 

Therefore, methods that consider this type of approach should be used with caution. The key 

concern is that the heterogeneity of the tailings is not considered in a practical manner. Using this 

approach, a cross section may need to be divided into many sections, as was done for the Feijão 

investigation, which can become quite cumbersome. However, it may be that this is the only way 

in which slopes that may be unstable in undrained shearing can be identified. This is a different 

issue and is not dealt with further in this study. 

 

Regardless, the document has been published and will likely be used. Therefore, a review of the 

existing requirements is provided. Figure 2.16 shows the summary chart from Appendix B that is 

used to classify the brittleness of soils. Depending on the materialôs stress-strain response, soils 

are either classified as generally non-brittle, moderately brittle (transitional), or highly brittle. 

Minimum FoS values under various scenarios are provided for each classification. 

 

Each classification is then discussed in detail, with a specific focus on both static and seismic 

stability. As the seismicity of South Africa can be considered moderate by world standards (e.g. 

Brandt, 2011), and generally characterised by low to minor earthquakes (e.g. Alabi et al., 2013), 

the focus of the review will be on the static stability analyses. Full details regarding the seismic 

analyses can be found in the document itself. 
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Figure 2.16: Soil brittleness classification (after ICOLD, 2022) 

 

Table 2.2 provides a summary of the minimum FoS values for various cases. The cases are based 

on the brittleness of the soils within the structural zone. Two key undrained shear strengths are 

mentioned: peak and residual. Although the terminology is not strictly the same, these strengths 

relate to the same strength mobilised at the points marked yield and critical state in Figure 2.20. 

 

For all cases, a minimum FoS for static conditions of 1.3, and a minimum FoS for post-earthquake 

conditions of 1.1 are required. When reading into the document, it becomes obvious that static 

conditions cover both drained and undrained peak shear strengths while post-earthquake 

conditions consider residual strengths. Therefore a minimum FoS of 1.5 considering peak 

undrained shear strengths has also been added. Depending on the case, these values can be 

reduced as shown in Table 2.2.  
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Table 2.2: Summary of minimum FoS values for various scenarios (after ICOLD, 2022) 

Case Region in 

Figure 2.16 

Brittleness 

Index (╘║) 

Drained 

FoS 

Undrained 

FoS (peak 

strengths) 

Undrained 

FoS (residual 

strengths) 

General N/A N/A 1.5 1.5 1.1 

Case 1: No 

strain-softening 

N/A 0 1.5 1.3 1.3 

Case 2: Limited 

strain-softening 

Non-Brittle 

(Green) 

< 0.2 1.5 1.3 1.1 

Case 3: Moderate 

strain-softening 

Moderately 

Brittle (Yellow) 

0.2 < Ὅ > 0.4 1.5 1.5 1.1 

Case 4: High 

strain-softening 

Highly Brittle 

(Red) 

> 0.4 1.5 N/A 1.1 

 

2.2.5.4 Summary  

As a results of the recent tailings dam failures, there has been an increase in the development and 

publication of both new and updated standards and guideline documents for the management of 

tailings dams. Three such documents were discussed: SANS 10286, the GISTM and ICOLD 

Bulletin 194. All three documents provide stringent requirements regarding the governance of 

tailings dams.  

 

The purpose of the next few sections is to describe how certain aspects of soil behaviour, 

specifically those described in the above-mentioned documents are influenced by various 

conditions experienced on active tailings dams. A particular effort will be made to show the 

relevance and importance of this study into this aspect, and how the results from this study could 

be implemented to ultimately improve tailings dam safety.  

 

 

2.3 EXISTING BEHAVIOURAL FRAMEWORK FOR SOILS  

Based on the information presented earlier, it should be clear that aside from the operational risks, 

the current geotechnical risks for tailings dams lies in the undrained behaviour of the tailings. This 

section provides an overview of the current understanding of the behaviour of sandy soils (such as 

mine tailings). A particular emphasis is placed on the factors that influence the undrained 

behaviour.  
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2.3.1 Soil behaviour in compression 

Before delving into the specifics of soil behaviour in compression, it is necessary to define some 

common terminology. Compression is the process of gradual reduction in volume of a soil due to 

an increase in effective stress. It is common to present the results of compression behaviour in a 

semi-log plot with the density (or void ratio) on the vertical axis, and the applied stress level on the 

horizontal axis, in a logarithmic scale. Depending on the stress conditions imposed, and the 

assumptions made, the stress is either presented in terms of vertical effective stress („ᴂ) or mean 

effective stress (ὴᴂ). 

 

There are several test methods available to investigate the compression behaviour of soil and each 

test has specific stress and strain boundary conditions. These conditions directly influence the 

results of the tests and need to be carefully considered. Two popular tests to investigate the 

compression behaviour of soils are the oedometer test and the triaxial test. In a standard 

oedometer test, conditions of zero lateral strain are enforced. These conditions are referred to as 

one-dimensional compression conditions. In a standard triaxial test, conditions of equal lateral and 

axial stress are imposed. These conditions are referred to as isotropic compression conditions.  

 

The virgin compression curve obtained under one-dimensional conditions is referred to as the One-

Dimensional Normal Consolidation Line (1D-NCL), while the virgin compression curve obtained 

under isotropic compression conditions is referred to as the Normal Consolidation Line (NCL). The 

NCL is also referred to as the isotropic compression line. It has been shown experimentally that 

the 1D-NCL is parallel to the NCL for fine-grained soils such as clays of high plasticity (e.g. Atkinson 

& Bransby, 1978), as well as for coarse-grained soils such as clean sands (e.g. Coop, 1990). 

However, there remains some uncertainty regarding whether this is true for intermediate soils such 

as mine tailings.  

 

When considering the compression behaviour of soils, it is important to know the type of soil being 

considered as it is known that fine-grained soils and coarse-grained soils have distinctly different 

compressibility characteristics. In particular, fine-grained soils such as clays of high plasticity 

appear to have a unique NCL that is parallel to the CSL as shown in Figure 2.17(a). This is in 

contrast to the behaviour of coarse-grained soils such as clean sands which appear to exhibit an 

infinite number of NCLs, which are not parallel to the CSL, as shown in Figure 2.17(b). Note that 

these behaviours are limited to low to moderate stress levels where particle crushing (and thereby 

changing of the grading characteristics of the soil) are not a feature. 
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One of the objectives in Section 3.4 is to investigate whether from a practical perspective, the gold 

tailings behave more like fine-grained soils with a unique NCL, or more like coarse-grained soils 

with an infinite number of NCLs. This is important to know as it will influence laboratory testing 

plans and can also influence decisions for expected future site conditions.  

 

 

Figure 2.17: Idealised soil behaviour in compression for: (a) fine-grained soils (clays), and (b) coarse-grained 

soils (sands) (after Jefferies & Been, 2015) 

 

There have been several studies showing that this idealised compression behaviour of fine-grained 

soils is true for clays of high plasticity (e.g. Rendulic, 1936; 1937; Skempton, 1944). However, the 

compression behaviour of coarse-grained soils is perhaps less well-known. One such study, by 

Jefferies & Been (2000), was conducted on Erksak 330/0.7 sand. 

 

Figure 2.18 shows the results from these tests. The sand had a Ὀ  value of 0.330 mm and a fines 

content (material by mass passing the 0.075 mm sieve) of 0.7%. In addition to the compression 

curves of the sand with various initial states, the CSL and the pseudo NCL (PNCL) are indicated. 

The CSL was defined based on the results from the shear phase of the triaxial tests. However, the 

PNCL is based on the Cam Clay proposition that the NCL is parallel to the CSL when presented 

in an Ὡ ÌÎὴ or Ὡ ÌÏÇὴ projection (e.g. Schofield & Wroth, 1968). The spacing ratio is used to 

define the offset of the PNCL from the CSL and the original Cam Clay spacing ratio of 2.73 was 

used. 
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Figure 2.18: Triaxial test results on Erksak 330/0.7 sand (after Jefferies & Been, 2000) 

 

The purpose of the testing was to investigate the concept of an infinite number of NCLs for sandy 

soils. For each compression curve shown in Figure 2.18, it was argued that these are true NCLs 

for the following reasons: 

 

1. The samples were prepared under low stresses, either by gentle Moist Tamping (MT) or 

Wet Pluviation (PV). This is true even for the initially dense samples such as samples 

LDUL-3/PV and 667/PV. It appears to be a characteristic of clean sands that a range of 

initial densities can be achieved without imposing a stress history on the sample. Therefore 

the samples were never overconsolidated in their initial state. 

2. The virgin compression and unload-reload loops form a classic elastic-plastic form as 

shown in Figure 2.19.  

3. Although no unique NCL was identified (Figure 2.18), a PNCL was defined using the Cam 

Clay theory. If this PNCL were a true NCL, and the compression curves were in fact simply 

swelling lines, then material consolidated at states looser than the PNCL should exhibit a 

rapid reduction in volume to reach the PNCL. However samples 874/MT, 606/MT and 
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smooth, stable response during compression was observed. 

 

For this study, the uniqueness of the NCL for the gold tailings will be investigated according to the 

above-mentioned aspects. 

 

 

Figure 2.19: Unload-reload loops for the LDUL-3/PV sample (after Jefferies & Been, 2000) 

 

 

2.3.1.1 Quantifying convergence  

As part of the investigation into the uniqueness of the NCL, it will become necessary to comment 

on the converge (or lack of convergence) of various compression curves. Although this can be 

done visually, it would be more useful to use a method that is repeatable and provides a magnitude 

of convergence. Ponzoni et al. (2014) proposed such a method where a parameter, ά, is used to 

quantify the degree of convergence of a number of compression curves. 

 

To implement the method, the specific volume (ὺ) of the sample is compared two stress levels: the 

initial stress level, and the stress level at which convergence is being assessed, typically the last 

loading increment. ὺ describes the density of a sample and is numerically equal to ρ Ὡ. The 

specific volumes at these two stress levels are plotted on a graph where the vertical axis shows 

the specific volume at the stress level at which convergence is being assessed, and the horizontal 

axis shows the initial specific volume.  
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Each test is represented by a single point. This process is repeated for each test conducted, 

typically with the aim of having tests starting at different specific volume values but being subjected 

to the same level of applied stress. The slope of the linear trendline drawn between the points 

obtained for all of the samples is described as the parameter ά. ά varies between 0 and 1, with 

an ά value of 0 indicating a unique compression curve and an ά value of 1 indicating that the 

compression curves are parallel. 

 

This method has been used by several researchers to classify transitional soils (these soils are 

described in Section 2.3.2. For example, Li (2017) conducted a series of oedometer tests on 

Brazilian gold tailings and found an ά value of 0.13 for an applied stress of 7 MPa. At stress levels 

of 20 MPa, the ά value reduced to 0 indicating a unique compression curve.  

 

In terms of other soils, Ponzoni et al. (2014) conducted an extensive series of oedometer and 

triaxial tests on silts and silty clays from the Venice Lagoon. Based on the results from over 200 

oedometer tests, an ά value of 0.40 was determined and the material was classified as possibly 

transitional (i.e. not exhibiting a unique NCL).  

 

In terms of other tailings materials, Li (2017) conducted a series of oedometer tests on Chinese 

copper tailings at applied stress levels of up to 7 MPa. An ά value of 0.64 was determined and the 

material was classified at transitional. Similarly, Cartwright et al. (2022) conducted a series of 

compression tests on Australian mineral sands tailings up to an applied stress of 5.6 MPa. An ά 

value of 0.71 was determined and the soil was also classified as transitional. 

 

2.3.2 Soil behaviour in shear 

Initially, the compression and shear behaviour of soils was always considered independently. This 

changed with the development of Critical State Soil Mechanics (CSSM). Popularised by Schofield 

& Wroth (1968), CSSM was perhaps the first accepted attempt to unify both the compressive and 

shear behaviour of soil. As more soils were investigated, it became apparent that not all soils 

conform to the principles of CSSM. These soils have been termed transitional soils. Transitional 

soils are those for which the initial density continues to affect its compression and shearing 

behaviour to large strains to the extent that unique NCLs and CSLs cannot be found by means of 

traditional testing (Coop, 2015). Therefore, any investigative laboratory testing regime must be 

designed to clearly identify soils which are transitional or not.  

 

Within the CSSM framework, the state of the soil influences it behaviour. This state is described 
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by five key factors: the density, the current stress conditions, previous stress conditions (stress 

history), the fabric (particle orientation), and the type of loading applied to the soil. In the 

subsequent sections, an attempt is made to show the influence of each of these factors on the 

shear behaviour of mine tailings. However, high-quality published data on mine tailings is limited. 

Therefore certain principles are shown for sandy soils. A particular focus is placed on the undrained 

shear response. 

 

2.3.2.1 Terminology  

Since it is known that the behaviour of a soil is dependent on its state, it is important to be able to 

classify the state of a soil. Initially, relative density was used to describe the state of sandy soils. 

Although this proved to be a useful parameter, it soon became clear that a key aspect was missing. 

For example, Been & Jefferies (1985) showed that for Kogyuk sand with the same relative density, 

vastly different behaviour during undrained shear was noticed, depending on the stress level. 

 

A new parameter that considered both density and stress level was proposed to describe the state 

of sandy soils. This parameter was defined as the state parameter and, as shown in Equation (1), 

is the difference in void ratio between the current void ratio and the void ratio at critical state, at the 

same stress (Been & Jefferies, 1985). 

 

‪ Ὡ Ὡ  (1) 

Where: 

‪ = State paramater 

Ὡ = Current void ratio 

Ὡ  = Void ratio at critical state 

 

At this point, it will be quite useful to explain some terminology used to describe the shearing 

response of a soil under various conditions. Table 2.3 provides a summary of these terms, as well 

as references to examples of each type of behaviour. An important point highlighted in Table 2.3 

is that a soil can be contractive but not strain softening. It is the strain-softening behaviour that is 

a concern for stability analyses.  
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Table 2.3: Summary of key terminology used to describe the shearing behaviour of soils 

Term Description Example 

(Figure 2.20) 

Example 

(Figure 2.21) 

Contractive This classification is based on the observed 

volume change or pore pressure response. In 

drained shear, contractive samples with exhibit a 

decrease in total volume, while in undrained shear 

contractive samples will exhibit an increase in pore 

pressure. 

1,2,3 2,3,4 

Dilative This classification is based on the observed 

volume change or pore pressure response. In 

drained shear, dilative samples with exhibit an 

increase in total volume, while in undrained shear 

dilative samples will exhibit a decrease in pore 

pressure. 

N/A 1 

Strain-

softening 

This classification is based on the observed 

magnitude of strength mobilised during shearing. 

Strain-softening soils will typically (but not always) 

show an initial increase in strength during shearing 

until a peak value is reached. After this point, there 

is a reduction in strength as the strain increases 

until critical state is reached. 

3 4 

Strain-

hardening 

This classification is based on the observed 

magnitude of strength mobilised during shearing. 

Strain-hardening soils will an increase in strength 

during shearing until a peak value is reached. After 

this point, the strength either remains constant or 

increases as the strain increases until critical state 

is reached. 

1 1,2 

Phase 

Transfer 

Some soils do not exhibit purely strain-softening or 

strain-hardening behaviour during shearing. 

Depending on the state, some soils initially exhibit 

strain-softening but then undergo a phase transfer 

and then exhibit strain-hardening.  

1,2 3,4 

 

Although it is useful to categorise the undrained shear response of a soil into strain-hardening and 
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strain-softening, it is clear that even for strain-softening soils, various extents of strain-softening 

can exist. Therefore, it would be more useful if the magnitude of strain-softening could be 

quantified. To address this, Bishop (1971) defined the Brittleness Index (Ὅ) as shown in 

Equation (2). Ὅ ranges from 0 to 1, where 0 indicates a soil that does not strain soften (i.e. the 

yield and critical state undrained shear strengths are numerically equivalent) and 1 indicates a soil 

that completely collapses (i.e. the shear strength drops to 0 kPa at large strains). 

 

Ὅ
Ὓ  Ὓ  

Ὓ
 

(2) 

Where: 

Ὅ = Brittleness Index 

Ὓ  = Yield undrained shear strength (kPa) 

Ὓ   = Critical state undrained shear strength (kPa) 

 

2.3.2.2 Influence of density  

The first test results that are shown are those performed by Castro (1969) who investigated the 

influence of density at the start of the shear phase to the undrained shear response for Ottawa 

sand in triaxial compression. The samples were prepared in the same manner (using the Moist 

Tamping sample preparation method, see Section 2.4.1 for more details regarding this method) 

and were consolidated to the same mean effective stress of approximately 400 kPa. However, the 

samples were prepared such that at the start of the shear phase, each sample had a different void 

ratio. The results are shown in Figure 2.20. Figure 2.20(a) shows the stress-strain response in ή

‎ space, while Figure 2.20(b) shows the stress paths in ή ὴ space. 

 

It can be seen that for a relatively small change in void ratio, there is a distinctly different undrained 

shearing response. The loosest sample (with a void ratio of 0.748 at the start of the shear phase) 

exhibited an initial increase in shear strength up to a peak value at approximately 1.5% axial strain. 

This was followed by a rapid drop in strength to the critical state undrained shear strength. This 

behaviour was termed a Liquefaction Failure (LF).  

 

The sample with a slightly denser packing (with a void ratio of 0.689) exhibited a rapid increase to 

a peak value followed by a small drop in shear strength. With increasing strain, a slight increase in 

shear strength was observed. This behaviour was termed Limitation Liquefaction (LL). The densest 

sample (with a void ratio of 0.675) exhibited a continuous increase in shear strength with strain. 

This behaviour was termed a Dilative Response (DR). Therefore, even at the same confining 

stress, a change in void ratio can result in significantly different undrained shear responses and 
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therefore, different undrained shear strengths. 

 

The distinction between these three behaviours is important as these yield and critical state 

undrained shear strength values are used directly in design and safety evaluation stability 

assessments in some jurisdictions (e.g. ICOLD, 2022). 

 

 

Figure 2.20: Influence of density on the undrained shear response of Ottawa sand (after Castro, 1969) in: 

(a) ή ‎ space, and (b) ή ὴᴂ space 

 

2.3.2.3 Influence of effective stress  

In another study, the influence of stress level on the mechanical response during undrained 

shearing of Toyoura sand was investigated (Ishihara, 1993). Toyoura sand is a narrowly-graded, 

clean sand with no fines and is coarser than the gold tailings considered as part of this study. As 

part of the testing, samples were prepared using the MT sample preparation method and were 

consolidated to different mean effective stress values but to the same void ratio. 
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Figure 2.21 shows the results from these tests. Figure 2.21(a) shows the stress-strain curves in 

ή ‐ space, while Figure 2.21(b) shows the response in ή ὴᴂ space. It can be seen that the 

sample sheared at a confining stress of 0.1 MPa exhibited a strain-hardening response, while the 

sample sheared at a confining stress of 3.0 MPa exhibited a strain-softening response. Therefore, 

even at the same void ratio, a change in confining stress can result in significantly different yield 

undrained shear strengths. However, for a given void ratio, regardless of stress conditions, there 

is a unique critical state undrained shear strength. These results are all entirely consistent with the 

CSSM framework. 

 

 

Figure 2.21: Influence of stress level on the undrained shear response of Toyoura sand (after Ishihara, 1993) 

in: (a) ή ‐ space, and (b) ή ὴᴂ space 
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2.3.2.4 Influence of fabric  

As part of their investigation into the mechanical behaviour of loose, sandy soils, Zlatovic & Ishihara 

(1997) conducted a series of triaxial compression tests on the Lagunillas sandy silt. The grading 

of this material is similar to the grading of the gold tailings assessed as part of this study. The 

results from these triaxial tests are shown in Figure 2.22. Normalised curves were presented where 

the deviator stress and mean effective stress values were normalised by the mean effective stress 

value at the start of the shear phase. Figure 2.22(a) shows the response in ήȾὴᴂ ὴȾὴᴂ space, 

while Figure 2.22(b) shows the response in ήȾὴ ‐ space. Three samples were prepared using 

three different sample preparation techniques, were consolidated isotropically, and were sheared 

undrained. The three sample preparation methods were: MT, Air Pluviated (AP), and Water 

Sedimented (WS). Additional details regarding these sample preparation methods are provided in 

Section 2.4.1 

 

As shown in Figure 2.22(b), three distinct responses were noted for the three sample preparation 

methods. Each sample was prepared such that they had similar void ratios at the end of 

consolidation, with these void ratio values ranging between 0.83 and 0.86. Although a similar 

normalised yield undrained shear strength was noted for all three samples, the observed behaviour 

deviated for each sample after yielding. The MT and AP samples exhibited strain-softening 

behaviour while the WS sample exhibited strain-hardening behaviour. Using the terminology 

defined by Castro (1969), the MT sample exhibited a LF response, the AP sample exhibited a LL 

response and the WS sample exhibited a DR. 

 

As discussed in Section 2.3.2.2, even small changes in the void ratio (density) of a loose sandy 

soil can have a large influence on the stress-strain response in undrained shear. Since the void 

ratio at the start of shearing was not identical for all three specimens, the curves shown in 

Figure 2.22 capture both the influence of density and fabric. Therefore, the figure also highlights 

how the selection of the sample preparation method can influence the loosest density achievable 

in the laboratory, which influences the stress-strain response. 
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Figure 2.22: Influence of sample preparation method on the undrained shear response for loose Lagunillas 

sandy silt (after Zlatovic & Ishihara, 1997) in: (a) ήȾὴ ‐ space, (b) ήȾὴᴂ ὴȾὴᴂ space 

 

Similar results were found by Vaid & Sivathayalan (2000) for clean sands. In their study, loose 

Syncrude sand was tested in Direct Simple Shear (DSS) and loose Fraser River sand was tested 

in both triaxial compression (TXC) and triaxial extension (TXE). Fraser River sand is a coarse, 

clean sand. For both materials, and for all three modes of shear, it was found that there was a 

difference in the undrained shear response. The MT samples exhibited a strain-softening response 

and the SD samples exhibited a strain-hardening response. 

 

Now that it has been established that the method of sample preparation influences the undrained 

shear response, the next logical question is how do these methods compare to the in-situ fabric? 

In other words, which sample preparation method is most appropriate if the intent is to create a 
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sample that can reproduce the same undrained shear response as a sample with the in-situ fabric?  

 

Chang et al. (2011) spent some time investigating this aspect. As part of their research, the 

undrained shearing response of samples prepares using the MT and SD methods were compared 

to the undrained shearing response of an Undisturbed (UD) sample. The undisturbed sample was 

sourced from the East Rand Proprietary Mines (ERPM) Dam 4 in Gauteng, South Africa. 

Figure 2.23 shows the results from these tests. It can be seen that the SD sample exhibited a 

response that matched the response from the undisturbed sample better than the MT sample. 

Although there were a few exceptions, specifically for specimens representing the coarser fraction 

of the tailings, this observation was generally consistent throughout the results presented. Corrêa 

& Oliveira Filho (2019) came to similar findings regarding the performance of the MT sample 

preparation method, when compared to the SD method for iron ore tailings. 

 

 

Figure 2.23: Influence of fabric of the undrained behaviour of gold tailings (after Chang et al., 2011) 

 

2.3.2.5 Influence of mode of shear  

Figure 2.24 shows the results from a series of laboratory tests conducted by Yoshimine et al. 

(1998) and summarised by Sadrekarimi (2014). In these tests, loose samples of Toyoura sand 

were prepared using the AP method. The samples were consolidated to the same effective stress 

and were sheared undrained. However, three distinct modes of shear were employed: TXC, DSS, 

and TXE. It is clear that the yield undrained shear strengths are different, with the yield undrained 

shear strength determined by TXC testing being greater than the DSS strength, which in turn is 

greater than the TXE strength. This trend appears to be consistent for loose, sandy soils as shown 
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by Sadrekarimi (2014) who investigated a large database of undrained shear tests.  

 

 

Figure 2.24: Influence of mode of shear on the undrained behaviour of Toyoura sand (after Yoshimine et al., 

1998) 

 

In another investigation, Vaid & Sivathayalan (2000) showed results from TXC and TXE tests on 

Fraser River sand. The samples were created in the same manner (moist-tamped) and 

consolidated to the same mean effective stress (values ranges from 100 kPa to 800 kPa) to similar, 

loose void ratios at the start of the shear phase. The samples sheared in triaxial compression 

exhibited a strain-hardening response while the samples sheared in triaxial extension exhibited a 

strain-softening response. 

 

In an earlier investigation, Riemer & Seed (1997) showed that in addition to having different 

mechanical responses during undrained shear, tests on Monterey #9 sand showed distinctly 

different CSLs depending on the mode of shear. The Monterey #9 sand is a narrowly-graded 

medium sand. This is an intriguing finding as under classical critical state theory, the mode of shear 

should not influence the CSL. However, upon closer inspection of the results, it becomes apparent 

that the proposed CSLs for the three modes of shear presented have remarkably similar slopes 

when plotted on an e-pô diagram and in fact the major difference between the three CSLs is the 

intercept, which is a maximum of 0.03 in terms of void ratio.  

 

Although there is remarkable consistency in the results obtained from the three methods, we have 

since become aware of the inherent variability involved in triaxial testing of sandy soils, particularly 

loose samples. As discussed in Section 2.3.4, Reid et al. (2021) showed that perhaps the most 
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accurately that the CSL can be determined using modern triaxial testing equipment is within a void 

ratio of 0.04. Since the void ratio difference presented by Riemer & Seed (1997) is 0.03, it could 

be interpreted that from a practical perspective, the CSL is independent of the mode of shear for 

the Monterey #9 sand. 

 

2.3.2.6 Influence of stress anisotropy  

Kato et al. (2001) performed a series of undrained triaxial compression tests on isotropically and 

anisotropically consolidated samples of clean Toyoura sand. As part of their investigation, it was 

found that the CSL remained unique regardless of the stress state imposed during consolidation. 

Further, it was found that even for anisotropically consolidated samples, a unique critical state point 

was obtained. In other words, despite the different initial stress states, when the samples were 

sheared under undrained conditions, it was the void ratio at the start of the shear phase that 

dictated the behaviour at large strains. This is entirely consistent with critical state theory where 

the intersection of the CSL and an undrained plane is a single point.  

 

In another series of tests, Doanh et al. (1997) conducted undrained triaxial compression tests on 

loose Hostun RF sand. Amongst other research objectives, the intent was to investigate the 

influence of the imposed stress conditions during consolidation (ὑ) on the undrained shear 

response. It was found that the peak strength reached during undrained shearing increased with 

decreasing ὑ, and that this peak value occurred at lower strains when compared to samples 

consolidated to higher ὑ values. Although this has been established for clean sands such as 

Hostun RF sand, there is some uncertainty whether this behaviour is expected for mine tailings. 

This is one of the objectives of this research. 

 

2.3.2.7 Particle crushing  

When subjecting soils to high stresses, it is important to consider particle crushing as this can result 

in a change in particle size distribution of the soil. This is especially important for investigations into 

the compression behaviour of soil where is it known that soils with different grain sizes exhibit 

different compression characteristics. As described by Zhang et al. (2020), the debris caused by 

particle crushing continuously fill the pores between the particles, thereby reducing the 

compressibility of the new soil. 

 

In the literature, there are various reports of the magnitude of particle crushing for mine tailings. 

For example, Carrera et al. (2011) conducted a series of triaxial compression tests on fluoride 

tailings with mean effective stress values ranging from 60 kPa to 1 978 kPa. No appreciable 

evidence of particle crushing was noted. Similarly, Li (2017) conducted a series of oedometer and 
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triaxial compression tests on Brazilian gold tailings and found no evidence of particle crushing, 

even on samples subjected to mean effective stress levels of 7 MPa. 

 

Conversely, Bedin et al. (2012) performed a series of triaxial compression tests on the same 

Brazilian gold tailings as assessed by Li (2017), albeit with a coarser grading. In that study, particle 

crushing was evident at stress levels as low as 600 kPa. This difference in grading could perhaps 

explain the difference in particle crushing. 

 

Similarly, in a series of triaxial compression tests on copper tailings, Zhang et al. (2020) found that 

particle breakage occurred from an applied mean effective stress as low as 200 kPa and continued 

all the way through to 5 MPa. However, the magnitude of particle breakage was limited. It was 

found that the Ὀ  reduced from 0.165 mm as per the initial grading to 0.131 mm due to the applied 

load of 5 MPa. 

 

Clearly, there is some uncertainty regarding the magnitude of particle crushing (if any) for mine 

tailings. Therefore, in this study, particular emphasis was placed determining the grading curves 

of the samples which were subjected to large stresses. 

 

2.3.3 Unsaturated soil behaviour 

With respect to tailings dams, where much of the soil mass is in an unsaturated state, it is important 

to not just consider saturated soil mechanics. In this section, two particular aspects of unsaturated 

soil mechanics are explored: the relationship between suction, degree of saturation and volume 

change; and an equivalent definition of effective stress for unsaturated soils. 

 

2.3.3.1 Soil Water Retention Curve (SWRC)  

A Soil Water Retention Curve (SWRC) describes how a soil changes as it wets up or dries out. 

Key aspects that are considered in a SWRC include the volume of the soil, the matric suction, and 

the degree of saturation. There are many ways to present a SWRC, but the most common is on a 

chart with the degree of saturation on the vertical axis (in a natural scale), and the matric suction 

on the horizontal axis (in a logarithmic scale). An example of such a curve is shown in Figure 2.25. 

Key components of a SWRC include the air entry value, and the residual suction value. 
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Figure 2.25: Key components of a Soil Water Retention Curve (after Fredlund, 2017) 

 

It is important to note that a SWRC is not a characteristic curve for a soil. There is substantial 

experimental evidence to suggest that these curves are dependent on density and stress level. It 

is also known that the initial soil conditions, as well as the wetting/drying procedures influence the 

SWRC (e.g. Romero et al. 1999; Gallage & Uchimura, 2010).  

 

For a given soil state, there are two limiting curves within which can exist an infinite number of 

curves. These limiting curves are referred to as the primary wetting curve, which is obtained when 

a soil sample is saturated from an initially dry condition; and the primary drying curve, which is 

obtained when a soil sample is dried from an initially saturated condition. For any other starting 

conditions, the soil will follow a scanning curve which will eventually join either the primary wetting 

or drying curve at extreme conditions. 

 

There are several methods available to obtain these curves using laboratory experiments, with 

perhaps the most popular method being the pressure plate method described by Fredlund (2019). 

Recently, the tensiometer method for determining SWRCs (e.g. le Roux, 2019) has gained 

popularity in South Africa. 

 

Each SWRC can also be represented by a mathematical equation and several methods are 

available. A popular method is the one proposed by Fredlund & Xing (1994). With their method, 

using the saturated and residual water contents, a SWRC can be represented using three curve 

fitting parameters (ὥ, ὲ and ά). These parameters are related to the geometric shape of the SWRC 

and guidance on how to determine these parameters is provided by Fredlund & Xing (1994). 
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2.3.3.2 Bishop effective stress  

Although effective stresses play a much smaller role in unsaturated soil mechanics when compared 

to saturated soil mechanics, it is sometimes useful to obtain an equivalent stress value for 

comparison purposes. Despite the fact that such comparisons inherently have significant 

limitations, they can be useful in some instances.  

 

A popular method to calculate an equivalent effective stress for an unsaturated soil is the 

approximation suggested by Bishop (1959). This approximation includes a dimensionless 

parameter … to account for the degree of saturation of the soil, as well as the soil type. Upon further 

inspection of the approximation, some uncertainties, specifically related to the aspects of volume 

change and shear strength of unsaturated soils were noted (e.g. Bishop & Blight, 1963). To address 

these concerns, several researchers have since proposed slight modifications to the initial 

approximation. One such approach is that proposed by Bolzon et al. (1996) where the … parameter 

is replaced with degree of saturation. The modified equation showed good correlation to 

experimental test data on kaolin clay.  

 

Several alternative methods have since been proposed to estimate an equivalent effective stress 

for an unsaturated soil, with some researchers even suggesting a closed form solution (e.g. Lu et 

al. , 2010). However, on a fundamental level, all these estimations suffer from the same limitation 

that effective stress is not a particularly good parameter to use to characterise the state of an 

unsaturated soil (e.g. Zhang & Houston, 2024). Therefore, the approach suggested by Bolzon et 

al. (1996), shown in Equation (3), was used for this study based on its relative simplicity and 

correlation with experimental data. 

 

„ᶻ „ Ὓ ό ό ό  (3) 

Where: 

„ᶻ = Bishop effective stress (kPa) 

„ = Total normal stress (kPa) 

ό  = Pore air pressure (kPa) 

ό  = Pore water pressure (kPa) 

 

2.3.4 Previous testing on gold tailings 

As can be expected, there has been substantial research into the behaviour of gold tailings over 

the years. Figure 2.26 shows the grading curves of the gold tailings tested by other researchers. It 
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can be seen that there is a fair spread of the data, with the average grading of the gold tailings 

tested as part of this study falling in the middle.  

 

Perhaps the most well-known investigation into the shearing behaviour of gold tailings is the 

laboratory round-robin conducted by Reid et al. (2021). In the study, 16 International laboratories 

were provided with bulk samples of gold tailings obtained from an active tailings dam in Australia. 

No constraints were provided regarding the testing or interpretation methodologies, the 

laboratories were simply asked to determine the CSL for the material. A few outliers were noted, 

mostly due to inadequate procedures followed to determine the end of test moisture contents. 

However, once these results were excluded, a unique CSL was identified across all the test results 

to within a void ratio of 0.04. 

 

 

Figure 2.26: Grading curves of previous testing regimes on gold tailings 

 

In terms of gold tailings mined from the Witwatersrand Supergroup, three particular studies are of 

interest: Vermeulen (2001), Papageorgiou (2004) and Chang (2009). Vermeulen (2001) 
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investigated the composition and state of tailings from the Mizpah and Pay dams. Both dams were 

located in the Free State in South Africa. The Mizpah tailings dam still exists today (HGM, 2023) 

but Pay dam was remined several years ago.  

 

Papageorgiou (2004) conducted a comprehensive laboratory investigation into the liquefaction 

behaviour of the Merriespruit gold tailings. These tests were supplemented by Tshabalala (2003) 

and Fourie & Tshabalala (2005). It was found that the fines content has an influence on the critical 

state friction angle as well as the location of the CSL in Ὡ ÌÎὴᴂ space. 

 

Riveros & Sadrekarimi (2021) conducted a number of DSS tests on gold tailings obtained from a 

mine in Ontario, Canada. As was noted for the gold tailings from the Witwatersrand supergroup, 

these Canadian gold tailings were mostly quarzitic in terms of mineralogical compositions. These 

tailings did however contain components of phlogopite, chalcopyrite, beryl and chlorite. These 

minerals are not typically found in gold tailings mined from the Witwatersrand supergroup. The 

samples were prepared using the MT and SD preparation techniques to loose initial states. 

 

The purpose of the study was to determine the undrained response of the silt and sand fractions 

of the tailings under different hydraulic boundary conditions and different fabrics. It was concluded 

that the effects of fabric for the undrained shearing behaviour of gold sand tailings is small for 

practical purposes. However, for the gold silt tailings, it was found that fabric does influence the 

undrained shear response. The SD samples exhibited initial contraction followed by dilation while 

the MT samples exhibited contractive behaviour only. This is similar to the behaviour observed for 

the silty South African gold tailings tested by Chang (2009), discussed in Section 2.3.2. 

 

In another study, Fotovvat & Sadrekarimi (2022) performed a number of TXC and TXE tests on 

both isotropically and ὑ-consolidated samples of gold tailings sourced from a mine in Quebec, 

Canada. The intent was to investigate the influence of mode of shear and stress conditions during 

consolidation on the liquefaction behaviour of gold tailings. The material has a similar grading and 

specific gravity of the tailings considered as part of this study. It was found that the samples 

sheared in TXE exhibited a more brittle response when compared to the samples sheared in TXC. 

Two different CSLs were determined for the TXC and TXE tests. Details regarding the influence of 

the stress conditions imposed during consolidation on the undrained shear response are discussed 

in Section 2.3.2. 

 

Fotovvat et al. (2022) conducted a series of triaxial tests to investigate the drained instability of 

gold tailings sourced from Ontario and Quebec in Canada. The Quebec material was the same 

tailings tested by Fotovvat & Sadrekarimi (2022). However, the Ontario material was different to 
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the Ontario gold tailings tested by Riveros & Sadrekarimi (2021). Similar to the work done by 

Sasitharan et al. (1993), it was highlighted that failure can occur under specific drained conditions 

at stress states significantly lower than the drained failure envelope. Failure was shown to coincide 

with intersection of the stress path and the collapse surface as described by Sladen et al. (1985).  

 

Recently, extensive testing on mine tailings has been undertaken at the University of Western 

Australia. These tests have resulted in numerous publications on the behaviour of mine tailings 

under various conditions. Specifically related to gold tailings, Fanni et al. (2019) discuss the 

influence of pore water chemistry on the determination of the CSL and provide some guidance on 

how to address this. In another publication, Fanni et al. (2022) discuss the behaviour of loose gold 

tailings at large strains and provide some guidance on how to reliably measure liquefied shear 

strengths in the laboratory. 

 

Although the tests described above contributed to the understanding of the general behaviour of 

gold tailings, there is still much uncertainty regarding the compression and shear behaviour of gold 

tailings. This is specifically true in the context of South African gold tailings mined from the 

Witwatersrand Supergroup. Table 2.4 shows key characteristics of gold tailings tested by other 

researchers. 
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Table 2.4: Summary of key characteristics of gold tailings from the literature 

Material Minimum 

void ratio, 

▄□░▪ 

Maximum 

void ratio, 

▄□╪● 

Specific 

gravity, ╖▼ 

Median 

grain size, 

╓  (mm) 

╚  Friction 

angle, 

ⱴ Ј 

Slope of 

the CSL, 

ⱦ▄ 

Reference 

Mispah dam, whole tailings 0.480 1.800 2.74 0.030  34.6 0.066 Vermeulen (2001) 

Pay dam, penstock coarse   2.74 0.025  31.5 0.068 

Merriespruit, 20% fines 1.326 1.827 2.69 0.120 0.44 26.7 0.075 Papageorgiou (2004) 

Merriespruit, 20% fines 1.326 1.827 2.72 0.120 0.44  0.068 Fourie & Tshabalala 

(2005) 

Merriespruit, 60% fines 0.655 0.696 2.69 0.060 0.59 30.0 0.031 Papageorgiou (2004) 

Merriespruit, 60% fines 0.655 0.696 2.72 0.060 0.59  0.014 Fourie & Tshabalala 

(2005)` 

ERPM 4   2.69 0.053  33.6  Chang (2009) 

Ontario silt tailings 0.590 1.280 3.28 0.062   0.064 Riveros & 

Sadrekarimi (2021) Ontario sand tailings 0.790 1.350 3.10 0.104  27.0 0.058 

Quebec tailings 0.680 1.080 2.75 0.134 0.57 38.6 0.060 Fotovvat & 

Sadrekarimi (2022) 

Ontario tailings 0.620 2.080 2.75 0.023 0.55 39.8 0.080 Fotovvat et al. (2022) 
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2.4 LABORATORY TESTING OF SOILS  

2.4.1 Sample preparation methods 

As discussed in Section 2.3.2, the state of the soil is known to influence the response of the soil. 

This is especially important for loose, saturated mine tailings. However, obtaining undisturbed 

samples of these soils is challenging. Therefore the majority of laboratory testing on tailings 

involved remoulded samples. This section describes key aspects of some popular sample 

preparation methods. 

 

The most common sample preparation method for mine tailings is the Moist Tamping (MT) method 

as it has been shown to allow for the repeatable creation of both loose and dense samples. This 

an important point as it is known that the density plays an important role in the undrained shear 

behaviour of sandy soils. In the MT method, a predetermined mass of moist material is compacted 

into a split mould to a target density, usually in several layers. The under-compaction technique, 

as described by (Ladd 1978), attempts to improve the final sample homogeneity by reducing the 

target density of the lower layers to account for the additional compactive effort that will be applied 

to subsequent layers.  

 

Air Pluviation (AP) is another sample preparation method that is popular for coarse-grained soils. 

In this method, a predetermined mass of dry soil is dropped from a hopper with a specific drop 

height and at a target placement rate. The density of resulting sample can be controlled by varying 

both the placement speed and the drop height (e.g. Vaid & Negussey, 1988).  

 

An alternative technique is the Water Pluviation (WP) method as described by Vaid & Negussey 

(1988). In this method, the sample is created in layers by pouring a predetermined mass of dry 

material into a split-mould that is filled with de-aired water. This pouring is performed at a slow rate 

and the soil essentially displaces the water under its self-weight, resulting in a saturated sample. 

This method has since been modified by many researchers (e.g. Carraro & Prezzi, 2008; Wang et 

al., 2011) and is also referred to as the Water Sedimentation (WS) or Slurry Deposition (SD) 

method. 

 

Modern approaches to this method include mixing the dry tailings with water at a moisture content 

above the liquid limit and allowing the slurry to air dry. Specimens for testing are then recovered 

from this mixture. This approach allows for the development of loose samples and is referred to as 

the air dried technique (e.g. Reid et al., 2022c). 
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Loose samples prepared by the MT or AP methods, have been shown to exhibit significant collapse 

during flushing and saturation (e.g. Sladen & Handford, 1987). SD samples have shown to be more 

resistant to this collapse due their stress history (e.g. Vaid & Negussey, 1988; Reid et al., 2022c). 

 

2.4.2 Oedometer testing 

The oedometer test is a simple test that is commonly used to investigate the compressive 

behaviour of soil. A key aspect of the standard oedometer test is the fact that the soil sample is 

placed in a stiff ring which restricts lateral movement of the sample during the test. This conditions 

of zero radial strain during consolidation is referred to as ὑ consolidation and is believed to be 

representative of the conditions that soils in the field experience as a result of consolidation under 

their own weight (e.g. Bishop & Henkel, 1962). 

 

Some limitations of the standard test include the inability to confirm saturation, the inability to 

measure pore pressures, and the fact that no shear phase is possible. However, in most cases 

these limitations are far outweighed by the simplicity of the test and the ability to reach high stress 

levels. 

 

Although there is no direct confirmation of the pore pressures, it is common to plot the observed 

compression behaviour in terms of vertical effective stress. This is due to the fact that at moderate 

to high stress levels, at the end of the consolidation phase the magnitude of the pore pressure in 

relation to the total applied stress is negligible and can be ignored. In other words, it is assumed 

that at the end of each loading or unloading stage when any excess pore pressures have 

dissipated, the applied load in terms of vertical total stress is numerically equivalent to the vertical 

effective stress in the sample. 

 

2.4.3 Triaxial testing 

2.4.3.1 Introduction  

The triaxial test is a popular soil test that can be used to investigate both the compressive and 

shear behaviour of soil. Developed in the early 1910ôs, these tests have improved significantly over 

the years (Deák et al., 2012). Figure 2.27 shows a diagrammatic layout of an early triaxial test. 

Despite the many advances, the key components remain the same. 

 

A key principle of the triaxial test is the ability to apply forces to the soil sample externally, while at 

the same time measuring the pore pressure internally. This is achieved by the use of a latex 
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membrane to seal the sample. This is important as it allows for the calculation of the effective 

stress within the sample. 

 

 

Figure 2.27: Diagrammatic layout of a triaxial test (after Bishop & Henkel, 1962) 

 

2.4.3.2 Stages of a conventional triaxial test  

In a conventional triaxial test, there are six main phases: sample preparation and installation, 

flushing, saturation, consolidation, shearing and decommissioning. Only three phases are briefly 

discussed here but there are many excellent references that provide a detailed description of all 

six phases (e.g. Bishop & Henkel, 1962; Lade, 2016; da Fonseca et al., 2021). 

 

During the consolidation phase, a desired stress state is imposed on the sample so that shearing 

can commence. Consolidation can either be performed isotropically or anisotropically depending 

on the desired stress state. Since the pore pressure is typically only measured at the base of the 

sample and only one-way drainage is permitted, there is usually a pore pressure gradient within 

the sample during consolidation. This means that the true effective stress of the sample can only 

confidently be known at the start and end of consolidation. Consolidation is therefore usually 

conducted in stages. 
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During the shearing phase, the sample can either be sheared under strain-controlled conditions, 

or load-controlled conditions. Depending on the desired hydraulic conditions, the drainage valve 

can either be closed or left open. The rate of shearing is important and is usually determined based 

on the observed behaviour during the consolidation stage (e.g. Bishop & Henkel, 1962). The results 

from the shear stage can be used to determine the CSL. When presented on an Ὡ ÌÎὴᴂ graph, 

the slope the CSL is represented by the symbol ‗. 

 

During the decommissioning phase, it is crucial to determine the end of test void ratio. Details of 

this process are discussed further in the next section. 

 

2.4.3.3 General comments regarding triaxial testing  

In previous sections, it was shown how even a small change in void ratio can significantly change 

the undrained behaviour of a soil. It is therefore important to accurately track the void ratio of a 

sample through the various stages of a triaxial test. Sladen & Handford (1987) showed how loose, 

sandy soils were susceptible to significant collapse during the flushing and saturation stages. This 

is important as it is not a trivial matter to accurately capture the change in volume of samples that 

collapse during flushing and saturation. This is due to the air in the sample which, unlike water, is 

compressible. It is therefore difficult to separate volume changes due to replacement of the air 

voids with de-aired water, and volume changes due to compression of the air phase within the 

sample. 

 

ñBackwardsò based calculations are therefore generally preferred. In a ñbackwardsò based 

calculation, the end of test void ratio is determined, and the void ratio during shearing and 

consolidation is determined based on this value. Since the samples have been verified as saturated 

during these phases, there is less uncertainty the components of measured volume change. 

Modern techniques to determine the end of test void ratio include the End of Test Freezing (EOTF) 

method as described by Jefferies & Been (2015), or the squeezing method as proposed by 

Verdugo & Ishihara (1996). Although the EOTF method is the preferred method (e.g. Jefferies & 

Been, 2015; da Fonseca et al., 2021; Reid et al., 2021), implementation of the method required 

modification of standard triaxial equipment. Conversely, the squeezing method requires no 

modifications and has been shown to provide comparable results to the EOTF method (e.g. Torres-

Cruz, 2016). It should be noted that no comparisons were made in this study between the 

performance of the EOTF and squeezing methods for the gold tailings tested. 

 

There is some debate on the use of enlarged and lubricated end platens, with researchers having 

varying opinions on their use. The intent of these modified platens is to reduce the development of 
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stress concentrations at the ends of triaxial samples (Rowe & Barden, 1964). The enlarged end 

platen is specifically to cater for a potential increase in the diameter of dilative soil samples while 

the lubrication attempts to reduce the influence of platen restraint. For example, Jefferies & Been 

(2015) and da Fonseca et al. (2021) strongly recommend that enlarged and lubricated end platens 

be used for all triaxial testing. However, Zhang & Garga (1997) showed how the use of enlarged 

and lubricated end platens had a minimal effect on the stress-strain response of loose Unimin 

sand. Klotz & Coop (2002) noted how, even with the inclusion of enlarged and lubricated end 

platens, sample barrelling (and therefore stress concentrations) was still noted for medium dense 

Leighton Buzzard sand. 

 

More recently, Sottile et al. (2023) showed in a series of numerical simulations on a clean sand 

how the inclusion of lubricated end platens resulted in more uniform stress distribution within the 

triaxial sample, compared to tests where non-lubricated end platens were considered. In fact, when 

the ends werenôt lubricated, shear bands were noted to form within the specimens. These findings 

supported the experimental work by Omar & Sadrekarimi (2014) where triaxial tests on loose 

Ottawa sand showed that the use of enlarged and lubricated end platens reduced specimen 

bulging and resulted in more homogenous specimen defomation. However, as pointed out by 

Sachan (2011), the use of lubricated end platens influences the drainage boundary conditions and 

this needs to be carefully considered when performing drained triaxial tests. 

 

There is still much uncertainty regarding the effectiveness of enlarged and lubricated end platens 

for routine triaxial testing. For this study, since it was primarily loose, contractive samples that were 

of interest, it was decided that enlarged and lubricated end platens would not be used. This is in 

line with triaxial testing by other researchers on mine tailings (e.g. Vermeulen, 2001; Papageorgiou, 

2004; Chang, 2009; Torres-Cruz, 2016). 

 

Another key issue related to the interpretation of triaxial test data is the occurrence of shear bands 

(strain localisation). This is a feature that is mostly linked to large strain response of dense samples 

in drained shear but can also occur in any triaxial compression test. When shear banding occurs, 

the local void ratio is no longer the same as the global void ratio due to the stress concentrations 

along the failure plane. To determine the true, local void ratio, techniques such as X-ray Computed 

Tomography (CT) are required. When this is done correctly, the stress paths can be plotted through 

to critical state (e.g. Desrues et al., 1996). However, in most cases when shear bands are formed, 

the use of advanced analysis using techniques such as X-ray CT are not possible. Therefore, it is 

common to no longer plot the global void ratio after the formation of a shear band. 
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2.4.4 Drying Boxes 

A Drying Box is an experiment that is conducted to simulate expected field conditions in a controlled 

environment. Drying Boxes have been shown to be particularly useful in simulating the deposition 

and subsequent drying phases that occur in tailings dams as part of routine operations. These 

tests are particularly well suited as a precursor to actual field deployments. One aspect that needs 

to be considered when performing Drying Box experiments is the boundary effects. In particular, it 

is common for shrinkage cracks to initiate at the boundaries. Therefore, the Drying Box should be 

sufficiently large such that these cracks do not meaningfully influence the drying process. 

 

Drying Box tests have been performed locally (e.g. Westraad, 2004; Wortmann, 2007), as well as 

Internationally (e.g. Daliri, 2013; Rozina et al., 2015) with great success. Figure 2.28 shows 

photographs of the local Drying Boxes, while Figure 2.29 shows photographs of the International 

Drying Boxes. Table 2.5 provides a summary of key aspects from these previous experiments. 

 

 

Figure 2.28: Examples of local Drying Boxes after (a) Westraad (2004), and (b) Wortmann (2007) 

 

(a)

(b)

Drying Box after Westraad (2004)

Drying Box after Wortmann (2007)
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Figure 2.29: Examples of International Drying Boxes after: (a) Daliri (2013), and (b) Rozina et al. (2015) 

(a) (b)

Drying Box after Rozina et al. (2015)Drying Box after Daliri (2013)
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Table 2.5: Summary of previous Drying Box experiments 

No Test Description Duration 

(days) 

Material Measurements Reference 

1 A streel-reinforced glass Drying Box with dimensions of 

0.30 m width, 1.0 m length, and 0.45 m height was used. Two 

layers were hydraulically deposited and the test was repeated 

four times. Two 250 W halogen lights were used to simulate 

sun drying.  

9 Mispah gold 

tailings 

Mass of the Drying Box, mass 

of water draining from the box, 

suctions at several locations in 

the box. 

Westraad 

(2004) 

2 A streel-reinforced glass Drying Box with dimensions of 

0.43 m width, 0.6 m length, and 0.45 m height was used. Only 

one layer was hydraulically deposited but the Drying Box test 

was repeated five times. Four 250 W halogen lights were 

used to simulate sun drying. 

24 Mispah gold 

tailings 

Mass of the Drying Box, 

suctions at several locations in 

the box. 

Wortmann 

(2007) 

3 A steel-reinforced Plexiglas Drying Box with dimensions of 

0.7 m width, 1.0 m length and 1.2 m height was used. Five 

layers were hydraulically deposited and two rainfall events 

were simulated. No lights were used to simulate sunlight, 

rather fans were used to simulate wind. 

72 Thickened 

Tanzanian 

gold tailings 

Mass of the Drying Box, mass 

of water draining from the box, 

suctions and volumetric 

moisture contents at several 

locations in the box.  

Daliri 

(2013) 

4 A steel-reinforced Plexiglas Drying Box with dimensions of 

0.7 m width, 1.0 m length and 0.6 m height was used. Three 

layers were hydraulically deposited and two rainfall events 

were simulated. No lights were used to simulate sunlight, 

rather fans were used to simulate wind.  

150 Canadian 

oils sands 

tailings 

Mass of the Drying Box, mass 

of water draining from the box, 

suctions and volumetric 

moisture contents at several 

locations in the box. 

Rozina et 

al. (2015) 
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2.5 GEOSTATIC STRESS RATIO 

A key objective of this research is to measure the in-situ stress state in a tailings dam. The true in-

situ stress state has six components: three normal stresses and three shear stresses (e.g. Parry, 

2004). For engineering purposes, it is often useful to consider two-dimensional simplifications of 

three-dimensional problems. One such approach is a plane-strain model, where it is assumed that 

the structure being modelled is infinitely long in the axial direction, such that strain in the axial 

direction is zero. Plane-strain conditions are commonly assumed for long embankments with a 

consistent cross section. Under these conditions, the in-situ stress state can be represented by a 

much simpler stress ratio. 

 

One such method to describe the stress state of a soil is the geostatic stress ratio (ὑ). ὑ is defined 

as the ratio between the horizontal and vertical effective stress as shown in Equation (4) (Shuttle 

et al., 2021). The use of ὑ allows the magnitude of anisotropy to be quantified which will be shown 

to be quite useful in characterising the stress state of a soil. 

 

ὑ
„ᴂ

„ᴂ
 

(4) 

Where: 

ὑ = Geostatic stress ratio 

„ = Horizontal effective stress (kPa) 

„ = Vertical effective stress (kPa) 

 

At this stage it is important to distinguish between the types of earth pressures. In addition to the 

at-rest earth pressure coefficient (ὑ), there exists the active earth pressure coefficient (ὑ ) and 

the passive earth pressure coefficient (ὑ ). The difference between these earth pressures lies in 

the movement of the soil body required to mobilise these pressures. Active pressures involve 

expansion of the soil while passive pressures involve compression of the soil. At-rest pressures 

involve no change in lateral geometry of the soil. Significant work has been done in the areas of 

active and passive earth pressures (e.g. Rankine, 1856). This study is focused on the at-rest 

pressures. 

 

In a large structure such as a tailings dam, the conditions of zero lateral strain seem appropriate. 

Therefore, it is assumed that factors that influence the at-rest pressure ratio (ὑ), will also influence 

the stress ratios in the field. 
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2.5.1 Importance of K0 

As the geostatic stress ratio describes the current stress state (which includes the stress history 

required to get to the stress state), it follows that the magnitude of the geostatic stress ratio must 

influence soil behaviour. Figure 2.30 shows the undrained shearing behaviour of three silty tailings 

samples. The results were obtained from numerical simulations using the NorSand constitutive 

model (Jefferies, 1993), and general silty tailings parameters after Been (2016).  

 

Although the purpose of the figure is to illustrate the potential drained stress paths that could 

eventually lead to undrained collapse, the figure is also useful to describe the undrained shearing 

behaviour of soils at different anisotropic stress conditions. For example, Samples A, B and C could 

be distinguished based on different ὑ values. It can be seen that there is a gradual reduction in 

reserve strength after the initiation of undrained shearing from Sample A to Sample C. This occurs 

to such as extent that for Sample C, there is no reserve strength and collapse initiates immediately 

upon undrained shearing. As shown in Section 2.5.6, these anisotropic conditions can also exist 

due to sloping ground conditions, for example near the outer wall of a tailings dam. 

 

 

Figure 2.30: Numerical simulations of silty tailings at various initial stress states (after Jefferies et al., 2019) 

 

In terms of numerical analyses, Reid et al. 2022a) conducted a study to investigate the influence 

of ὑ on the stability of a hypothetical, upstream constructed tailings dam. To initiate failure, the 

phreatic surface was slowly raised within the dam. Failure occurred when the embankment was 

saturated to such a state that the stress path crossed the instability line, a stress path referred to 

as Constant Shear Drained (CSD) (e.g. Sasitharan et al., 1993). It was found that, when failure 

occurred, the horizontal distance of the phreatic surface from the toe varied from 8 m to 23 m as 

ὑ was changed from 0.8 to 0.5. This is a meaningful difference in pore pressure conditions for a 
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reasonably small change in ὑ. 

 

In separate studies, Zheng (2022) and France et al. (2022) also describe how the choice of ὑ 

played a significant role in the outcome of the stability assessment of the tailings dam and water 

retaining embankment under considerations, respectively. Knowledge of the in-situ ὑ value is 

therefore of great interest to geotechnical practitioners involved in designs and safety evaluations 

of tailings dams and water-retaining embankments. 

 

2.5.2 Factors influencing K0 

Although it is known that the fabric and stress history influence the undrained shearing response 

of sandy soils, the influence of these aspects on the ὑ value is perhaps less clear. One particular 

study of interest is that conducted by Obrician (1969) on the influence of density, stress level and 

load history on ὑ for sandy soils. As part of the testing, Obrician (1969) designed an apparatus 

capable of measuring both axial and radial stresses, while at the same time maintain zero radial 

strain (a key requirement to measure true at-rest lateral earth pressures).  

 

In the first set of tests, samples were prepared at a desired initial relative density (Ὀ) and then 

loaded under ὑ-conditions in stages to 1 MPa. At each stage, the horizontal and vertical stresses 

were recorded, and the ὑ value was calculated. In this way, the influence of stress level on the 

calculated ὑ value could be determined. The initial density was then varied and the loading stages 

were repeated. The results from these tests are shown in Figure 2.31. It is clear that for the coarse 

sand, ὑ is influenced by the initial density as well as the current stress level. At the same stress 

level, ὑ was noted to decrease with increasing initial relative density while at the same initial 

density, ὑ was noted to decrease with increasing stress level. Chu & Gan (2004) came to similar 

findings regarding the influence of initial density on the calculated ὑ value noted for medium-loose 

silica sand during ὑ-consolidation. 
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Figure 2.31: Influence of density on K0 (after Obrician, 1969) 

 

In a second series of tests, the influence of stress history was investigated. For these tests, a 

coarse to fine sand was used and unloading stages were also included. Figure 2.32 shows the 

results from the testing on the coarse to fine sand at an initial relative density of 51%. It is clear 

that there is a meaningful influence of stress history on the at-rest earth pressure. It was specifically 

found that the ὑ value increased along the unloading cycles and then decreased along the 

subsequent reloading cycles. At the same vertical stress, the ὑ value obtained for the loading 

cycle was significantly smaller than the ὑ value obtained for the unloading cycle. The influence of 

stress history on the calculated ὑ value was also noted by Fukagawa & Ohta (1988), during a 

series of ὑ-consolidtion tests on medium-dense Toyoura sand. 
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Figure 2.32: Influence of stress history on K0 (after Obrician, 1969) 

 

As discussed by Jefferies & Been (2015), two studies on the influence of cyclic loading on ὑ are 

also of interest. The tests were conducted on clean sands with initial void ratios between 0.5 and 

0.6 (i.e. soils not in an initially loose state). In the first study, a calibrated membrane was used to 

measure the horizontal stress in a cyclic simple shear test (Youd & Craven, 1975). In the second 

study, an oedometer instrumented to measure lateral stress was mounted on a shaking table (Zhu 

& Clark, 1994). Both studies showed a clear increase in ὑ with increasing number of loading 

cycles.  

 

Therefore, based on the experimental results discussed in this section, it can be concluded that for 

sandy soils, ὑ is influenced by the density, stress level and stress history. 

 

2.5.3 Empirical methods to estimate K0 

There are several methods available to estimate ὑ, with perhaps the equation proposed by Jaky 

(1944), as shown in Equation (5), being the most well-known. For a NC soil it was proposed that 

ὑ is simply a function of the critical state friction angle of the soil. 
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Where: 

•ᴂ = Effective friction angle (°) 

 

Although Equation (5) is frequently referenced in literature, the original publication was written in 

Hungarian and several researchers have translated the original text and found discrepancies with 

common interpretations. For instance, Handy (1983) noted that Equation (5) was actually only 

published by Jaky (1948) and that the equation proposed in the Hungarian text in Jaky (1944) 

contained additional terms which were subsequently removed. Additionally, the equation was not 

developed to define the lateral stress ratio under a broad, level, loaded area as is commonly 

assumed. Rather, the equation defined a stress ratio at the centre of a pile of sand whose surfaces 

are inclined at the angle of repose, •Ω (e.g. Mesri & Hayat, 1993; Michalowski, 2005). 

 

Despite the above, Equation (5) continues to be used and seems to provide reasonable results for 

many soil types as noted by Kulhawy & Mayne (1982). There have been several modifications to 

the original relationship to include aspects such overconsolidation ratio, but these are outside the 

scope of this study and are not discussed further. 

 

2.5.4 Laboratory measurement of K0 

Laboratory test methods are generally preferred over field test methods as they can be conducted 

in a controlled environment, typically require less effort and cost less. However, the major limitation 

of laboratory tests is that the in-situ state of the soil needs to be re-created. For tailings, matching 

the field density may be the most difficult aspect. Additionally, the stress history imposed in the 

field is generally not known. These two aspects mean that laboratory-based ὑ tests are fairly 

limited.  

 

In South Africa, Professors Blight and Ofer also developed a simple laboratory apparatus capable 

of measuring lateral earth pressures (e.g. Ofer, 1981; Blight & Ofer, 1984). The device was 

essentially a modified oedometer ring which was instrumented in such a way that the lateral 

stresses imposed by the soil sample on the ring could be measured. Unfortunately, the device 

remained a research tool and testing was mainly conducted on expansive clays. 

 

An alternative approach is to perform a special consolidation phase in a triaxial cell. In this test, 

the loading ram is used in conjunction with the cell pressure controller such that the sample is 

consolidated in small steps while at all times maintaining no change in lateral geometry of the 

sample. This requires the use of a radial calliper and is referred to as ὑ-consolidation. Provided 
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the results from the calliper indicate that there has been minimal change in the diameter of the 

sample, this ratio of lateral and axial stress can be taken as the ὑ value for the sample. This 

process has been successfully performed on many soils by many researchers and is the approach 

used to generate the triaxial test results reviewed in Section 3.2. 

 

At this stage, a key question to consider is whether the measured stress ratio should be scaled 

depending on the stress conditions. For example, should a stress ratio measured in a triaxial test 

(axis-symmetrical stress conditions) be used directly in a numerical analysis where plane-strain 

stress conditions are assumed? As described by Reid et al. (2022a) there are conflicting 

approaches taken in the literature. For example, Wanatowski & Chu (2012) presented experimental 

test results which suggest that the stress ratios should be scaled between the various stress 

conditions. Conversely, it appears that in some cases Morgenstern et al. (2016) considered the 

stress ratios determined from triaxial tests directly in their numerical models. For this study the 

stress ratios determined in the field were compared directly to the response of the soil due to the 

stress ratios imposed in the laboratory. 

2.5.5 Field measurement of K0 

Several methods are available for field measurements of ὑ and a brief overview of some of these 

methods is provided in the following section. A more comprehensive description of these methods 

can be found in Hayat (1992) and Lindgård & Ofstad (2016). 

 

2.5.5.1 Use of Earth Pressure Cells ( EPCs) 

Despite concerns regarding their accuracy (as discussed in Section 2.6.1, several researchers 

have shown how EPCs can be successfully used for long-term field monitoring if designed and 

installed correctly. For example, Rankka (1990) installed push-in, spade-shaped Glötzl, 

diaphragm-type EPCs in a number of glacial clay slopes in Sweden. The lateral earth pressures 

measured with these EPCs showed good correlation with the lateral earth pressures measured 

using a dilatometer and those estimated using numerical techniques. In general, the differences 

between the lateral earth pressures measured using the EPCs and those measured using the 

dilatometer was found to be less than 20 percent, with many regions showing differences of less 

than 10 percent. 

 

In another study, Brackley & Sanders (1992) installed vibrating wire, diaphragm-type EPCs in an 

unsaturated, highly-expansive lacustrine clay deposit. The EPCs were 280 mm in diameter and 

38 mm thick. The study was conducted over a period of three years at the Leeuhof test site in 

South Africa. Over this time it was noted that the horizontal pressures were two to three times 
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larger than the vertical pressures recorded.  

 

During the study, it was found that several of the EPCs stopped working during the monitoring 

period. Upon recovery of the EPCs, it was found that the EPCs were subjected to various degrees 

of corrosion. Therefore, a key learning from this work is that the EPCs should be corrosion resistant 

to ensure effective long-term performance. In terms of drift, zero readings were obtained for the 

EPCs when they arrived from the manufacturer, and again one year later (prior to installation). The 

zero readings were found to be consistent which supports the opinion that vibrating wire sensors 

are resistant to long-term changes in zero readings (e.g. Bordes & Debreuille, 1984). 

 

More recently, Bruggemann & Gosden (2004) instrumented the main earthen embankment of the 

Thika Dam in Nairobi, Kenya. Unfortunately no reliable data were obtained as the cables were 

damaged due to poor waterproofing of the splice kits. After five years, only one of the initial EPCs 

was still functioning. Therefore, an important lesson to incorporate into this study is that 

appropriately robust splice kits are used to ensure the longevity of the monitoring system. 

 

In terms of the use of EPC on mining sites, Rosenzweig et al. (2020) presented results from 

vibrating wire, hydraulic-type EPCs installed in an active overburden dump at a lignite mine in 

Eastern Germany. This is discussed further in Section 2.5.6. 

 

Although the details are limited, Kudla et al. (2022) discussed the monitoring of an old Sedlitz 

mining pit. Eight EPCs were installed at various depths in loosely bedded sands with a fines content 

ranging between 2 and 8%. The same EPCs that were used by Rosenzweig et al. (2020) were 

used for this study. The vertical and horizontal stresses were monitored over a four-year period as 

the water table was gradually raised. Comparable field results were obtained to those observed in 

technical trials conducted at the Technical University of Freiber by the same researchers a few 

years earlier, indicating satisfactory performance of the EPCs. 

 

2.5.5.2 Hydraulic fracturing  

Hydraulic fracturing is a popular field method for estimating the in-situ lateral stress. As proposed 

by Bjerrum & Anderson (1972), the method works on the assumption that when an increase in fluid 

pressure is applied at a point in a soil, fissures develop in the soil in a direction perpendicular to 

the minor principal stress. Once the fissures have developed, the fluid pressure begins to drop. 

This process continues and the fluid pressure at which the fissures close is equal to the in-situ 

pressure acting perpendicular to the fissures. This pressure is assumed to be numerically 

equivalent to the at-rest lateral earth pressure. This method has been successfully implemented in 
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clays by many researchers (e.g. Lefebvre et al., 1991). 

 

As hydraulic fracturing is generally one of the failure modes that is considered when performing 

risk assessments, this test is rarely conducted on tailings dams. This method is most appropriate 

for clays where ὑ is less than 1.0. It is also important to consider the geometry of the piezometer 

used to monitor the pore pressures, as well as to ensure that sufficient time is allowed between 

the installation of the piezometer and the start of the test such that installation disturbances are 

minimised. 

 

2.5.5.3 Flat dilatometer testing  

The flat dilatometer is a push-in device similar to a cone penetrometer. The dilatometer itself 

consists of a stainless steel blade with a thin, flat circular, expandable steel membrane on one side 

(Marchetti, 1980). The dilatometer is pushed into the ground and at selected depths, the membrane 

is inflated by means of a pressurised gas. The pressure and deflection of the membrane are 

recorded as the membrane is inflated. This is typically repeated a few times. Several correlations 

are available to relate these measured parameters to soil properties. However, it is important to 

account for membrane stiffness and seating pressures when interpreting dilatometer data. 

Fortunately, these corrections are included in most standards test methods. 

 

A key advantage of modern dilatometers is that they are designed to fit with standard cone 

penetration rods, so no additional rods or rigs are required. However, despite the numerous 

advantages of the test, flat dilatometer testing in South Africa still remains limited. 

 

2.5.5.4 Self -boring pressuremeter  

The Self-Boring Pressuremeter (SBP) is considered to be the least intrusive method to estimate 

ὑ in the field. However, as with all field tests, this is highly dependent on the skill of the operator. 

It is common to over-bore which causes significant disturbance of the soil and should be avoided. 

 

The most common method of testing using the self-boring pressuremeter is to drill a borehole to 

just above the target test depth. The pressuremeter is then lowered into the hole and pushed ahead 

of the target depth. Jetting fluid is typically pumped around the pressuremeter as it is pushed into 

the soil to minimise disturbance (e.g. Shuttle et al., 2021). Once the pressuremeter is at the target 

depth, the pressuremeter is inflated and the corresponding pressure readings are recorded. 

However, even when performing this test according to the standard test method, there are some 

uncertainties regarding the interpretation. These uncertainties are particularly related to the lift-off 

pressure as well as corrections required for the membrane stiffness. Further details regarding 
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these uncertainties and methods to address them are discussed by Shuttle et al. (2021). 

 

2.5.5.5 Comparison of field measurements  

In the previous sections, four field methods to determine ὑ were described. However, in addition 

to knowing the available field methods, it is important to understand the advantages and limitations 

of each method. This can be done by comparing the results from the various methods at test sites 

were the in-situ soil conditions are known. 

 

Hamouche et al. (1995) conducted such a review, where three in-situ test methods for determining 

the in-situ ὑ values were reviewed: the self-boring pressuremeter, hydraulic fracturing, and the 

flat dilatometer. Three sensitive clay sites in Eastern Canada were considered for the study. 

Excellent correlation was noted between the three methods and the known in-situ ὑ at Sites A 

and B where the Overconsolidation Ratio (OCR) was between 1.1 and 1.4 and 2.4 and 4.7, 

respectively. Poor correlation was noted at Site C where the OCR was between 4.9 and 5.5. 

 

Ideally, a similar comparison on sandy soils would be useful for this study but to the authorôs 

knowledge, no such investigation has been published. 

 

2.5.6 Measurements on site 

Although it is known that the geostatic stress ratio has an influence on the strength and 

compressibility characteristics of a soil, there are surprisingly few published case histories were in-

situ geostatic stress ratio values have been measured, or even proposed for water-retaining 

embankments and tailings dams.  

 

Although not strictly for either of the structures mentioned above, the study by Graham & Jefferies 

(1986) is one of the most well-known studies of in-situ measurements of ὑ. As part of their 

investigation, 16 SBP tests were conducted in loose, hydraulically deposited Erksak sand that 

formed part of the founding structure of the Molikpaq offshore oil platform. Seven of the 16 tests 

were determined to provide reliable results and it was found that the equation proposed by Jaky 

(1944) provided a lower bound of the measured data, with an upper bound of ὑ ρȢσ, and an 

average of ὑ πȢχ. 

 

More recently, this range of values for the same dataset was validated by Ghafghazi & Shuttle 

(2008). In their study the original SBP results were independently analysed using iterative forward 

modelling, a numerical technique described in more detail later in this section. These studies are 
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commonly referenced in geotechnical engineering software packages where ὑ πȢχ is suggested 

as a reasonable value for use for loose or normally consolidated soils if no further information is 

available (e.g. Bentley Systems, 2023b). 

 

Based on the literature available, only five relevant sites were found where attempts were made to 

quantify the geostatic stress ratio. These sites are reviewed in this section. A similar review was 

conducted by Narainsamy & Jacobsz (2023a). 

 

2.5.6.1 Cadia North ern Tailings Storage Facility  

On 9 March 2018, a slump occurred at the NTSF at the Cadia Valley Operations in Australia. No 

loss of containment occurred, and no injuries nor deaths were report. However, this incident was 

considered serious enough that an independent investigation was commissioned (Jefferies et al., 

2019). 

 

The NTSF is a modified centreline gold tailings facility which was approximately 60 m high at the 

time of the failure. As part of the independent investigation, a numerical analysis of the NTSF was 

conducted. The NorSand soil constitutive model was used to model the soil behaviour. NorSand 

is a powerful constitutive soil model based on CSSM principles and has been shown to be highly 

effective in capturing a wide variety of soil behaviour (e.g. Jefferies, 1993; Jefferies & Shuttle, 

2005). 

 

Both two and three-dimensional numerical models were analysed using the finite difference 

software Fast Lagrangian Analysis of Continua (FLAC) (Itasca, 2015). To incorporate the stress 

history imposed on the tailings during the life of the facility, the NTSF was virtually constructed in 

layers in the numerical model. The size and timing of the lifts was determined based on a review 

of available satellite images and construction records. Consolidation was allowed to take place 

between the lifts and the process was validated by comparing the results from the numerical model 

to the site records including topographic surveys, drain flow readings, and piezometer readings. 

 

Based on the interpretation of the CPT data, an initial ὑ value of 0.7 was specified for the tailings 

at deposition. During subsequent deposition and consolidation, this ὑ value changed. By tracking 

individual soil elements within the model, it was possible to observe how this value changed with 

time. This is shown in Figure 2.33. At the time of the failure, the numerical investigation showed 

that the ὑ value in the region where the slump occurred had reduced to a value of approximately 

0.5. It should be noted that the NorSand soil model has been shown to overpredict the ὑ value in 

many cases (e.g. Castonguay & Konrad, 2016). This is likely due to the shape of the yield surface 
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used in the model. These calculated values could therefore likely be greater than those in the field. 

 

Unfortunately, there were no direct field measurements of ὑ at the site to verify this value. 

However, the good correlation of the numerical model with the available site data, suggests that 

the simulated ὑ value is a good estimate. Using a űô of 34° as determined from TXC testing 

conducted by the EoR managing the Cadia NTSF at the time of the failure, a ὑ value of 0.44 was 

estimated using the Jaky (1944) equation.  

 

 

Figure 2.33: Numerical simulations of the evolution of the in-situ stress state at the Cadia NTSF (after 

Jefferies et al., 2019) 

 

2.5.6.2 Feijão Dam B1  

The Feijão tailings dam B1 was introduced in Section 2.2.4 and a detailed discussion was provided 

on the failure that occurred and the outcome of the two independent investigations that followed. 

As with the NTSF investigation, the NorSand soil constitutive model was used for the Feijão 

investigation by Robertson et al. (2019). The same procedure as the NTSF investigation was also 

followed. There was, however, a key difference. Since there was video footage available of the 

Feijão failure, it was possible to identify the shape and position of the true three-dimensional failure 

surface in the numerical models.  

 

For the investigation, a similar approach to that followed by Olson (2001) was taken. Based on the 

speed of the failure, and the fact that the stability analyses conducted using drained shear strengths 

showed FoS values in excess of 1.5 (TÜV-SÜD, 2018), it was assumed that undrained shear 

strengths were mobilised during the failure. It was specifically assumed that yield undrained shear 
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strengths were mobilised and that, at the moment of failure, a limit equilibrium analysis performed 

along the failure surface would result in a FoS of 1.0. Therefore, the yield undrained shear strength 

mobilised at the base of each slice was varied iteratively until a FoS of 1.0 was achieved. 

 

This strength was normalised by the vertical effective stress acting at the base of each slice to 

obtain a yield undrained shear strength ratio ί „ᴂϳ . Since a three-dimensional stress state 

existed in the model, it was also possible to normalise the yield undrained shear strength by the 

mean effective stress to obtain a yield undrained shear strength ratio ί ὴᴂϳ . By comparing 

these strength ratios, an average ὑ value was determined along the slip surface in the numerical 

model at the time of the failure. The value was determined to be 0.45. A limitation to this approach 

is the assumption that an equal yield undrained shear strength ratio was mobilised along the entire 

slip surface at the initiation of failure. This is perhaps an unlikely assumption but is inherent to the 

method used. However, the calculated strength ratio is still useful for comparative purposes. 

 

The second investigation, by CIMNE (2021), used the same field test results as Robertson et al. 

(2019). However, a new sampling and laboratory testing plan was implemented. For the CIMNE 

(2021) investigation, the Clay and Sand Model (CASM) was used. Like NorSand, the CASM is also 

a critical sate model (Yu, 1998). The model was extended to include a visco-elastic component so 

that creep, which was identified as one of the causes of the failure by Robertson et al. (2019), 

could be appropriately modelled. 

 

Unfortunately, not much information is provided in the report regarding how ὑ was determined as 

part of the investigation. However, it is made clear in the report that a ὑ value of 0.5 was used for 

the tailings material at the time of the failure. No direct field measurements of ὑ were made in 

either of the investigations. Using a •ᴂ of 34° as determined by TXC testing for both investigations, 

a ὑ value of 0.44 was estimated using the Jaky (1944) equation. 

 

2.5.6.3 Lusatian lignite overburden dumps  

Prior to 1990, approximately 40 open-cast lignite mining operations were active in Eastern 

Germany. As part of the mining process, overburden material was removed and dumped using 

conveyor belts in previously mined areas. The dumps were created with loosely bedded sands with 

a fines content ranging between 2 and 8%. Over time, many of these mines were closed. After 

closure, dewatering was stopped, which resulted the local ground water rising by between 30 m 

and 50 m, thereby saturating the loosely dumped sands. This has resulted in over 100 liquefaction 

events being reported between 2006 and 2019 (Rosenzweig et al., 2020). By 2022, this number 

had risen to 125 (Kudla et al., 2022). This is a concern, and several research activities were 
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commissioned to further investigate these incidents. 

 

In one study, Rosenzweig et al. (2020) installed over 60 sensors at 16 installation locations on an 

active overburden dump in Lusatia. The intent of the instrumentation was to measure the in-situ 

stress state in the overburden material and monitor how this stress state changed during and after 

deposition. Figure 2.34(a) shows a photograph of the dump a few months after the installation 

when the sensors had been covered by routine conveyor deposition operations. The location of 

the 16 installations can be seen and the direction of the dump development is also highlighted for 

reference. To measure earth pressures, hydraulic-type vibrating wire EPCs were installed at 

various orientations. These EPCs, measuring 250 mm by 150 mm, were installed by hand at a 

depth of 0.5 m below surface. Figure 2.34(b) shows a photograph of the installation of the various 

EPCs at installation location 4a. Since the material was placed in a dry state, the pore pressures 

were assumed to be zero. 

 

The sensors were monitoring over 15 months during which between 7 and 27 m of overburden 

was placed over the various installations. From 21 EPC pairs, ὑ values ranging between 0.28 and 

0.71, with an average of 0.5, were determined. Excellent correlation was noted between the 

measured vertical stress and the estimated stress from the overburden height. At seven stations, 

this difference was found to be less than 10%. As an additional check, a numerical model of the 

dumping process was conducted, and comparable results were obtained between the measured 

stresses and the stress estimated from the numerical model. Using the Jaky (1944) equation, and 

a űô of 30° as determined by TXC testing, a ὑ value of 0.50 was determined. 
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Figure 2.34: Photographs of the Lusatian overburden dumps showing: (a) the location of the monitoring 

stations, and (b) sensor installation at location 4a (after Rosenzweig et al., 2020) 

 

2.5.6.4 Muskeg River Mine External Tailings Facility  

The Muskeg River Mine (MRM) is an oil sands mine located in Alberta, Canada. The MRM has an 

External Tailings Facility (ETF) where the oil sands tailings are deposited. The ETF is an upstream 

constructed, ring-dyke facility and two distinct deposition methods are used. The tailings in the 

dykeôs outer shell are deposited in wide layers and are compacted with either D7 or D8 bulldozers 

while the tailings inside these shells are hydraulically deposited (Shuttle et al., 2021). This is an 

interesting example as no failure event preceded the investigation. Rather, the investigation was 

conducted as part of routine operations. Additionally, this was the only case study where a field 

test was conducted to directly measure ὑ. 

 

Fourteen pressuremeter tests were conducted at two locations resulting in a total of 28 tests. 

Although the pressuremeter is considered the best tool for estimating lateral stress, there are some 

uncertainties in the interpretation of the results. These specifically relate to the ñlift-offò pressure 

applied at the start of the test and the membrane stiffness. To deal with these uncertainties, a 

numerical analysis was conducted to improve the interpretation of the test results. A spreadsheet-

based, iterative forward-modelling approach was used. In particular, cylindrical cavity expansion 
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theory was implemented, with the Non-Associated Mohr-Coulomb failure model selected as the 

soil material model. Additional details regarding this process are provided in Shuttle et al. (2021). 

 

Several deposition strategies are employed at the MRM ETF and this results in soils in different 

locations within the dam having different geological histories. These influences include compaction 

efforts immediately after deposition, as well as the loading induced by the seasonal freeze-thaw 

cycles. This geological history was considered during interpretation of the results. 

 

Figure 2.35 shows the results from the pressuremeter tests at the MRM ETF. The horizontal 

effective stress determined from the pressuremeter tests and numerical modelling is shown on the 

horizontal axes, while the vertical effective stress estimated from the sample depth and overlying 

material density is shown on the vertical axis. Figure 2.35(a) shows a trendline corresponding to a 

geostatic stress ratio of 0.6 fitted through the measured data. A solid line is shown to correspond 

with the soil in a normally consolidated state while a dotted line is shown to correspond with the 

soil in an overconsolidated state. These soils are described as soils with a geological history. An 

initial offset of 60 kPa is applied to the dashed line and this value is associated with the bearing 

pressure of the plant used as part of the compaction process. 

 

Interestingly, an alternate view was also presented. For the alternate view, the geologic history 

was ignored and a single ὑ value of 1.0 was assigned for the entire profile. This is shown in 

Figure 2.35(b). Using a űô of 32° as determined by TXC testing, a ὑ value of 0.47 was determined 

using the Jaky (1944) equation. 
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Figure 2.35: Lateral stress measurements at Muskeg River Mine: (a) considering geological history, and (b) 

an alternate view (after Shuttle et al., 2021) 

 

2.5.6.5 Edenville Dam  

As discussed in Section 2.2.4, the Edenville Dam failed in 2020. As part of the failure investigation, 

the IFT performed a numerical analysis of the embankment. As static liquefaction was deemed to 

have occurred, a trigger event to mobilise undrained shear strengths was required. Although no 

specific trigger was mentioned, a number of plausible triggers were listed, including a gradual rise 

in the water table, which did occur in the hours leading up to the failure. 

 

Based on a review of the field data, a numerical model of the Edenville left embankment was 

created. A Finite Element Analysis (FEA) was conducted to simulate the loading conditions 

applicable to the embankment during its operational life. Based on the results from the FEA, a 

representative ὑ value of 0.6 was determined for the material. Unfortunately, little information was 

provided regarding the numerical modelling, so it is unclear what soil constitutive model was used. 
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Figure 2.36 shows the stress state at the base of each slice along the critical slip surface identified 

as part of the stability analyses conducted. Also shown on the figure is the drained failure envelope 

and two Instability Locus (IL) lines, representing the estimated range of the ILs for the loose sands 

present at the left embankment at Edenville. These ILs represent effective friction angles of 18° 

and 22°, respectively.  

 

The stress state was based on the results from the FEA conducted. It can be seen that the stress 

state for the slice at the toe lies above the drained failure envelope, while the stress state for the 

slice at the crest lies below the IL defined with an effective friction angle of 18°. As explained by 

France et al. (2022), the fact that some stress states at the toe exist in states above the drained 

failure envelope is not a violation of fundamental soil mechanics principles. It simply means that 

the excess stress would have been shed to adjacent elements once the slip surface started 

mobilised (i.e. stress redistribution). The majority of the stress states for the slices between the toe 

and crest lie between the ILs defined with equivalent friction angles of 18° and 22°, indicating that 

the embankment was on the verge of instability if undrained conditions were to be mobilised. 

 

Using the Jaky (1944) equation, and a űô of 31° as determined by direct shear box testing, a ὑ 

value of 0.48 was determined. 

 

 

Figure 2.36: Stress state along the critical slip surface (after France et al., 2022) 

 

2.5.6.6 Summary  

A summary of ὑ estimates from literature is provided in Table 2.6. Three points are of interest. 
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The first point is that, with the exception of the alternate view for the MRM oil sands tailings where 

a ὑ value of 1.0 was proposed, all the other sites showed that the materials in the structural zone 

were not in an isotropic stress state. Rather, the estimated ὑ values ranged from 0.45 to 0.60. 

 

The second point is that good corelation was noted between the ὑ value estimated as part of the 

investigations and the ὑ value estimated using the Jaky (1944) equation for the gold and iron ore 

tailings. However, for these cases, no attempts were made to directly estimate ὑ so it is unclear 

how accurate the estimates are. In the case of the Lusatian overburden dumps where EPCs were 

installed, a wide range of ὑ values were obtained. However, the average ὑ  value of 0.5 was 

identical to the value determined using the Jaky (1944) equation. 

 

The third point of interest is that for the MRM site where direct measurements were attempted 

using the self-boring pressuremeter, a poor correlation was found between the estimated ὑ value 

and the ὑ values determined using the Jaky (1944) equation. Poor correlation was also noted for 

the Edenville water dam, however, there is more uncertainty regarding both the material present 

in the embankment at the time of the failure, as well as the method used to estimate the ὑ value. 

 

Therefore, although there is some evidence that the use of the Jaky (1944) equation to estimate 

ὑ may be appropriate for tailings dams, care should be taken when using these methods. This is 

especially true in cases where no direct field measurements are attempted. 
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Table 2.6: Summary of K0 estimates from literature 

Site Material Estimated 

in-situ ╚   

╚  after 

Jaky (1944) 

Estimation 

method 

Reference 

Cadia 

NTSF 

Gold tailings 0.50 0.44 Numerical 

back-analysis 

of the failure. 

Jefferies et 

al. (2019) 

Feijão 

Dam B1 

Iron ore tailings 0.45 0.44 Numerical 

back-analysis 

of the failure. 

Robertson 

et al. (2019) 

Feijão 

Dam B1 

Iron ore tailings 0.50 0.44 Numerical 

back-analysis 

of the failure. 

CIMNE 

(2021) 

Lusatian 

overburden 

dumps 

Loosely bedded 

sands with a fines 

content between 2 

and 8%. 

0.50 0.50 Response 

from EPCs 

installed within 

the soil. 

Rosenzweig 

et al. (2020) 

Muskeg 

River Mine 

ETF 

Oil sands tailings 0.60 

considering 

geological 

history or 

1.0 

0.47 Self-boring 

pressuremeter 

tests. 

Shuttle et 

al. (2021) 

Edenville 

water dam 

Zoned earth 

embankment with 

clean sand on the 

downstream slope 

and clay on the 

upstream slope. 

0.60 0.48 Numerical 

back-analysis 

of the failure. 

France et 

al. (2022) 

.
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2.6 SENSORS FOR GEOTECHNICAL APPLICATIONS  

It is well known that any design or safety evaluation is only as good as the input parameters used. 

Therefore, it is of great importance to select appropriate sensors to accurately and reliably measure 

the soil parameters of interest. In this section, several sensors are described that are used in the 

subsequent chapters to measure various soil parameters. For each sensor, a brief description of 

the working principle is provided, as well as key advantages and limitations.  

2.6.1 Earth Pressure Cells 

The first sensor that will be discussed is the Earth Pressure Cell (EPC). The purpose of an EPC is 

to measure the total normal stress at a certain point in a soil mass. There is significant scepticism 

within the geotechnical fraternity regarding the performance of EPC. For example, Hadala (1967) 

and Brown (1977) both noted that accuracies better than 20 percent cannot be expected from 

EPCs. Dunnicliff & Green (1988), some 10 years later had a similar opinion and noted that 

measurements with embedment earth pressure cells can rarely be made with high accuracy. This 

section attempts to address this concern by first describing the theoretical factors that influence 

the performance of earth pressure cells. A discussion is then provided in Section 4.3.2 on reasons 

why stress cells could be used effectively for this study. 

 

2.6.1.1 Types of Earth Pressure Cells  

There are two types of EPCs: diaphragm cells and hydraulic cells (Dunnicliff & Green, 1988). For 

diaphragm-type cells, the external earth pressure is sensed by a deformable, stiff, membrane 

which is typically supported by an integral stiff, edge ring. A deformation transducer is bounded on 

the interior face. For hydraulic-type cells, the cell typically consists of two circular steel plates, 

welded together along the outer edge. A liquid with high compressibility characteristics is placed 

within the void between the two plates and is hydraulically connected to a nearby transducer. The 

earth pressure is sensed by the fluid within the cell.  

 

In addition to the two types of EPCs, there are two categories of EPCs: contact pressure cells and 

embedment pressure cells. Contact pressure cells are used when the pressures at the face of a 

structural element are of interest and embedment pressure cells are used when the stress within 

a soil mass is of interest. For this study, the hydraulic-type, embedment EPCs are of interest. 

 

Modern pressure transducers use vibrating wire sensors. The operating principle of a vibrating wire 

sensor is that, like a piano string, the frequency of vibration of a length of tensioned wire will vary 

depending on the tension in the wire. Such a wire can therefore be used as a strain gauge. This is 
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done by plucking the wire, measuring the frequency of the plucked wire, and relating the change 

in frequency to strain. Vibrating wire sensors therefore provide frequency readings every time the 

wire is plucked. In modern sensors, the wire is plucked magnetically by an electrical coil near the 

wire at its midpoint (Dunnicliff & Green, 1988).  

 

In combination with the readings provided from a thermistor, the change in pressure being applied 

on the EPC can be determined. Calibration curves are typically either linear or polynomial. For 

most applications, the linear calibration curves are sufficient. An example of a linear calibration is 

shown in Equation (6). 

 

Ўὖ ὯὪ Ὢ ὝὝ Ὕ  (6) 

Where: 

Ўὖ = Pressure variation (kPa) 

Ὧ = Linear calibration factor (kPa/Hz2) 

Ὕ = Thermal calibration factor (kPa/°C) 

Ὢ = Current pressure cell reading (Hz) 

Ὢ = Initial pressure cell reading (Hz) 

Ὕ = Current temperature (°C) 

Ὕ = Initial temperature (°C) 

 

2.6.1.2 Factors affecting the performance of Earth Pressure Cells  

Many factors influence the performance of EPCs and there has been significant research into this 

aspect. Perhaps the most rigorous investigation was that performed by Weiler & Kulhawy (1982). 

In their study, a literature review was combined with the results from the authorsô recent 

experimental research. Fifteen factors that affect the performance of EPCs were identified. These 

factors were split into three categories and recommendations were provided for each factor, as 

discussed below and summarised in Table 2.7. 

 

2.6.1.2.1 Stress cell properties and geometry 

1. Aspect ratio (╣╓ϳ ) ï This term describes the ratio of the thickness (Ὕ) to the diameter of 

the stress cell (Ὀ). It was proposed that EPCs with a small aspect ratio will produce the 

least disruptions of a uniaxial stress field. This was experimentally investigated by the 

Waterways Experiment Station (WES) in 1945 (Taylor, 1945), who recommended that a 

(ὝὈϳ ) ratio smaller than ρȾυ be used to minimise the error caused by cell thickness. Weiler 

& Kulhawy (1982) re-affirmed this design value. Dunnicliff & Green (1988), however, 
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recommend an even stricter (ὝὈϳ ) ratio of less than 1/10. Unfortunately, limited evidence 

was provided showing whether this improvement is necessary for engineering purposes. 

2. Soil-cell stiffness ratio (╢) ï This term describes the ratio of the stiffness of the 

surrounding soil to the stiffness of the pressure cell. It is known that a pressure cell stiffer 

than the soil will result in the cell measuring more stress than is present in the soil (i.e. over-

registration), while a pressure cell that is less stiff than the surrounding soil will result in the 

cell measuring less stress than is present in the soil (i.e. under-registration) (e.g. 

Benkelman & Lancaster, 1940). This phenomenon has been investigated theoretically (e.g. 

Monfore, 1950; Tory & Sparrow, 1967) and experimentally (e.g. Peattie & Sparrow, 1954; 

Selig, 1964) and it was found that provided the cell is stiffer than the soil, the measurement 

errors remain negligible. Weiler & Kulhawy (1982) recommended that for diaphragm cells, 

a soil-cell stiffness ratio (Ὓ) less than 0.5 should be used to minimise this error. 

3. Diaphragm Deflection and Arching (▀Ўϳ ) ï This term describes the ratio of the active 

face diameter (Ὠ) to the deflection (Ў). As described by Weiler & Kulhawy (1982), the term 

arching in this context refers to the ability of a soil to support itself when an external support 

is removed. To measure the normal soil stress acting on the cell, there is some deformation 

of the pressure cell, and this deformation can cause some form of arching. Therefore, this 

factor needs to be considered for pressure cells. This aspect was investigated by the WES 

in 1944 (WES, 1944) and it was recommended that the cell diaphragm diameter to 

deflection ratio (ὨЎϳ ) be greater than 2000 to minimise this error. 

4. Stress Distribution on Stress Cell Face (Stress Concentrations) ï This term refers to 

the distribution of applied load to the face of the stress cell. Based on the numerical 

analyses conducted by Monfore (1950), it was noted that stress concentrations tended to 

develop near the edges of the pressure cell. To reduce this effect, it was recommended 

that the active area of the face be reduced by the introduction of a stiff annular ring around 

the cell. Monfore (1950) initially proposed that the area of the sensitive face be reduced to 

45% of the total area (Ὠ Ὀ πȢτυϳ ). Subsequent experimental work by Peattie & Sparrow 

(1954) showed that this should be ratio should be reduced to 25% for more consistent 

results (i.e. Ὠ Ὀϳ πȢςυ) however it was noted that these requirements may not be 

applicable for cells with a diameter greater than 75 mm, which was the largest cells that 

could be tested as part of their research. 

5. Stress Distribution on Stress Cell Face (Eccentric, Non-uniform and Point Loads) ï 

It is important that the soil provides a uniform load to the pressure cell and not a series of 

point loads, which could occur when the size of the soil grains is large, compared to the 

diameter of the pressure cell. This is particularly important when miniature pressure cells 

are used. To investigate this, Weiler & Kulhawy (1978) conducted a numerical analyses 

where the response from a pressure cell was compared for two loading scenarios: a series 
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to point loads, and a uniform load. It was found that at a certain active cell diameter to grain 

size ratio, the two loading scenarios produced the same results meaning that there is no 

longer an influence of particle size on the response of the pressure cell. Therefore, for 

diaphragm cells, Weiler & Kulhawy (1978) proposed that an active cell diameter to soil grain 

size ratio (ὨὈϳ ) greater than 50 be used. 

6. Lateral Stress Rotation ï This term describes how the inclusion of a foreign object (such 

as a pressure cell) influences the free field stresses. The term specifically refers to how part 

of the free field lateral stress in the soil is disrupted and begins to act normal to the object. 

This component needs to be removed from the measured stress in order to quantify the 

true normal stress in the soil. For a rigid ellipsoidal inclusion, Askegaard (1963) noted that 

fraction of lateral stress acting normal to the cell is influenced by both the cell aspect ratio 

and the Poissonôs ratio of the soil and proposed a method to remove this influence. 

However, a key input for this method is the true lateral stress in the soil which is not usually 

known. 

7. Lateral Stress Cross-Sensitivity ï This term in relation to the performance of EPC was 

defined by Brown & Pell (1967). Pressure cells are usually installed in a three-dimensional 

stress field and the influence of the stresses acting parallel to the diaphragm need to be 

considered. The term ñlateral stress cross-sensitivityò therefore refers to the result of direct, 

non-uniform, in-plane (lateral) compression of strain-gauged diaphragm stress cells. As the 

strain gauges are used to measure radial and tangential bending strains rather than directly 

measuring vertical diaphragm deflection, the strain gauges are particularly sensitive to 

these in-plane stresses. As noted by Brown (1977), this factor is of particular importance 

when measuring radial strain in an axis-symmetrical stress field because the lateral stress 

on the cell is then non-uniform. For linear strain gauges, the problem is solved by 

rearranging the strain gauges so that the Wheatstone bridge does not measure in-plane 

stresses. 

 

2.6.1.2.2 Properties of the soil in which the cell is placed 

8. Stress-Strain Behaviour of the Soil Under Calibration Conditions ï This refers to the 

stress boundary conditions applied to the soil during calibration. This aspect is of particular 

importance if either the calibration or field conditions correspond to ὑ conditions. This is 

due to the fact that it has been noted that there is a lateral stress build-up that occurs during 

cyclic ὑ loading (e.g. Dunn & Billam, 1966). This lateral stress build-up presents itself as 

hysteresis and needs to be considered. 

9. Placement Effects ï This refers to the strategy of installing the pressure cells into the soil. 

This phenomenon was initially described by Taylor (1945) where it was referred to as 
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ñpocket actionò. Essentially the principle is that if the soil surrounding the pressure cell is at 

a different density to the rest of the soil in which the free stress field is to the measured, 

then the measured pressure will not be the true soil pressure. Taylor (1945) described how 

a pocket of soil that is more compact than the surrounding soil will attract stress and cause 

the cell to over-register, regardless of the design and construction of the cell. Similarly, a 

pocket of soil that is less compact than the surrounding soil will under-register. It was noted 

that the error induced was between 10 and 20%. This was further investigated by Hadala 

(1967) who conducted a series of calibration chamber experiments. For sands, it was found 

that the simplest placement techniques were the most reproducible and resulted in the least 

scatter in the results. The method recommended for use was to place the cell gently on top 

of the last lift placed and then to continue backfilling as if the cell was not present. A different 

methodology was proposed for clays. 

 

2.6.1.2.3 Environmental conditions 

10. Dynamic Stress Application ï This factor refers to the ability the pressure cell to capture 

rapid changes in applied stress, specifically in the case of dynamic loading. It is known that 

the cell and the soil will have different time-dependent responses to an applied stress. For 

fine-grained soils, there can be a long response time. In comparison, the response time of 

the cell is typically much quicker. However, this depends on the sensor being used. 

Resistance strain gauges and semiconductor strain gauged typically have response times 

of microseconds while vibrating wire strain gauges typically have longer response time and 

are generally not suitable for cases where dynamic loading is expected. Selig (1964) also 

found that if the mass of the cell is greater than the mass of the soil it replaces, additional 

inertia forces will be created by the cell during dynamic loading that need to be considered. 

In cases where high frequency loadings are expected, the resonant frequency of the cell 

should be three to five times the maximum frequency of the expected loading (e.g. 

Triandafilidis, 1974). 

11. Placement Conditions ï This factor specifically refers to the compaction of fills within 

which pressure cells are installed. Once the pressure cell has been installed, it is important 

to ensure that the stresses induced by the compaction process are not greater than the 

capacity of the cells. When selecting a pressure cell, the capacity of the cell must be 

sufficient to withstand the stresses induced during compaction (including the mass of any 

construction plant that may drive in the vicinity of the pressure cell), but must still be 

sensitive enough to measure the desired soil stresses. 

12. Corrosion and Moisture ï Pressure cells are usually installed in harsh working 

environments where there is access to water and oxygen which provide conditions 
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conducive to corrosion and moisture ingress. Weiler & Kulhawy (1982) noted that a key 

aspect relating to corrosion resistance of a pressure cell lies in the choice of construction 

material. Due to its low density, aluminium is a popular choice, but it is known to be 

susceptible to corrosion. Stainless steel and titanium were proposed as viable alternatives. 

Some disadvantages of stainless steel include its increased density. However, although 

titanium is lighter, it is more expensive. Therefore, the final decision should be based on 

the site-specific conditions. 

13. Temperature ï Although it was known that changes in temperature influence the 

performance of EPCs, not much emphasis was placed on this factor in the early days of 

EPC development. At the time, Weiler & Kulhawy (1982) noted that errors as high as 

23 kPa/°C as a result of temperature changes had been reported by some researchers (e.g. 

Selig & Tobin, 1967; Williams & Brown, 1971). Since then, there has been a more targeted 

approach to investigate this aspect. 

Dunnicliff (1997) noted that although thermal correction factors are provided by most 

manufacturers, these correction factors are for the transducer itself, and not for the entire 

cell assembly. Therefore, there could be temperature effects on the entire cell assembly 

which are not captured with the thermal correction factor provided in the datasheets. 

Dunnicliff (1997) noted that no correction methods had been widely proposed or accepted 

at the time and it was suggested that this could have been due to the fact that any correction 

would need to incorporate the extent of restraint provided to the pressure cell by its 

surroundings. This is difficult to do in the laboratory, as the extent of restraint would be 

different for different applications.  

Felio & Bauer (1986) may have been the first researchers to present experimental evidence 

on the influence of temperature on the performance of EPCs. As part of their research, 

several laboratory tests were conducted on the SOLINST pneumatic EPCs. These EPCs 

were 100 mm in diameter and were 5.4 mm in thickness. The EPCs were diaphragm type 

cells, with the cavity between the two flexible discs filled with pressurised oil. The pressure 

of the oil prior to any external loading was termed the prestress pressure.  

The EPCs were immersed in a water bath, where the temperature was varied from -4°C to 

45°C. The EPCs were first calibrated under ñno loadò conditions and then under hydrostatic 

conditions to various applied stresses. The calibration factors obtained from the hydrostatic 

calibration were compared to the calibration factors provided by the manufacturer who 

performed the calibration at room temperature where the cell was placed between two air 

bags which were pressurised. It was found that the calibration coefficients remained the 

same, but the intercept (prestress pressure) changed at the various temperatures.  

A few years later, Symons & Murray (1988) presented results of long-term monitoring of 

EPCs installed behind a retaining wall in Surrey. In addition to the EPCs that were installed 
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against the abutment (contact cells), a number of EPCs were installed in the soil behind 

the abutment at various depths and orientations (embedment cells). The locations of the 

EPCs are shown in Figure 2.37.  

 

 

Figure 2.37: Cross-section of the bridge abutment at Guildford (after Symons & Murray, 1988) 

 

Limited information was provided regarding the type of EPCs that were used. Data were 

collected for five years after completion of the structure and significant seasonal variations 

in measured pressures were noted. This was noted in both the EPCs measuring lateral and 

vertical earth pressures and is shown in Figure 2.38. Although only results from the contact 

EPCs were presented, similar trends were noted for the embedment EPCs.  
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Figure 2.38: Influence of temperature on the interpreted: (a) lateral stresses and, (b) vertical stresses 

at Guildford (after Symons & Murray, 1988) 

 

In 2000, Sellers (2000) conducted a numerical analysis of an EPC to determine a theoretical 

correction that would need to be applied to the measured stress in the cell due to 

temperature effects. A hypothetical circular cell was considered and the effect of an 

increase in temperature of 1°C was postulated. The analysis considered both a contact 

EPC and an embedment EPC. The increase in temperature would cause an expansion of 

the liquid within the cell which would be resisted by the confinement provided by the 

surrounding medium (soil in the case of the embedment cell, and concrete in the case of 

the contact cell). This tendency for expansion due to an increase in temperature and 

resistance in volume change due to the confinement would cause a pressure rise in the 
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liquid. Two equations to estimate this pressure rise were derived for the cell assembly: one 

for contact cell, and one for embedment cells. These equations only required the geometric 

and stiffness properties of the soil and the EPC. Although this was a useful step forward, 

subsequent investigation found that the proposed equations tended to under-estimate the 

influence of temperature when compared to long-term field data. It was suspected that this 

under-estimate was due to the simplistic assumptions made during the development of the 

equations.  

At the same time, Yang (2000) presented results from long-term field monitoring of EPCs 

installed on a concrete box culvert. Hydraulic-type, vibrating wire pressure cells (Geokon 

4810) with a capacity of 345 kPa were used. The contact pressure cells, 230 mm in 

diameter and 6 mm thick, were installed on the culvert which was then backfilled by a 

11.7 m high embankment of clayey weathered shale. A cross-section of the box culvert is 

shown in Figure 2.39. As the inside of the culvert was exposed to the air temperature, these 

EPCs were subject to large changes in ambient temperature. After completion of the 

embankment, more than three years of data were recorded.  

 

 

Figure 2.39: Cross-section through the box culvert at Site 1 (after Yang, 2000) 

 

Upon review of the data, seasonal variations in measured earth pressure as shown in 

Figure 2.40 became apparent. Specific attention was given to the EPCs placed on top of 
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the culvert. The recorded variations in earth pressure were in the order of 100 kPa 

(approximately 30% of the mean measured pressure over the period). A comparison 

between the interpreted pressures in Figure 2.40(a) and temperatures in Figure 2.40(b) 

show a clear correlation between the two readings. Note that this interpreted stress includes 

the thermal correction recommended by the manufacturer. 

 

 

Figure 2.40: Results from the EPCs at Site 1 showing: (a) interpreted vertical stresses and, (b) 

seasonal temperature variations (after Yang, 2000) 

 

To address this, Yang (2000) carefully worked through a list of factors that could influence 

these readings. These included: a reduction in compaction-induced stresses, structural 

movement, changes in moisture in the soil leading to true stress changes in potentially 

expansive soils, changes in moisture at the concrete interface leading to a slight expansion 

of concrete around the pressure cell, and thermal effects. Ultimately, it was concluded that 

it must be a thermal influence that was affecting the interpreted stresses. 

In an attempt to correct the data, the equations proposed by Sellers (2000) were used. For 

a change in temperature of 13°C, a pressure correction of 7.6 kPa was determined. This is 

very different to the changes of 100 kPa that were recorded on site. Therefore, an 

0

100

200

300

400

500

08-May-96 08-May-97 08-May-98 08-May-99 08-May-00

V
e
rt

ic
a
l 
to

ta
l 
s
tr

e
s
s
 (

k
P

a
)

4A 5A 6A

(a)

0

10

20

30

08-May-96 08-May-97 08-May-98 08-May-99 08-May-00

T
e
m

p
e
ra

tu
re

 (
ÁC

) Average temperature from internal thermistors(b)



 

2-98 

 

alternative approach, based on the assumption that the true vertical total stress remained 

constant for the period after the embankment construction, was tried. The calculated 

empirical correction coefficient for this method varied between 5.62 kPa/°C and 

6.99 kPa/°C for the EPCs. The corrected stresses showed much smaller seasonal 

variations and were deemed to be more representative of the true stresses in the soil.  

By now, it was quite apparent that EPCs were susceptible to thermal influences. However, 

correction methods were limited to theoretical and empirical solutions, both of which were 

not satisfactory. This was identified by Daigle & Zhao (2004) who conducted a 

comprehensive laboratory investigation. In their study, hydraulic-type, vibrating wire EPCs 

were tested and cells with two specific diameters were used: 76 mm and 228 mm. The 

76 mm diameter cells have an aspect ratio of 0.13 and fall into the category of ñpoor designò 

with a ratio greater than 0.1 as described by Dunnicliff & Green (1988). Optimal 

performance perhaps therefore cannot reasonably be expected from these sensors. The 

228 mm diameter cells had an aspect ratio of 0.04 which meets the design criteria. 

Unloaded and loaded tests were conducted at various steady state temperatures. The term 

ñapparent pressureò was used to describe the variation in frequency readings caused only 

by temperature changes while loading conditions remained constant. A calibration chamber 

was used to test the cells under pressure. The chamber was filled with dry Ottawa sand 

and the cell was positioned in the centre of the chamber at mid-height. The pressure 

chamber was placed in an environmental chamber where the temperature was carefully 

controlled.  

Typical results from the tests on the 76 mm diameter cell are shown in Figure 2.41. It can 

be seen that there is an influence of temperature for all the cases, and that the influence 

increases as the applied stress level increases. In each case, the reference pressure was 

taken at room temperature (22°C). The apparent pressures are also shown in terms of 

percentage of Full Scale Output (FSO). As summarised in Table 2.8, the observed thermal 

effects on the 228 mm diameter cell were lower than those observed for the 76 mm 

diameter cell. 
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Figure 2.41: Results from the thermal calibration of pressure cell 1 (after Daigle & Zhao, 2004) 

 

In summary, it was found that in cases where there are large variations in temperature, the 

temperature calibration factors provided on the manufacturerôs calibration sheets can 

underestimate the thermal influence on the EPCs. It was also found that the magnitude of 

pressure applied to the cell influences these thermal effects  

Corrections for thermal influences in the field are complex and there does not appear to be 

an accepted method for accounting for these influences. Perhaps the most reasonable 

approach is that suggested by Yang (2000). However, this method is only applicable in 

areas where soil stresses are assumed to be constant. 
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Table 2.7: Summary of factors influencing EPC performance (after Weiler & Kulhawy, 1982) 

 Factor Description of error Correction method Reference 

1 Aspect ratio (cell 

thickness to diameter 

ratio) 

Cell thickness alters stress field 

around cell. 

Use relatively thin cells ( ), 

 in some cases. 

Askegaard (1963), Collins et al. 

(1972), WES (1944), Tory & 

Sparrow (1967), Dunnicliff & Green 

(1988) 

2 Soil-cell stiffness 

ratio, Ὓ 

Changing soil stiffness may cause 

a nonlinear calibration. 

Design cells for high stiffness (Ὓ

πȢυ) and use correction factors. 

Monfore (1950), Peattie & Sparrow 

(1954), Selig (1964), (Tory & 

Sparrow, 1967) 

3 Diaphragm deflection 

(arching) 

Excessive deflection changes 

stress distribution over cell. 

Design cell for low deflection (
Ў

ς πππυ πππ). 

WES (1944), Taylor (1947), Trollope 

& Lee (1957) 

4 Cylinder or piston cell 

deflection 

Much lower allowable deflection 

than for diaphragm cells. 

Design cell for low deflection (
Ў

ςπ πππ). 

Carder (1976), Kallstenius & Bergau 

(1956) 

5 Stress concentrations 

at cell corners 

Causes cell to over-register by 

increasing the stress over the 

active cell face. 

Use inactive outer rims to reduce 

sensitive area ( πȢςυπȢτυ). 

Hvorslev (1976), Monfore (1950), 

Peattie & Sparrow (1954) 

6 Eccentric, nonuniform 

and point loads 

Soil grain size too large for cell size 

used 

Increase stress cell active diameter 

(diaphragm, ρπ; cylinder 

υπ). 

Brown & Pell (1967), Kallstenius & 

Bergau (1956), Weiler & Kulhawy 

(1978) 

7 Lateral stress rotation Presence of cell in soil causes 

lateral stresses to act normal to 

cell. 

Use correction factors such as those 

proposed by Askegaard (1963). 

Askegaard (1963), Bates (1969), 

Collins et al. (1972), Weiler & 

Kulhawy (1978) 
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 Factor Description of error Correction method Reference 

8 Cross-sensitivity Nonuniform direct lateral 

compression of cell causes error in 

measurement. 

Change strain gauge arrangement 

or add outer rings. 

Bates (1969), Brown & Pell (1967), 

Sparrow & Tory (1966), Weiler & 

Kulhawy (1978) 

9 Stress-strain 

behaviour of soil 

Cell measurement influenced by 

confining conditions. 

Calibrate cell under near-usage 

conditions. 

Dunn & Billam (1966), Weiler & 

Kulhawy (1978) 

10 Placement effects Physical placing of cells causes 

disturbance of soil. 

Random error; use duplicate 

measurements. 

Audibert & Tavenas (1975), Hadala 

(1967), Reiff & Linger (1967), Taylor 

(1945) 

11 Proximity of 

structures and other 

stress cells 

Interaction of stress fields of cell 

and structure causes errors. 

Use adequate spacing: see text for 

criteria. 

Reiff & Linger (1967) 

12 Dynamic stress 

measurements 

Response time, natural frequency 

and inertia of cell causes errors. 

Use dynamic calibration. Ingram (1965), Selig (1964), 

Shannon & Wilson Inc. (1972), 

Triandafilidis (1974) 

13 Corrosion and 

moisture 

May cause cell ñfailureò by 

attacking cell materials. 

Use extra water-proofing 

precautions. 

Bozozuk (1970), Kennard et al. 

(1967), Williams & Brown (1971) 

14 Placement stresses Overstressing during soil 

compaction may permanently 

damage cell. 

Check cell design for yield strength. Williams & Brown (1971) 

15 Temperature Changes ñzero referenceò of cells, 

does not change slop of calibration. 

Calibrate or use balance resistors. Reiff & Linger (1967), Williams & 

Brown (1971) 
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Table 2.8: Summary of EPC thermal correction factors from the literature 

ID Description of installation Type of EPC Temperature 

variation 

(°C) 

Proposed temperature 

correction (kPa/°C) 

Manufacturerôs 

thermal factor 

(kPa/°C) 

Reference(s) 

1 Pressure cells installed on a box culvert 

under an embankment of constant 

height, exposed to seasonal temperature 

changes over more than three years. 

Hydraulic 

type, vibrating 

wire EPCs 

6 - 20 5.62 ï 6.99 0.05 ï 0.12 Yang (2000), 

Yang et al. 

(2001) 

2 Laboratory calibration of EPCs in an 

environmental chamber. 76 mm diameter 

cells ( πȢρσ) 

Hydraulic 

type, vibrating 

wire EPCs 

-10 - 30 0.64 ï 2.26 0.02 ï 0.06 Daigle & Zhao 

(2004) 

3 Laboratory calibration of EPCs in an 

environmental chamber. 228 mm 

diameter cells ( πȢπτ) 

Hydraulic 

type, vibrating 

wire EPCs 

-10 - 30 0.22 ï 0.42 0.08 ï 0.36 Daigle & Zhao 

(2004) 

4 Field data from both embedded and 

contact EPCs installed on and in the 

vicinity of a 1700 mm diameter concrete 

culvert under 1.5 m of granular material. 

Hydraulic 

type, vibrating 

wire EPCs 

0 - 22 0.6 ï 3.0 N/A Daigle & Zhao 

(2004) 
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2.6.2 High Capacity Tensiometers 

Pore pressures have been measured in embankments for several decades. Initially, the focus of 

these instruments was on measuring positive pore pressures. However, in recent years there has 

been a move towards the measurement of negative pore pressures (suctions). This is important 

for tailings dams as there are significant portions of the dam where the pore pressures are negative. 

Conventional piezometers are not designed to measure large negative pore pressures. 

 

One instrument capable of measuring both positive and negative pore pressures in soil is a 

tensiometer. A tensiometer typically consists of a porous High Air Entry (HAE) ceramic disc 

connected to a pressure sensor through a fluid reservoir. The ceramic disc is placed in contact with 

the soil in which the pore pressure is of interest and, by an exchange of water between the pores 

of the soil and the fluid reservoir, pore pressures can be measured directly (Lu & Likos, 2004). A 

High Capacity Tensiometer (HCT) is a tensiometer with the ability to accurately and reliably 

measure suction values in excess of 100 kPa.  

 

Low-cost HCTs have been successfully developed at the University of Pretoria for some years 

(e.g. Jacobsz, 2018). These sensors have been called the Tuks HCTs as a reference to the 

Afrikaans acronym that was used for the University at its establishment: Transvaalse 

Universiteitskollege (TUK). Figure 2.42 shows a cross section of a typical Tuks HCT. The Tuks 

HCTs make use of commercially available MS54XX miniature Surface Mounted Device (SMD) 

pressure sensor (TE Connectivity, 2018). Additional details of this sensors and the tensiometer 

assembly are provided in le Roux (2019). Note that the epoxy seal has been replaced with a steel 

casing in some of the tensiometers. 
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Figure 2.42: Typical components of the Tuks HCT (after le Roux, 2019) 

 

Before use, each tensiometer is first saturated under a vacuum as recommended by Take & Bolton 

(2003). This significantly reduces the time and pressure required for saturation, as well as improves 

the resistance of the tensiometer to cavitation. Cavitation is the formation of gas or vapour bubbles 

in a liquid and is a major issue for HCTs. Once cavitation occurs, the response of the sensor to 

changes in external pressure become unreliable. Cavitation can be minimised by the design of the 

tensiometer to reduce potential locations for nucleation, as well as enhanced saturation 

procedures. Both aspects were considered in the development of the Tuks HCTs. 

 

Each tensiometer is calibrated in the positive pore pressure range and then extrapolated to the 

negative pore pressure range. Such a technique has been shown to work well for the Tuks HCTs 

(e.g. le Roux, 2019). Additional details of the saturation and calibration processes are described in 

Section 5.2.1. For this study, the accuracy of the Tuks HCTs was only verified in the positive 

pressure range. 

 

2.6.3 Suction probes 

Although HCTs have been shown to perform well for many applications, they do have some 

limitations. These include the inability to reliably measure high suction values, as well as their 

susceptibility to cavitation. An alternative to the conventional HCT is a suction probe such as the 

Fixed-Matrix Water Potential Sensor (WPS). These sensors are not susceptible to cavitation and 

are capable of measuring suctions of up to 100 MPa.  
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There are many commercially available sensors but for this study, the TEROS 21 sensor, produced 

by the METER group was used. The sensor comprises two fixed-matrix porous ceramic discs which 

are separated by a printed elective circuit board as shown in Figure 2.43 (METER Group, 2020).  

 

 

Figure 2.43: Key components of the TEROS 21 WPS (after Tripathy et al., 2016) 

 

Since the pore distribution of the ceramic is known, the moisture content of the discs can be inferred 

by measuring the dielectric permittivity of the ceramic discs. As the SWRC of the discs is known, 

the matric suction in the discs can be estimated using the inferred moisture content. When the 

WPS is placed in contact with a soil, the matric suction in the ceramic discs equilibrates to the 

matric suction in the soil. This process occurs as a result of physical transfer of water between the 

ceramic discs and the surrounding soil. 

 

The rate at which this equilibrium is reached is a function of the hydraulic conductivity of the soil 

as well as the matric suction gradient between the discs and the surrounding soil (Vandoorne et 

al., 2021). Each TEROS 21 sensor is factory calibrated and only the interpreted suction values are 

provided during use. Previous studies have shown that the TEROS 21 performs well for fine-

grained soils and especially for suction values in excess of 1 500 kPa (e.g. Tripathy et al., 2016). 

 

2.6.4 Comparison of suction sensors 

Table 2.9 provides a summary of three sensors capable of measuring soil matric suction. It can be 

seen that there are advantages and disadvantages for each sensor type. The TEROS 21 WPS is 
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resistant to cavitation and has a much larger suction operating range. However, these sensors do 

not perform well at low suction values, nor in the positive pressure range. Conversely the epoxy-

cased Tuks HCTs are susceptible to cavitation and are fairly limited in their suction operating range 

when compared to the WPS. However, these sensors can be used for moderate positive pressures 

of up to 500 kPa. The steel-cased HCTs offer improved performance in the both the positive and 

negative pressure ranges over the epoxy-cased Tuks HCTs. 

 

Table 2.9: Comparison of various suction measurement sensors 

Sensor 

Type 

Description Operating 

Range 

Accuracy Reference 

TEROS 21 

WPS 

A commercially available solid 

phase Water Potential Sensor 

(WPS) 

-9 kPa to -

100 MPa 

10% of 

reading 

+2 kPa* 

METER 

Group (2020) 

Tuks HCT 

(epoxy-

cased) 

An in-house tensiometer 

constructed using a silicon 

micromachined pressure sensor 

with an epoxy casing 

+500 kPa 

to -

500 kPa 

0.6% FSO Jacobsz 

(2018) 

Tuks HCT 

(steel-

cased) 

An in-house tensiometer 

constructed using a silicon 

micromachined pressure sensor 

with a steel casing 

+700 kPa 

to -

1 697 kPa 

0.6% FSO Jacobsz 

(2019) 

*Accuracy rating only provided for suction values between 9 kPa and 100 kPa. 

 

2.6.5 Moisture content probes 

For an unsaturated soil, it is important to understand the moisture content of the soil. Traditional 

direct methods to determine soil moisture content require drying of a sample and comparing the 

wet and dry masses. These tests are time-consuming but perhaps more importantly, destroy the 

sample. Indirect methods, which are non-destructive and can be performed continuously have 

therefore been investigated. 

 

One such technique is the use of Time Domain Reflectometry (TDR). Described by Fellner-Feldegg 

(1969) as an improvement over the Frequency Domain Reflectometry technique for wave 

characterisation, the TDR technique was perhaps first applied to the estimation of soil moisture by 

Davis & Chudobiak (1975). As part of their research, the TDR technique was demonstrated as a 

non-destructive test method to measure the dielectric constant of the soil, which is the first step to 
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estimating the moisture content of the soil. In essence, the TDR technique enables the dielectric 

constant on a medium to be determined by using electrodes inserted into the medium. 

 

Using this principle, Topp et al. (1980) investigated the relationship between Volumetric Water 

Content (VWC), —ȟ and the apparent dielectric constant, ὑ . A rigorous laboratory testing regime 

was undertaken to investigate the influence of texture, density and soluble salt content on the 

relationship between ὑ  and — for a given soil. It was found that the dielectric constant was almost 

independent of soil bulk density (1 140-1440 kg/m3), soil texture (clay to sandy loam), salt content 

(salt-free water, 0.01 N CaSO4, or 2 000 ppm NaCl solution), as well as temperature (10-36°C), 

and Equation (7) was proposed. 

 

Based on the tests conducted, Topp et al. (1980) showed that Equation (7) could be used to 

estimate the VWC of a soil with an error of estimate of 0.013. The proposed relationship performed 

poorly when applied to the results on glass beads, vermiculite and organic soils. In this study, 

Equation (7) is referred to at Toppôs equation. 

 

— υȢσz ρπ ςȢωςzρπ ὑz υȢυz ρπ ὑz τȢσz ὑ  (7) 

Where: 

— = Volumetric water content (m3/m3) 

ὑ  = Apparent dielectric constant 

 

Recently, Susha Lekshmi et al. (2018) confirmed that Toppôs equation performed well over a wide 

range of soils types and states. There are several commercially available TDR moisture sensors, 

each with their own advantages and limitations. For this study, the TEROS 12 probe, manufactured 

by the METER Group was selected. The TEROS 12 probe uses the TDR technique where an 

electrical pulse is generated from one needle. The pulse is received by the receiving needle and 

also reflected back. Based on the time for the pulse to arrive, and the degradation of the pulse, it 

is possible to estimate characteristics of the soil through which the pulse was transmitted. 

 

Figure 2.44 shows a sketch of the TEROS 12 moisture content probe. This sensor comprises three 

sensing needles. Needles 1 and 2 are used to estimate the VWC of the soil, while Needles 2 and 

3 are used to estimate the Electrical Conductivity (EC) of the soil. In addition, a thermistor installed 

in Needle 2 provides soil temperature measurements. 
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Figure 2.44: Sketch of the TEROS 12 moisture probe (after METER Group, 2018) 

 

Equation (8) is proposed by the METER Group as a method of estimating the apparent dielectric 

permittivity of a soil (‐), based on the Ὑὃὡ reading obtained from the TEROS 12 probe. As 

discussed by Campbell Scientific Inc. (2019), the apparent dielectric permittivity (‐ is similar to, 

and can be used in place of, the apparent dielectric constant (ὑ ) as shown in Equation (7). 

 

‐ ρȢρρςzρπ Ὑzὃὡ Ȣ  (8) 

 

Alternatively, METER Group propose a direct relationship between the measured Ὑὃὡ value from 

the TEROS 12 sensor and the volumetric water content of the soil. This relationship is based on 

in-house testing and is shown in Equation (9). This equation is only applicable for VWCs up to 

0.70 m3/m3. In this study, Equation (9) is referred to as the Mineral Soils equation. 

 

— σȢψχωzρπ Ὑzὃὡ πȢφωυφ (9) 
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2.7 SUMMARY 

The literature review conducted shows that there has been significant progress made in the 

understanding and prediction of soil behaviour since the early days of soil mechanics. Several key 

points were identified from the literature review that are applicable to this study and these are 

repeated here for reference. 

 

Tailings and tailings dams 

¶ Mine tailings generally classify as silty soils. This typically results in the tailings having 

distinctly different compression and shear behaviour when compared to traditional soils 

such as clays of high plasticity, or clean sands. 

¶ The majority of tailings dams in South Africa are upstream constructed which, according to 

some sources, are considered riskier when compared to similar centreline and downstream 

constructed dams (e.g. Franks et al., 2021). 

¶ Several key case histories of tailings and water dam failures were presented. In each case, 

failure occurred as a result of a series of incidents and in most cases, it was noted that the 

failures could have been prevented if the basic principles of dam engineering had been 

followed. Each case history provides valuable learnings which must not be ignored. 

¶ The current tailings dam governance framework in South Africa was presented. Two 

International governance documents, which have been widely adopted globally, were 

discussed: The Global Industry Standard on Tailings Management (GISTM) (Oberle, 2020), 

and Bulletin 194 on Tailings Dam Safety published by ICOLD (2022). 

¶ The South African standard is currently being updated to align with these two International 

documents. This is important as the GISTM specifically requires design against (undrained) 

brittle failure mechanisms while the ICOLD document provides specific FoS requirements 

for various degrees of soil brittleness. These are aspects that are not considered in the 

current South African standard.  

¶ It was also noted how soil brittleness is treated as a material characteristic and not a state 

characteristic in the ICOLD document. 

 

Compression behaviour of sandy soils 

¶ The behaviour of plastic clays and clean sands is distinctly different. Fine-grained soils such 

as clays of high plasticity have been shown to exhibit a unique Normal Consolidation Line 

(NCL) that is parallel to the Critical State Line (CSL) when plotted in Ὡ ὴᴂ space (e.g. 

Atkinson & Bransby, 1978). 

¶ Conversely, coarse-grained soils such as clean sands have been shown to exhibit an 

infinite number of NCLs that are not parallel to the CSL (e.g. Jefferies & Been, 2000). 
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¶  With gold tailings being an intermediate soil there is some uncertainty regarding its 

expected behaviour and this can lead to inconsistent interpretations for designs and safety 

evaluations. 

¶ Transitional soils are those soils whose initial density continue to influence their behaviour 

at large strains. As noted by Coop (2015), when investigating soil behavioural frameworks, 

it is important to establish whether the soil under consideration is a transitional soil. This 

can be done using the ά parameter proposed by Ponzoni et al. (2014). 

¶ It was shown how the soil gradings changes within a tailings dam, and how the this grading 

can influence the compression and shear behaviour of mine tailings (e.g. Torres-Cruz, 

2016). To ensure appropriate conclusions can be drawn from the testing, care must be 

taken to ensure that the grading of the soils remains constant. 

¶ In terms of previous research conducted on gold tailings, it was found that the scope of 

these tests was not sufficient to investigate whether gold tailings should be viewed within 

the context of having a unique NCL or not. This remains an objective of this study. 

 

Shearing behaviour of sandy soils 

¶ In line with the fundamental principles of CSSM, it was also shown how the five key aspects 

of soil state (density, stress level, stress history, mode of shear and fabric) influence the 

undrained shearing behaviour of loose, sandy soils. 

¶ For clean sands, Castro (1969) showed that for a small change in void ratio of 0.06, the 

behaviour of loose Ottawa sand changed from strain-hardening to strain-softening. 

¶ For loose Hostun RF sand, Doanh et al. (1997) showed how the stress history of a soil (ὑ  

influenced the stress-strain response, and specifically the yield undrained shear strength.  

¶ This is of importance as the in-situ density and stress history of tailings is known to vary, 

and that the undrained shear response greatly influences the results of designs and safety 

evaluations against undrained shearing.  

¶ Details were provided regarding tests conducted on gold tailings by other researchers. 

Although these tests were not sufficiently rigorous to answer key questions posed as part 

of this study, they do provide some insight into the behaviour of gold tailings. Key CSSM 

parameters determined for these materials are provided in Table 2.4. 

 

Laboratory testing of soils 

¶ As shown by Reid et al. (2021), it appears that even with modern triaxial testing techniques, 

the CSL can only reasonably be expected to be estimated to within a void ratio of ±0.04. 

¶ Several sample preparation techniques were described. It was shown that although the 

Moist Tamping (MT) preparation technique enables the creation of samples with precise 
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and repeatable densities, there is strong experimental evidence that the fabric created by 

MT samples results in undrained shear behaviour that is different to that which can be 

expected based on the in-situ fabric (e.g. Chang et al., 2011). 

 

Definition of the in-situ stress state 

¶ The true in-situ stress state of a three-dimensional soil element comprises three normal 

stresses and three shear stresses. However, for most practical purposes this stress state 

can be simplified to a two-dimensional stress state. A common simplification involves the 

geostatic stress ratio, ὑ, which is the ratio of the horizontal and vertical effective stress. 

¶ The term ὑ refers to conditions of zero lateral strain. Since it is unclear whether this is 

strictly the case in the field, for this study the stress ratio will be used but the subscript ñ0ò 

will be omitted. 

 

Field measurements of K0 for tailings dams 

¶ In-situ measurements of the geostatic stress ratio in water retaining embankments and 

tailings dams appear to be rare. Where data have been published, many assumptions were 

made, and heavy reliance was placed on numerical modelling with little to no on-site 

verification.  

¶ Two cases were presented where direct field measurements were attempted, and in both 

cased it was found that there was no clear, single ὑ value that could be assigned to the 

section of the embankment under consideration. 

¶  Aside from the alternative view of the MRM ETF, where a ὑ value of 1.0 was proposed, 

the four other sites had estimated ὑ values distinctly different from 1.0, with ὑ values 

ranging from 0.45 to 0.60. 

¶ For loose or normally consolidated soils, it was found that ὑ πȢχ is a common assumption 

made for modelling purposes. This assumption is noted in the user manuals of some 

geotechnical engineering software packages (e.g. Bentley Systems, 2023b) and is based 

on the results from SBP tests in loose, hydraulically deposed sands the Beaufort Sea by 

Graham & Jefferies (1986). This work also found that the equation proposed by Jaky (1944) 

appeared to be a lower bound for the ὑ values measured on site. 

¶ Since the geostatic stress ratio is defined in terms of effective stresses, and tailings 

commonly exists in an unsaturated state, some assumptions need to be made. Bishop 

effective stress, as modified by Bolzon et al. (1996) was shown as one such assumption. 

 

Sensors for geotechnical applications 

¶ Two soil suction sensors were discussed: the Tuks High Capacity Tensiometer (HCT), and 
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the METER Group TEROS 21 Fixed Matrix Water Potential Sensor (WPS). These sensors 

work on different operating principles and also have different operating ranges  

¶ To measure soil moisture content, the METER Group TEROS 12 moisture probe was 

discussed. This sensor uses the Time Domain Reflectometry (TDR) technique to estimate 

the dielectric permittivity of a soil which can be used to estimate its volumetric water content. 

Two estimation relationships were presented: The Topp equation (Topp et al., 1980), and 

the Mineral Soils equation (Campbell Scientific Inc., 2019). 

 

Performance of EPCs 

¶ There is significant uncertainty regarding the performance of embedment EPCs. These 

vary from the fact that the mere presence of the cell influences the free-field stress 

distribution to soil arching and thermal influences of the entire cell assembly. 

¶  In terms of temperature effects, it was noted that the thermal correction factors provided 

most manufacturers are for the pressure transducer itself, and not for the entire cell 

assembly (e.g. Dunnicliff, 1997). Therefore, there could be temperature effects on the entire 

cell assembly which are not captured with the thermal correction factor provided in the 

datasheets. It was found that these effects can be large in some cases and that there 

appears that there is still no agreement on the preferred method to correct for these 

temperature effects (e.g. Daigle & Zhao, 2004). 

¶ Fortunately, the many factors influencing the performance of EPCs have been well 

documents and methods to reduce and even eliminate these errors have been proposed. 

Perhaps the most extensive list developed was that presented by Weiler & Kulhawy (1982). 

This list has been updated over the years and is presented in Table 2.7. 

¶ It was found that many factors relate to the design and installation of the EPCs. Since 

modern EPC manufacturers are aware of these factors, and make an effort to implement 

these recommendations, moderns EPCs are capable of providing accurate and reliable 

stress measurements. 
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3 LABORATORY ELEMENT TESTING 

3.1 INTRODUCTION 

Mine tailings, typically being silty in nature are neither plastic clays nor clean sands and 

therefore some uncertainty regarding their compressibility characteristics exist. Similarly, there 

is some uncertainty regarding the undrained shear behaviour of gold tailings under certain 

conditions. The purpose of this chapter is to present results from an experimental investigation 

on gold tailings, with a specific goal to establish the behavioural framework for this soil. The 

intent is to then place any observed field behaviour within this framework.  

 

3.2 ANALYSIS OF DATA FROM LITERATURE  

Before embarking on new tests on the gold tailings of interest, a re-analysis of previous work 

by other researchers was conducted. This section therefore focuses on a review of triaxial 

compression tests on Quebec gold tailings available in the literature. A specific focus of the 

analysis was the influence of the stress anisotropy imposed during consolidation on the 

undrained shear response of the soils. The magnitude of stress anisotropy is described using 

the term ὑ, which represents the ratio of the horizontal effective stress to the vertical effective 

stress. Aspects of this work have been summarised by the author in Narainsamy & Jacobsz 

(2022), and additional details of the review are provided in Appendix A  

 

Figure 3.1 shows a typical undrained shear response observed for the Quebec gold tailings 

tested by Fotovvat & Sadrekarimi (2022). As was noted for the gold tailings from the 

Witwatersrand supergroup, these Canadian gold tailings were mostly quarzitic in terms of 

mineralogical compositions. These tailings did however contain components of albite and 

feroan. These minerals are not typically found in gold tailings mined from the Witwatersrand 

supergroup. The two samples were prepared in the same manner (Moist Tamping), were 

consolidated to approximately a mean effective stress of 150 kPa, and to similar void ratios. 

The only meaningful difference between the two samples was the stress state imposed during 

consolidation. For sample ICU1, isotropic stress conditions were maintained while for sample 

CKCU2, anisotropic stress conditions were maintained. Specifically, a ὑ value of 0.57 was 

targeted at the end of the consolidation phase.  
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Figure 3.1: Typical undrained shear response observed for the Quebec gold tailings in: (a) ή ‐ space, 

and (b) ή ὴᴂ space (after Fotovvat & Sadrekarimi, 2022) 

 

There are three key differences between the two samples. These differences were 

consistently noted for all the tests reviewed, and are described below: 

1. Difference in yield undrained shear strength. 

2. Difference in axial strain require to reach the yield strength. 

3. Difference in post-peak behaviour. 

 

Difference in yield undrained shear strength 

In Figure 3.1 the yield undrained shear strength is represented by a red triangular marker. It 

can be seen that the magnitude of the yield undrained shear strength is significantly different 

between the isotropically consolidated sample and the anisotropically consolidated sample. 

The isotropically consolidated sample yielded at a deviator stress of 59 kPa, while the 

anisotropically consolidated sample yielded at a deviator stress of 102 kPa. This is an 

important point to note as in some cases, the yield undrained shear strength is used as a direct 

input for stability assessments. 

 

Difference in axial strain to reach the yield strength 

The isotropically consolidated sample reached the yield strength at a strain level of 1.0% while 

the anisotropically consolidated sample reached a yield strength at a strain level of 0.1%. 

When considering undrained shearing, it has been postulated that loose, sandy soils will 

collapse upon intersecting the collapse surface (e.g. Sladen et al., 1985). Knowledge of the 

in-situ stress state is therefore of great importance to design engineers and regulators, 

especially when considering triggers that could lead to undrained events. It could be that some 
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trigger events become plausible when it is known that only a small amount of strain is required 

to reach yielding.  

 

Difference in post-peak behaviour 

From the results shown in Figure 3.1, it can be seen that both the isotropically consolidated 

and anisotropically consolidated sample exhibited a strain-softening response. However, there 

is clearly a difference between the post-peak behaviour of the two samples. One approach to 

quantify the difference in response is to use the Brittleness Index (Ὅ) as defined by Bishop 

(1971). Using this index, values of Ὅ πȢσυ and Ὅ πȢτυ can be defined for the isotropically 

and anisotropically consolidated samples, respectively. This is a useful example as it provides 

an example of how the same soil can be classified on either side of the Ὅ πȢτπ value which 

has significant implications related to the design process as described by ICOLD (2022) and 

again perhaps highlights some of the limitations of using brittleness as a material classification, 

rather than a state classification. 

 

Figure 3.2 shows a comparison of the yield undrained shear strengths of the isotropically 

consolidated samples (indicated with blue markers) and the anisotropically consolidated 

samples (indicated with yellow markers) of the Quebec gold tailings. When summarised in this 

form, it becomes quite clear that there is a distinct difference between the yield undrained 

shear strengths of the isotropically and anisotropically consolidated samples. 

 

The yield undrained strength ratio (defined in terms of mean effective stress, rather than 

vertical effective stress as is common when assessing field data) for the isotropically 

consolidated samples is 0.20 which is expected for a sandy soil based on the literature review 

by Olson & Stark (2003). However, what is of interest is the yield undrained strength ratio for 

the anisotropically consolidated samples of 0.38. This value is almost double the value of the 

isotropically consolidated sample and, as discussed earlier, is important as this yield 

undrained shear strength is used directly for design and safety evaluation purposes in some 

guidelines (e.g. ICOLD, 2022). Although these ratios can readily be achieved in the laboratory, 

the use of yield undrained strength ratios significantly greater than those found in the literature 

should be done with caution. 

 

This review was also conducted for triaxial tests conducted on three other sandy soils and 

similar results were found. Details of this review are provided in Appendix A 
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Figure 3.2: Comparison of yield undrained shear strengths for the Quebec gold tailings (after Fotovvat 

& Sadrekarimi, 2022) 

 

 

3.3 GOLD TAILINGS  CHARACTERISTICS 

The focus of this study is on gold tailings obtained from an active tailings dam located in the 

East Rand of the Gauteng Province in South Africa. This section provides details regarding 

the physical and mineralogical characteristics of the gold tailings. Additional details of the site 

are presented in Section 6.2.1 

 

3.3.1 Physical characteristics 

Although it is known that the grading will vary within an active tailings dam, it was decided that 

instead of testing a range of gradings, a single representative grading would be used for all of 

the experimental work. The representative grading was chosen to match the grading in the 

structural zone of the tailings dam, which is key for design and safety evaluation activities. 

 

Table 3.1 summarises the key indicator values for the gold tailings assessed as part of this 

study. Unless otherwise stated, average values are presented. The minimum void ratio was 

determined in accordance with ASTM D4253-16 (ASTM, 2016a) where Test Method 1A was 

used and an average void ratio was calculated for the two tests conducted. Similarly, the 

maximum void ratio was determined in accordance with ASTM D4254-16 (ASTM, 2016b). In 

this case, both Methods A and C were followed, and an average void ratio was determined. 
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The specific gravity was determined using the gas pycnometer method as per ASTM D5550-

14 (ASTM, 2014). The median grain size was determined using a grading curve generated by 

means of laser diffraction in accordance with ISO 13320:2020 (ISO, 2020). In terms of 

classification, the gold tailings can be classified as a nonplastic sandy silt according to the 

Unified Soil Classification System (USCS) as described in ASTM D2487-17 (ASTM, 2017). 

 

Table 3.1: Indicator parameters of the gold tailings assessed as part of this study 

Parameter Symbol Value Test Method 

Minimum void ratio emin 0.47 ASTM D4253-16 

Maximum void ratio emax 1.57 ASTM D4254-16 

Specific gravity Gs 2.74 ASTM D5550-14 

Median soil grain size D50 0.063 mm ISO 13320:2020 

Soil classification  s(ML) ï nonplastic sandy 

silt 

ASTM D2487-17 

3.3.2 Mineralogical characteristics 

XRD testing was performed on samples obtained from site at the laboratories at the University 

of Pretoriaôs Geology Department. Two samples were collected: a daywall sample, and a basin 

sample. The samples were coated with Carbon and interpretation was done in accordance 

with the Rietveld method (Rietveld, 1969). These results from the XRD testing have been 

summarised in Table 3.2. It can be seen that the gold tailings comprise predominantly of 

quartz with trace amounts of other minerals such as pyrophyllite and pyrite. The XRD 

spectrographs of the gold tailings are provided in Appendix B. 

 

Table 3.2: Results from the XRD testing on the gold tailings 

 Gold tailings 

(Basin) 

Gold tailings 

(Daywall) 

Quartz 94.6 95.7 

Muscovite 0.9 0.5 

Pyrophyllite 2.5 2.3 

Illite 0 0 

Clinochlore 0 0 

Kaolinite 0 0 

Pyrite 2.0 1.4 
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It is known that the chemistry of the water can influence the electrical resistivity of a soil. This 

is particularly important as one of the sensors used in the remote monitoring system works on 

the principle that soil moisture content can be inferred from the electrical resistivity of a soil. 

Therefore, it is important to understand the chemistry of the water used both on site, as well 

as in the laboratory. To investigate this, a chemical analysis was conducted on water samples 

obtained from the geotechnical laboratory at the University of Pretoria, as well as from site. 

 

Process water was collected from the discharge point at the crest of the dam. This water was 

sent to a South African National Accreditation System (SANAS)-accredited laboratory for 

testing.  

 

The composition of the process water sample obtained from the gold tailings site is shown in 

Table 3.3. Also shown in the table are results from process water analysis of another gold 

tailings dam in Gauteng, specifically the Mispah tailings dam (Vermeulen, 2001). For each 

measured parameter, the acceptable limit for drinking water quality according to SANS 

241:2015 has been provided.  

 

To provide context for these values, commentary has been provided from the guideline 

document published by the Department of Water Affairs and Forestry (DWAF) (DWAF, 1996). 

The document provides a comprehensive overview of the rationale behind the development 

of the drinking water standard. Of particular interest for this study are the potential effects of 

ingestion of water containing elevated levels of particular minerals or elements. 

 

It can be seen that for several of the elements, the concentrations found in the process water 

collected from site are above the recommended limits for drinking water. Therefore it will be 

important to conduct tests using both sources of water to determine if there is any influence of 

the water chemistry on the performance of the moisture content sensor. 
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Table 3.3: Process water composition of the gold tailings, compared to national drinking water limits 

 Gold 

tailings, this 

study 

Mizpah, after 

Vermeulen 

(2001) 

Laboratory 

tap water 

Drinking water 

limits (SABS, 

2015) 

Comments regarding the gold tailings process 

water (after DWAF, 1996) 

Date Tested 20/03/2023 03/03/1997 28/06/2023   

pH - Value @ 

25 ºC 

9.3 8.4 7.6 Ó 5.0 - Ò 9.7 Within acceptable criteria. 

Electrical 

Conductivity in 

mS/m @ 25°C 

309 452 21.5 170 Above limit. See comments under Total Dissolved 

Solids (TDS), TDS is directly proportional to the 

Electrical Conductivity of water. 

Total 

Dissolved 

Solids @ 

180°C 

2338 3560 126 1200 Above limit. There are several physiological effects 

which may be directly related to high concentrations of 

dissolved salts, including laxative effects, adverse 

effects for certain cardiac patients and hypertension 

sufferers, as well as some effects on kidney function. 

Total Alkalinity 

as CaCOϝ 

112 40 64  No limit specified. 

Chloride as Cl 254 310 15 300 Within acceptable criteria. 

Nitrate as N 8.3 42 0.8 11 Within acceptable criteria. 

Nitrite as N 14 N/A N/A 0.9 Above limit. Upon absorption, nitrite combines with the 

oxygen-carrying red blood pigment, haemoglobin, to 

form methemoglobinemia, which is incapable of 

carrying oxygen. 
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 Gold 

tailings, this 

study 

Mizpah, after 

Vermeulen 

(2001) 

Laboratory 

tap water 

Drinking water 

limits (SABS, 

2015) 

Comments regarding the gold tailings process 

water (after DWAF, 1996) 

Ortho 

Phosphate as 

P 

<0.1 <0.5 0.1  No limit specified. 

Sodium as Na 397 468 8 200 Above limit. Sodium intake can exacerbate certain 

disease conditions such as hypertension, as well as 

cardiovascular and renal diseases. 

Potassium as 

K 

34 78 3.5 50 Within acceptable criteria. 

Calcium as Ca 266 640 15 150 Above limit. There is no conclusive evidence to support 

claims for the increased incidence of human kidney and 

urinary tract stones resulting from the long-term 

consumption of water with high concentrations of 

calcium. Rather, scaling is the principal undesirable 

effect of increased calcium levels. Scaling occurs in 

water heating appliances such as kettles and urns. 

Magnesium as 

Mg 

11 30 8 70 Within acceptable criteria. 

Iron as Fe 36 <0.5 0.212 2 Above limit. The major effects of the presence of iron in 

domestic water are aesthetic. However, health effects 

such as tissue damage, may occur as a consequence 
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 Gold 

tailings, this 

study 

Mizpah, after 

Vermeulen 

(2001) 

Laboratory 

tap water 

Drinking water 

limits (SABS, 

2015) 

Comments regarding the gold tailings process 

water (after DWAF, 1996) 

of iron accumulation due to excessive ingestion at 

extremely high concentrations. 

Manganese as 

Mn 

0.834 0.8 <0.025 0.4 Above limit. The major effect of the presence of 

manganese in domestic water are aesthetic. However, 

health effects such as neurotoxic effects, may occur as 

a consequence of excessive ingestion at high 

concentrations. 
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3.3.3 Site conditions 

As was shown in Section 2.3.2, it is known that the response of a soil to changes in external loading 

is highly dependent on the state of the soil. One aspect of the soil state that can have a large 

influence of on the soil response is the void ratio. This has been shown to be especially true for 

the undrained shearing response of sandy soils. Since gold tailings is a sandy soil, and since the 

current uncertainty relates to undrained shearing, it therefore holds that it is important to know the 

density of the soil in the field, especially near the monitoring positions. 

 

During the monitoring period, samples were taken at various depths adjacent the monitoring 

locations. A specially fabricated aluminium box was used for the sampling. The box was made 

using 1.5 mm thick steel plate and was 150 mm in length, 150 mm wide and 150 mm in height. 

The dimensions of the box were verified at the start and end of each day of sampling using a 

vernier calliper with a resolution of 0.01 mm. The wet and dry masses were determined using a 

calibrated mass balance with a resolution of 1 g and all the samples were oven-dried for at least 

24 hours at a temperature of 105°C. 

 

Figure 3.3(a) shows the sampler already pushed into the tailings and the tailings being removed 

from around the sampler. The box was gently tamped into the tailings until the top of the box was 

just below the surface. A steel plate was slid under the sampling box to assist with recovery of the 

sample. Figure 3.3(b) shows the extracted sample on surface. This particular sample was taken at 

a depth of 0.38 m below surface, adjacent to monitoring Station 3 at the gold tailings site. At this 

time, the sensors were approximately 1.1 m below the tailings surface. 

 

Once the photograph was taken, the sample was carefully emptied into a sample bag, labelled and 

sealed. The sample was transported on the same day to the University of Pretoria where the wet 

mass was recorded. A total of 24 samples were obtained from site over the course of the monitoring 

period. 
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Figure 3.3: Sample collection at the gold site showing: (a) sample being extracted, and (b) extracted sample 

on surface 

 

Figure 3.4 shows a summary of the interpreted in-situ void ratios of the gold tailings. These void 

ratios were used to inform the parameters for the laboratory testing. It can be seen that the void 

ratios varied between 0.82 and 1.11, with an average void ratio of 0.97. For reference, the values 

have also been split between the three stations. Additional details regarding the three stress 

stations are provided in Section 6.2.2. 

 

(a)

(b)

Gold site, Station 3

Sensors at ~1100 mm

Sample 

at surface

Sampler advanced 

into tailings (~300 mm 

below surface)

Material around the 

sampler being removed
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Figure 3.4: Summary of void ratio measurements taken on site during the monitoring period 

 

Figure 3.5 shows a soil profile at the gold tailings site. This profile was exposed as part of an 

excavation that was created close to monitoring Station 1. At this point in time, the sensors were 

approximately 1.5 m below ground level. The measuring tape shows the depth below the tailings 

surface. It can be seen that the profile is not homogeneous. Rather, the profile is characterised by 

thin, alternating layers of coarse and fine tailings. This occurs due to the initial settling of the larger 

particles and is a well-known result of the deposition methodology employed at the site (e.g. Blight, 

2009). Additional details of the site and the deposition methodology employed are provided in 

Section 6.2.1. 

 

The finer material appears darker in colour, while the coarser material appears lighter in colour. 

This is due to the moisture content of the layers. The adjacent layers are assumed to be in suction 

equilibrium with each other. However, due to their particle sizes, the same suction value occurs at 

different moisture contents. The coarser material therefore exists at a lower moisture content than 

the finer material. This classification of the grading based on apparent colour (due to moisture 
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content) was confirmed by the grading curves developed using samples of these layers, as shown 

in Figure 3.10. 

 

 

Figure 3.5: Photographs taken on site showing the layering at the gold tailings site 

 

3.4 OEDOMETER TESTING 

A key aspect of the oedometer testing was to investigate the uniqueness of the 1D-NCL for the 

gold tailings. The oedometer test is ideal for investigating this behaviour as it is capable of imposing 

high stresses on the sample and, due to the presence of the confining ring, there is little uncertainty 

regarding the void ratio of the sample during the test. Both of these aspects are crucial for any 

investigation regarding the uniqueness of the 1D-NCL, with the latter being especially true for loose 

samples, which is the target for this study. 

 

As discussed earlier, when performing standard oedometer tests, the complete stress state is not 

known. The applied vertical total stress is known, based on the known applied mass, the lever arm 

ratio and the cross-sectional area of the sample. The pore pressure is assumed to be negligible 

and therefore the vertical effective stress is known. The oedometer ring provides lateral 

Depth below 

ground level 

(mm)

Gold site, Station 1

Sensors at ~1500 mm
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confinement to the sample and ensures zero radial strain. Although the radial strains are enforced 

as zero, there is no control of the lateral stresses which must exist. These stresses cannot be 

measured using a conventional oedometer apparatus and some assumptions need to be made if 

the complete stress state is of interest. 

 

As discussed in Section 2.3.1, it has been shown experimentally that the 1D-NCL is parallel to the 

NCL for plastic clays and clean sands when plotted on a semi-log plot with void ratio on the vertical 

axis and mean effective stress on the horizontal axis (Atkinson & Bransby, 1978; Coop, 1990). 

However, there is some uncertainty regarding whether this is true for gold tailings. This assumption 

of whether the 1D-NCL is parallel to the NCL for gold tailings is one of the objectives of this 

laboratory testing campaign. 

 

3.4.1 General procedure 

The oedometer testing was conducted in accordance with ASTM D 2435 (ASTM, 2011). In 

particular, Test Method B was followed where time-based deformation readings were obtained for 

all the loading and unloading increments. Increments were considered complete when 100% of 

primary compression or swell had occurred, with a minimum waiting time of two hours.  

 

Two different mass balances were used to confirm the masses of the mass pieces used for the 

loading increments. For mass pieces less than 6 kg, a mass balance with a capacity of 6 kg and a 

resolution of 0.01 g was used. For mass pieces with a mass greater than 6 kg, a mass balance 

with a capacity of 32 kg and a resolution of 1 g was used. Standard steel oedometer rings with a 

height of 18.9 mm and a diameter of 76.2 mm were used. The height and diameter of each 

oedometer ring was verified using a calibrated vernier calliper with a resolution of 0.01 mm, before 

and after each test. Care was taken to ensure that the samples were level with the top and bottom 

of the oedometer ring to minimise bedding errors. 

 

Samples were prepared to the desired densities using the MT sample preparation technique. The 

samples were prepared at a moisture content of 15% and were created in a single layer. In addition 

to performing moisture content tests on the bulk mixture used the create the sample, initial moisture 

contents were verified by taking end-of-test moisture contents, assuming full saturation, and 

performing a backwards analysis. 

 

The University of Pretoria has several ELE International 3 200 kPa consolidation frames with lever 

arm ratios of 1:10 and built-in ELE International mechanical dial gauges. These frames were used 

for the testing. Settlement readings were recorded using the dial gauges which had a range of 
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25 mm and a resolution of 0.02 mm. A digital stopwatch, operated by an independent technician 

not involved in the reading of the dial gauges, was used to record the time between dial gauge 

readings to the nearest second. 

 

As is it known that loose, sandy soils are prone to collapse upon saturation the first load increment 

of 5 kPa was performed in two steps. In the first step, the load was applied to the unsaturated soil 

and settlement was allowed to occur. Once primary settlement had been completed the second 

step commenced. In the second step, the cell was flooded with water while the applied load was 

kept constant at 5 kPa and compression was allowed to occur. The start and end of these two 

steps have been labelled as ñwetting-induced collapseò in the appropriate figures. 

 

A summary of the key aspects of the oedometer tests is shown in Table 3.4. 
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Table 3.4: Summary of key aspects of the oedometer tests 

Test Test ID Initial void 

ratio (Ὡ) 

Initial relative 

density (%) 

Specific volume 

at 5 kPa (○) 

Specific volume at 

2 400 kPa (○ ) 

Comments 

1 Ὡ=1.19 1.19 34.5 1.98 1.63 Loosest specimen. Minimal compaction effort required 

during sample preparation. Large settlement upon 

wetting (ЎὩ πȢςσ). 

2 Ὡ=1.03 1.03 49.1 1.98 1.60 Loose specimen. Low compaction effort required 

during sample preparation. Moderate settlement upon 

wetting (ЎὩ πȢπω). 

3 Ὡ=0.80 0.80 70.0 N/A N/A Test was abandoned at the 400 kPa stress increment 

due to a dial gauge malfunction. 

4 Ὡ=0.78 0.78 71.8 1.78 1.57 Sample was prepared by hand tamping. Moderated 

compaction effort was required during sample 

preparation. 

5 Ὡ=0.62 0.62 86.4 1.62 1.54 Sample was statically compacted in a hydraulic press. 

A peak force of 25.5 kN (~5.7 MPa) was applied during 

compaction. 

6 Ὡ=1.00 1.00 51.8 N/A N/A Test performed to obtain a sample for grading analysis. 

Minor settlement upon wetting (ЎὩ πȢπρ). 

7 Ὡ=0.99 0.99 52.7 N/A N/A Test performed to obtain a sample for grading analysis. 

Minor settlement upon wetting (ЎὩ πȢπσ). 
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3.4.2 Uniqueness of the 1D-NCL 

As discussed in Chapter 1, one of the objectives of this study was to investigate the uniqueness of 

the NCL for the gold tailings. Knowledge of this aspect can greatly influence decisions made 

regarding laboratory test planning, as well as decisions made for future changes to an active 

tailings dam. This is particularly important when designing a laboratory test plan for CSL testing 

and numerical model calibrations as inadvertently imposing a stress history on a specimen during 

sample preparation can influence its usefulness for calibration purposes. Specifically, the objective 

was to investigate the uniqueness of the 1d-NCL for the average grading of the gold tailings for 

remoulded samples prepared using the MT sample preparation method. 

 

The oedometer is an attractive apparatus for compression testing due to the simplicity of the test 

method and the ability to apply high stresses. However, as discussed earlier, the stress conditions 

imposed during oedometer testing are not the same as those required to define the NCL. 

Therefore, the compression curve obtained from oedometer testing is called the 1D-NCL. However, 

it has been shown experimentally by many researchers that the 1D-NCL is parallel to the NCL for 

both fine-grained and coarse-grained soils. Therefore knowledge of the 1D-NCL is still useful. 

 

A total of seven oedometer tests were conducted as part of this testing. Unfortunately, the dial 

gauge malfunctioned on one of the dense samples (Ὡ= 0.80) so that test was abandoned during 

the 400 kPa loading increment. In addition, two of the tests (Ὡ = 0.99 and Ὡ = 1.00) were only 

performed to investigate the influence of particle crushing. These tests were stopped at the 

100 kPa and 400 kPa loading increments, respectively.  

 

Therefore, only four tests were conducted with complete loading and unloading stages. For each 

test, three distinct phases have been highlighted: wetting-induced collapse, loading (compression), 

and unloading (swelling). The two loosest samples, with initial void ratios (Ὡ) of 1.19 and 1.03, 

required minimal compaction effort and were deemed to be in a NC state at the start of the test. 

The two densest samples (Ὡ = 0.62 and Ὡ = 0.78) required some compaction effort during sample 

preparation and were deemed to be in an OC state at the start of the test. 

 

The second densest sample (Ὡ = 0.78) was compacted by hand and required the use of a tamper 

and a hammer. The densest sample (Ὡ = 0.62) required the use of a hydraulic press to achieve 

the desired density. A load cell was attached to the hydraulic press to monitor the forces imposed 

on the sample during compaction. A peak force of 25.5 kN was recorded. This force is equivalent 

to an imposed total stress of 5.7 MPa which clearly indicates that this sample was in an OC state 
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at the start of the test. 

 

The time required for 90% consolidation (ὸ) was determined using Taylorôs construction method 

(Taylor, 1948). The estimated coefficient of vertical consolidation (ὧ) values ranged from 

239 m2/year to 472 m2/year, while the estimated coefficient of permeability (Ὧ) values ranged 

between 1x10-9 and 1x10-7 m/s. These values compare well with those found in the literature for 

gold tailings mined from the Witwatersrand Supergroup (e.g. Vermeulen, 2001; Papageorgiou, 

2004; Chang, 2009). 

 

Figure 3.6 shows the oedometer test results on the gold tailings. Visually, it appears clear that 

there exists a unique curve onto which each curve collapses onto at large stresses. However, 

simply converging to a single slope is not sufficient to establish whether a unique 1D-NCL exists. 

What is needed is to consider the stress history for each test as was discussed in Section 2.3.1.  

 

There are a few aspects of the compression curves shown in Figure 3.6 that are of interest. Firstly, 

the two loosest samples (Ὡ = 1.19 and Ὡ = 1.03) showed collapse during saturation. This behaviour 

is consistent with the CSSM framework for soils in a state looser than the 1D-NCL. Secondly, all 

four samples which were prepared to an initially NC state (Ὡ = 1.19, Ὡ = 1.03, Ὡ = 1.00, Ὡ = 0.99) 

showed consistent compression behaviour at low stresses. Further, all these samples tended 

sharply towards an apparently unique 1D-NCL at moderate stresses. The slope of these 

compression curves once they reach the proposed 1D-NCL are fairy similar and vary between 0.15 

and 0.20. There is, however, a slight vertical offset between these curves. 

 

Conversely, the three samples prepared at an initially OC state (Ὡ = 0.80, Ὡ = 0.78, Ὡ = 0.62), 

showed much flatter compression curves initially and then gradually tended towards the apparent 

unique 1D-NCL. The second densest sample (Ὡ = 0.78) appeared to reach the 1D-NCL at the end 

of the 800 kPa loading increment. However, the densest sample (Ὡ = 0.62) appears to still be 

approaching the 1D-NCL at the final stress increment of 3 200 kPa. This is consistent with the 

known applied stress of 5.7 MPa during sample preparation. Again, this behaviour is entirely 

consistent with the CSSM framework for soils with an initial state below the 1D-NCL. 

 

The observed behaviour of the NC and OC samples is consistent with the idealised compression 

behaviour of fine-grained soils as shown in Figure 2.17(a). Although the compression curves of the 

gold tailings shown in Figure 3.6 look similar to the compression curves of the Erksak sand shown 

in Figure 2.18, there are two key differences. Firstly, the dense Erksak sand samples were 

prepared in a NC state, compared to the dense gold tailings samples (i.e. those with starting stress 

states below the 1D-NCL) which were prepared in an OC state. Secondly, the loose gold tailings 
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samples (i.e. those with starting states above the 1D-NCL) showed significant collapse upon 

saturation at low applied stresses. This behaviour was not seen for the Erksak sand samples which 

were prepared with starting stress states above the PNCL. 

 

 

Figure 3.6: Oedometer test results on the gold tailings 

 

To quantify the degree of convergence of the compression curves, the ά value as proposed by 

Ponzoni et al. (2014) was calculated. Details regarding this method are provided in Section 2.3.2. 

Figure 3.7 shows a plot of the specific volume of the samples at an applied stress level of 2.4 MPa 

(ὺ ) versus the initial specific volume (ὺ), taken at 5 kPa for this study. Using this figure, an ά 

value of 0.20 was calculated. This is comparable to value of 0.13 obtained for the Brazilian gold 

tailings at an applied loading of 7 MPa by Li (2017). In that research, it was found that the ά value 

reduced to 0 at an applied loading of 20 MPa and the tailings was classified as having a unique 

1D-NCL. 

 

The ά value of 0.20 obtained for the gold tailings is also lower than the value of 0.40, at which 

possible transitional behaviour was noted for the Venice Lagoon silts and silty clays (Ponzoni et 

al., 2014). This value is also significantly lower than the values of 0.64 and 0.71 that were obtained 
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for Chinese copper tailings and Australian mineral sand tailings which were classified as 

transitional soils by Li (2017) and Cartwright et al. (2022), respectively. Therefore, for practical 

purposes, it can be concluded that there exists a unique 1D-NCL for the gold tailings tested. 

 

 

Figure 3.7: Quantification of the degree of convergence of the 1D-NCL of the gold tailings 

 

3.4.3 Influence of particle crushing 

To investigate the influence of particle crushing, a sample was taken after each test. The samples 

were labelled according to the maximum total stress applied to the sample during the test. The 

grading curves obtained from these samples were compared to the average grading curve of the 

bulk sample sourced from site, as well as the spread of gradings obtained from samples taken 

from the moisture content mixtures for the triaxial tests. 

 

When returning material to the bulk sample storage area, care was taken to separate samples that 

had been subjected to stresses greater than 100 kPa. Therefore, a comparison of the gradings 

taken after the oedometer tests, and the gradings taken before the oedometer and triaxial tests, 

should only highlight any particle crushing that occurred during the oedometer testing. 

 

The results of this investigation are shown in Figure 3.8. There is some evidence of an increase in 

fines content with an increase in applied loading. For instance, the Ὀ  decreased from 0.063 mm 

to 0.055 mm for the initial grading and the grading for the sample that was subject to an applied 

loading of 3.2 MPa, respectively. However, this appears to be masked by the inherent variability in 
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the gold tailings sample. Therefore, from a practical perspective, there appears to be limited 

particle crushing of the gold tailings, even at applied loads of up to 3.2 MPa. 

 

The region shaded in blue in Figure 3.8 shows the extent of all the grading envelopes developed 

based on samples sourced from the bulk sample at the geotechnical engineering laboratory at the 

University of Pretoria. A total of 32 gradings tests were conducted to develop this region. 

 

 

Figure 3.8: Influence of imposed stress on particle crushing of the gold tailings 

 

3.4.4 Summary 

A series of oedometer tests were conducted on the gold tailings to investigate two aspects: the 

uniqueness of the 1D-NCL, and the influence of stress level on particle crushing of the gold tailings. 

Regarding the uniqueness of the 1D-NCL, it was found that there does appear to be a unique 1D-

NCL for the gold tailings tested. 

 

Regarding the influence of imposed stress level on particle crushing, it was found that there is 

some evidence of an increase in fines with an increase in applied loading. However, the magnitude 

of this increase is small in comparison to the inherent variability in the grading of the gold tailings 

bulk sample from which the samples for the laboratory testing were sourced. 
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3.5 TRIAXIAL TESTING  

The NCL can be directly determined from the results of a standard triaxial test. This is due to the 

stress boundary conditions that are applied during consolidation. The NCL is also sometimes 

referred to as the Isotropic Compression Line. In addition to the investigation into the uniqueness 

of the NCL, the purpose of the triaxial testing was to define the CSL, as well as to investigate the 

undrained shear response of the gold tailings under various conditions. In particular, the influence 

of density and ὑ was investigated. 

 

This section describes the triaxial testing conducted, as well as presents the results from these 

tests. Although the triaxial testing apparatus used for this testing has the capability of performing 

ὑ-consolidation tests, the hardware required for these tests were not available at the time this 

study was being undertaken. These components included local strain instrumentation to record 

radial deformations, as well as an access ring required for the data communication cables for the 

local strain instrumentation. As a result, no ὑ-consolidation tests were performed as part of the 

scope of this study. 

 

3.5.1 General procedure 

As part of a recent research collaboration, the University of Pretoria has procured state-of-the-art 

triaxial testing apparatus from Global Digital Systems (GDS) Instruments. Testing was performed 

in general accordance with the British Standard BS 1377 (BSI, 1990), with some minor changes 

as suggested in the guidelines provided by Jefferies & Been (2015). Testing was conducted in an 

access-controlled room where the temperature was regulated to ensure there was no undue 

influence of temperature changes on the pore pressure within the samples, as was observed by 

Torres-Cruz (2016). 

 

With the exception of the slurry samples, which were mixed as a slurry and allowed to air dry in a 

large bucket as described by Reid et al. (2022c), the samples were prepared using the MT sample 

preparation method at a moisture content of 15%. Samples were created in eight layers of equal 

height but with different masses. The undercompaction technique as proposed by Ladd (1978) was 

used to create uniform samples to the desired initial void ratio. Samples were created with the use 

of a split-mould to a target diameter of 70 mm and height of 140 mm. 

 

The mass of each layer was determined using a calibrated mass balance with a capacity of 800 g 

and a resolution of 0.001 g. Similarly, the height of each layer was controlled using an adjustable 

collar on the tamper, the height of which was set and verified using a calibrated vernier calliper 
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with a resolution of 0.01 mm. Once all eight layers had been constructed, the split-mould was 

removed, and the final diameter and height of the sample were determined using the same vernier 

calliper. 

 

During the test, the sample height was monitored using the Linear Variable Differential Transformer 

(LVDT) attached to the loading ram. A nominal contact load of 20 N (approximately 5 kPa, based 

on the sample surface area) was applied for the duration of the flushing and saturations stages. 

During consolidation, this load was maintained for the isotropic tests but was adjusted as required 

for the anisotropic tests. 

 

All measurements were recorded digitally using the GDS triaxial data acquisition software, 

GDSLab v2.8.4 (GDS Instruments, 2017). The change in height of the sample was measured using 

a calibrated LVDT with a range of 50 mm and a resolution of 0.001 mm. The cell and back 

pressures and volumes were measured using second-generation GDS Instruments automated 

pressure controllers (V2), which have a resolution of 0.1 kPa and 1 mm3 for the pressure and 

volume, respectively. These pressure controllers have a maximum operating capacity of 2 MPa 

and a storage volume of 200 cm3. Pore pressures were measured at the base of the sample using 

a calibrated 2 MPa pressure transducer with a resolution of 1 kPa. 

 

To improve the accuracy of the end of test void ratio determination, and to eliminate the 

uncertainties involved with the saturation-induced collapse of loose sandy samples, the gold 

tailings samples were squeezed using the method proposed by Verdugo & Ishihara (1996). At the 

end of the test, the wet and dry sample masses were determined using a calibrated mass balance 

with a capacity of 6 kg and a resolution of 0.1 g. 

 

Each triaxial test performed can be uniquely identified in two ways. The first is the Test Reference 

Number, which has been shortened to ñTest Refò in the appropriate tables. This is simply an 

integer, and each successive test that was conducted was given the next integer. The purpose of 

the Test Reference Number was to assist with the correct association of grading samples, 

photographs and test data to the correct sample. Note that not all the tests conducted are 

presented. 

 

The second manner in which each triaxial test can be identified is the Test Identifier, which has 

been shortened to ñTest IDò in the appropriate tables. The purpose of the Test Identifier is to provide 

each test with a unique label that provides key information regarding the test. The following code 

was used for the Test ID: 
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CXXXX_eX.X_KX.X_X  

Where: 

 

¶ CXXXX - Consolidation stress and shear conditions, e.g.: 

ƺ CU100 ï consolidated to ὴȭ=100kPa, sheared undrained 

ƺ CD100 ï consolidated to ὴȭ=100kPa, sheared drained 

ƺ CU100(4) ï consolidated to ὴȭ=400kPa, swelled to pô=100kPa, sheared undrained 

ƺ Con100 ï consolidated to ὴȭ=100kPa, no shear 

 

¶ eX.X - Target void ratio during sample preparation, e.g.: 

ƺ e1.0 ï sample prepared to an initial void ratio of Ὡ=1.0 

ƺ e0.8 ï sample prepared to an initial void ratio of Ὡ=0.8 

 

¶ KX.XX - Target stress ratio during consolidation, e.g.: 

ƺ K1.0 ï sample consolidated under a target stress ratio of ὑ=1.0 

ƺ K0.5 ï sample consolidated under a target stress ratio of ὑ=0.5 

 

¶ X - Additional test information, e.g.: 

ƺ SD ï sample prepared using the SD method 

ƺ LC ï test performed under load-controlled conditions 

ƺ 2 ï duplicate test 

 

To further clarify the Test ID, some examples have been provided in Table 3.5. 

 

Table 3.5: Examples of triaxial Test IDs, with a detailed description 

Test Ref Test ID Description 

Test 12 CU100_e1.0_K0.5 The sample was consolidated to ὴᴂ=100 kPa and 

sheared undrained. The sample was prepared to an 

initial void ratio of Ὡ=1.0 and consolidation was 

performed with ὑ=0.5. 

Test 28 CU100_e1.2_K1.0_2 The sample was consolidated to ὴᴂ=100 kPa and 

sheared undrained. The sample was prepared to an 

initial void ratio of Ὡ=1.2 and consolidation was 

performed with ὑ=1.0. This was a duplicate test at these 

conditions. 

Test 29 CD100(8)_e0.8_K1.0_SD The sample was consolidated to ὴᴂ=800 kPa, unloaded 
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to ὴᴂ=100 kPa, and then sheared drained. The sample 

was prepared to an initial void ratio of Ὡ=0.8 and 

consolidation was performed with ὑ=1.0. The sample 

was prepared using the SD method. 

Test 32 Con1500_e1.4_K1.0 The sample was consolidated to ὴᴂ=1500 kPa. No shear 

phase was performed. The sample was prepared to an 

initial void ratio of Ὡ=1.4 and consolidation was 

performed with ὑ=1.0. 

 

3.5.2 Key behavioural aspects 

Table 3.6 provides a summary of four key aspects of soil behaviour relating to tailings dam safety. 

These aspects include the influence of density on the undrained stress-strain response; factors 

influencing the yield undrained shear strength, factors influencing brittleness, and factors 

influencing the CSL. For each aspect, a description has been provided, as well as a short summary 

of the findings from this study. 
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Table 3.6: Four key aspects of soil behaviour relating to tailings dam design and safety evaluation procedures 

Aspect Description Findings from this study 

The influence 

of density on 

the 

undrained 

stress-strain 

response 

Not all soils behave poorly in undrained shearing. Rather, 

there is extensive theoretical and experimental evidence 

supporting the notion that the density of a soil plays a key 

role in the stress-strain response during undrained shearing. 

With all other aspects remaining equal, dense soils tend to 

exhibit strain-hardening behaviour, while loose soils tend to 

exhibit strain-softening behaviour. 

 

However, even for strain-softening soils, it is well 

established that not all contractive soils are strain-softening, 

and not all strain-softening soils have high brittleness (e.g. 

Robertson, 2017). Rather, this undrained shear behaviour is 

highly dependent on several factors, one of them being 

initial density. It has been shown for clean sands that a 

change in behaviour from limited strain-softening to 

significant strain-softening can occur over void ratio 

changes as small as 0.06 (e.g. Castro, 1969). However, 

there is limited published data on this aspect for gold 

tailings. 

In this study, six gold tailings samples were consolidated to 

the same mean effective stress of 100 kPa, but at varying 

initial void ratios. The samples were then sheared under 

undrained conditions and the stress-strain response was 

observed and compared. 

 

As expected from the theory, and previous tests on sands, a 

range of stress-strain responses were noted. This varied from 

strain-hardening for the dense samples, and progressively 

changed to strain-softening for the loose samples. For the 

loose samples, it was specifically found that for a small 

change in void ratio of 0.04 (between Ὡ = 0.74 and Ὡ = 0.78), 

a marked change in behaviour from limited strain-softening to 

significant strain-softening was noted. 

 

This is important to know for a number of reasons, including 

the magnitude of sample disturbance for soft tailings 

samples, as well as the accuracy of method to infer the in-situ 

state. Errors in both cases have been shown to be larger than 

this value, even when modern techniques are used (e.g. 

Fourie et al., 2022). 
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Aspect Description Findings from this study 

Factors 

influencing 

the yield 

undrained 

shear 

strength 

When assessing the undrained stability of an embankment, 

it is common to use the yield undrained shear strength, 

typically presented in the form of a stress ratio, Ὓ ὴϳ . 

In some cases, this value is used directly in designs and 

safety evaluations (e.g. ICOLD 2022)). However, this 

parameter is not a material characteristic such as the critical 

state friction angle and varies with soil state. Although this is 

known, there is limited published experimental data 

regarding this. This is especially true for silty soils such as 

mine tailings. 

In this study, the influence of both initial density and stress 

anisotropy (stress history) on the yield undrained shear 

strength was investigated. In terms of density, it was shown 

that for a change in void ratio from 0.74 to 0.78, a change in 

yield undrained strength ratio (Ὓ ὴϳ ) from 0.44 to 0.20 

was noted. 

 

In terms of stress history, it was shown that for a change in ὑ 

from 0.95 to 0.54, Ὓ ὴϳ  changed from 0.20 to 0.36.  

Factors 

influencing 

brittleness 

Brittleness in the context of undrained shearing refers to the 

stress-strain behaviour of a soil after the peak strength 

value is reached. Brittle soils exhibit a large reduction in 

strength post-peak while non-brittle soils exhibit a small 

reduction in strength (if any). The Brittleness Index (Ὅ) as 

defined by Bishop (1971) is commonly used to classify the 

magnitude of brittleness of sandy soils. Like the yield 

undrained shear strength, brittleness is not a material 

characteristic. Rather, it is a state-dependent characteristic 

and has been shown theoretically to vary significantly 

depending on the state of the soil.  

 

In this study, it was shown how two aspects of state can 

significantly influence the brittleness of a soil. Using the 

Brittleness Index (Ὅ), and the Ὅ = 0.4 boundary as 

suggested by ICOLD (2022) for separating soils with high 

brittleness and low brittleness, a few points can be made. For 

a small change in void ratio from 0.74 to 0.78, the samples 

changed from being classified as moderately brittle (Ὅ = 

0.24) to being classified as highly brittle (Ὅ = 0.62). Similarly, 

for a change in ὑ from 0.95 to 0.54, it was shown that Ὅ 

changed from 0.77 to 0.49.  

 

Although this change does not cross the 0.40 boundary, it is 
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Aspect Description Findings from this study 

As was found with the yield undrained shear strength, 

although this is known, there is limited published 

experimental data regarding this aspect. This is especially 

true for silty soils such as mine tailings.  

still a large difference and can have a meaningful impact of 

designs and safety evaluations. 

 

Since it is known that these conditions vary in the structural 

zone of a tailings dam, designs and safety evaluations that 

classify soils according to their brittleness need to be used 

with care. 

Factors 

influencing 

the CSL 

A key principle of CSSM is that understanding the state of a 

soil is key to predicting its future behaviour. However, the 

state only influences the soil behaviour at low and moderate 

strains. At large strains, when the sample approaches 

critical state, the soil behaviour is essentially independent of 

the initial state. This has been shown experimentally for 

many soils (e.g. Jefferies & Been, 2015). 

 

It is acknowledged that some soils, such as transitional soils 

as described by Coop (2015), do not conform to this 

principle. However, the gold tailings considered as part of 

this study is deemed to not be a transitional soil, as shown 

in Section 3.6. 

 

Knowledge of the CSL provides the framework in which 

In this study, 21 MT samples were tested over a range of 

initial densities, stress levels, and hydraulic boundary 

conditions during shearing. A unique CSL was identified as a 

straight line in the Ὡ ÌÎὴᴂ space. Five SD samples were 

tested to supplement the MT tests. It was found that all five 

SD samples did not conform to the CSL defined using the MT 

samples. Rather, the SD samples were found to fit better with 

a CSL defined with the same slope (‗ = 0.035), but with a 

different intercept (ɜ = 0.805), a difference of 0.07 compared 

to the CSL defined using the MT samples. 

 

This suggests that the sample preparation method does 

influence the critical state behaviour of the gold tailings which 

is in direct violation of one of the key principles of CSSM. This 

has been noted by other researchers for gold tailings (e.g. 
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Aspect Description Findings from this study 

soils can be classified as contractive or dilative at large 

strains, which is the crucial first step in any design against 

undrained shearing. However, many laboratories use the 

MT sample preparation method as it facilitates the accurate 

creation of both loose and dense samples.  

 

This is important as it is known that the fabric created by MT 

is different to the fabric of the tailings in the field, which is 

perhaps better captured by using SD samples. A 

comparison between the large-strain behaviour of MT and 

SD samples is therefore of interest for the gold tailings. 

Reid et al., 2022c) and iron ore tailings (e.g. Mmbando et al., 

2023). However, all these studies were limited in nature. This 

aspect needs to be carefully considered as it can have a 

meaningful influence on methods which use the CSL for field 

investigations. 
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3.5.3 Indicator characteristics of the triaxial samples 

As discussed earlier, it is known that the grading of a soil influences both its compressibility 

and shearing characteristics. Similarly, since the density of each sample is defined in terms of 

void ratio, it is important to know the specific gravity of the sample and more importantly, if 

there are any changes with time or sampling procedures.  

 

Since the material for the laboratory tests were sourced from a large, bulk sample (>1 m3) that 

was obtained from site and stored in a container, there was some concern that there could be 

a sampling bias when obtaining samples from the storage container. This bias could be due 

to natural segregation and settlement of larger or denser particles. To combat this, a rigorous 

sampling procedure was undertaken for each test sample. A larger volume of material that 

required (typically three times the required volume) was collected the top, middle and bottom 

of the container where the bulk sample was stored. This material was then placed in an oven 

for 24 hours at 105°C. After drying, the sample was allowed to cool and then thoroughly mixed 

by hand.  

 

To verify the performance of the sampling methodology, samples were taken from almost 

every test and tested to determine the grading and particle density. The samples were taken 

before any imposed loading to ensure that the influence of any particle crushing during the 

test was not inadvertently considered. Specific gravity testing was performed using the gas 

pycnometer method as described in ASTM D5550-14 (ASTM, 2014) while the particle size 

distribution curves were obtained using the laser diffraction method as described in 

ISO 13320:2020 (ISO, 2020). The laser diffraction method has been shown to provide 

comparable results to traditional sieve and pipette methods for silty and sandy soils (e.g. Wen 

et al., 2002). 

 

Figure 3.9 shows a summary of all the specific gravity test results. The field samples are those 

taken on site and are shown in blue, while the laboratory samples are those taken from the 

bulk sample which was brought back to the laboratory and are shown in orange. It can be 

seen that there is an apparent bias with the laboratory sampling technique, resulting in the 

laboratory samples having a slightly lower Ὃ. In total, 10 field samples and 24 laboratory 

samples were sent for testing. For each test, three results were obtained resulting in a total of 

30 data points for the field samples and 72 data points for the laboratory samples. An average 

Ὃ value of 2.72 was determined for the field samples and an average Ὃ value of 2.67 was 

determined for the laboratory samples. 
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Although a difference was noted between the various samples, it was decided that the 

variation is small and that it would be more appropriate to use an average specific gravity of 

2.74 for all the calculations regarding the gold tailings. This is in line with the specific gravity 

used for previous analyses of the same gold tailings at the University of Pretoria. 

 

 

Figure 3.9: Summary of the specific gravity test results on the gold tailings 

 

Figure 3.10 shows the grading curves obtained from the triaxial test moisture content samples. 

The region shown in blue indicates the range of the 32 grading curves that were obtained. 

Also plotted are the grading curves for the fine and coarse fractions of the tailings as obtained 

on site, as well as the grading curve of the bulk sample which was taken from the daywall and 

brought back to the laboratory. It can be seen that the grading curves did not vary significantly 

between the samples which shows that the sampling methodology worked effectively. It can 

therefore be concluded that any differences in the observed responses during the triaxial tests 

are due to other factors such as density, stress conditions during consolidation and hydraulic 

conditions during shearing, etc., and not grading nor particle density. 
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Figure 3.10: Results from the grading analyses conducted on the gold tailings moisture content samples 

 

3.5.4 Critical State Line (CSL) Testing 

The first goal of the triaxial testing was to establish the CSL. Table 3.8 shows the key details 

of the tests that were used to define the CSL for the gold tailings tested. The testing plan 

included dense and loose samples, as well as samples that were sheared drained and 

undrained. Figure 3.11 shows the results from the CSL testing on the gold tailings. 

Figure 3.11(a) shows the results of the consolidation and shear phases in an Ὡ ὴᴂ plot. In 

this projection, the CSL has been defined as a straight line in a semi-ln plot. Figure 3.11(b) 

shows the results of the shear phases in a ή ὴᴂ plot. In this projection, the slope of the M-

Line as well as the associated effective friction angle have been defined. These tests were 

selected as they represented a wide range of soil conditions. 

 

To further emphasise the appropriateness of the proposed CSL, the results from all the 

samples prepared using the MT method are shown in Figure 3.12. The samples prepared 

using the SD method are not plotted as these tests are dealt with separately in Section 3.5.8. 

Details of these additional tests are described in the subsequent sections. 
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Figure 3.11: Results from the CSL testing for the gold tailings in: (a) Ὡ ὴᴂ space, and (b) ή ὴᴂ space 
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Figure 3.12: Failure points of all 21 MT samples in: (a) Ὡ ὴᴂ space, and (b) ή ὴᴂ space 
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indicted in Table 2.4. 

 

Table 3.7: Summary of key critical state parameters for the gold tailings 

Parameter Symbol Value 

Altitude of the CSL at ὴ=1 kPa ɜ 0.873 

Slope of the CSL in Ὡ ÌÎὴᴂ space ʇ 0.035 

Slope of the CSL in ή ὴᴂ space, for 

triaxial compression 

ὓ  1.461 

Effective friction angle •ᴂ 36.0° 
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Table 3.8: Summary of key aspects of the triaxial tests for Batch 1 (CSL Testing) 

Test Ref Test ID Description ▄╬ ▄╬▼ ▬╬▼ (kPa) ▲╬▼ (kPa) 

28 CU100_e1.2_K1.0_2 Loose sample, sheared undrained at ὴᴂ = 100 kPa. 0.83 0.83 2.6 2.7 

19 CD400_e1.0_K1.0 Loose sample, sheared drained at ὴᴂ = 400 kPa. 0.75 0.64 764.9 1 090.0 

6 CU100_e0.8_K1.0 Dense sample, sheared undrained at ὴᴂ = 100 kPa. 0.75 0.75 33.0 51.2 

5 CD100_e1.0_K1.0 Loose sample, sheared drained at ὴᴂ = 100 kPa. 0.76 0.68 217.2 348.6 

24 CU100(4)_e0.8_K1.0 Dense sample, overconsolidated to ὴ = 400 kPa, 

sheared undrained at ὴᴂ = 100 kPa. 

0.72 0.72 71.6 116.1 

10 CU100(8)_e0.8_K1.0 Dense sample, overconsolidated to ὴ = 800 kPa, 

sheared undrained at ὴᴂ = 100 kPa. 

0.69 0.69 179.3 255.0 
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3.5.5 Influence of stress level 

Although not an explicit objective of this study, most testing plans to establish a CSL involve repeat 

tests at different stress levels. These samples are often created at the same initial density but 

consolidated to different effective stresses and then sheared under different hydraulic boundary 

conditions. This was the case for the gold tailings. Pairs of samples were tested in both drained 

and undrained shearing at mean effective stress values of 100 kPa, 200 kPa, and 400 kPa. 

 

Figure 3.13 shows the results of the triaxial tests conducted to investigate the influence of stress 

levels on the shearing response of the gold tailings under drained and undrained conditions. 

Figure 3.13(a) shows the stress-strain response of the samples. As expected, the drained tests 

exhibited significantly larger shear strengths when compared to the undrained tests. Similarly, for 

samples with the same hydraulic conditions (i.e. drained or undrained), the shear strength of the 

soil increased with increasing confining stress. Further, all three drained tests exhibited strain-

hardening behaviour while all three undrained tests exhibited strain-softening behaviour. This 

observed behaviour is entirely consistent with the CSSM framework. 

 

Figure 3.13(b) shows the excess pore pressure response during shear for the undrained tests. As 

expected, no excess pore pressures were noted for the drained tests. For the undrained tests, it 

can be seen that after an initial increase, the excess pore pressures stabilised for all three samples. 

The magnitude of excess pore pressure increased with increased confining stress as expected. 

 

Figure 3.13(c) shows the volumetric strain behaviour during shear for the drained tests. No 

volumetric strain was observed for the undrained tests. Unlike the excess pore pressures, the 

volumetric strain did not stabilise after an initial increase. However, these changes are small and 

there was little uncertainty that the samples had reached critical state. 
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Figure 3.13: Influence of density on the shear behaviour of the gold tailings showing: (a) deviator stress, (b) 

excess pore pressure, and (c) volumetric strain 
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Figure 3.14: Influence of stress level on the stress paths of the gold tailings 

 

A summary of the key parameters of each test is shown in Table 3.9. This series of tests is referred 
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Table 3.9: Summary of key aspects of the triaxial tests for Batch 2 (influence of stress level) 

Test Ref Test ID Description ▄╬ ▄╬▼ ▬╬▼ (kPa) ▲╬▼ (kPa) 

4 CU100_e1.0_K1.0 Loose sample, sheared undrained at ὴ = 100 kPa. 0.90 0.74 21.4 22.3 

5 CD100_e1.0_K1.0 Loose sample, sheared drained at ὴᴂ = 100 kPa. 0.94 0.68 217.2 348.6 

16 CU200_e1.0_K1.0 Loose sample, sheared undrained at ὴᴂ = 200 kPa. 0.95 0.79 36.1 46.5 

17 CD200_e1.0_K1.0 Loose sample, sheared drained at ὴᴂ = 200 kPa. 0.94 0.69 382.0 542.3 

18 CU400_e1.0_K1.0 Loose sample, sheared undrained at ὴᴂ = 400 kPa. 0.93 0.67 101.2 147.0 

19 CD400_e1.0_K1.0 Loose sample, sheared drained at ὴᴂ = 400 kPa. 0.92 0.64 765.0 1090.3 
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3.5.6 Influence of density 

It is well-known that the density of the soil influences the undrained shear response. This has been 

shown experimentally many times for sandy soils. Perhaps the most referenced results are those 

produced by Castro (1969) where it was shown that for clean Ottawa sand, a void ratio change of 

only 0.06 resulted in a distinct change in stress-strain response. 

 

However, there is some uncertainty whether gold tailings show similar changes in response to 

changes in void ratio, as well as the magnitude of the void ratio change that is required to change 

the behaviour from strain-hardening to strain-softening. This was investigated as part of this 

section. 

 

Figure 3.15 shows the influence of density on the undrained shear response of the gold tailings. 

The void ratios provided are those at the end of the consolidation phase. Figure 3.15(a) shows the 

stress-strain curves in ή ‐ space, while Figure 3.15(b) shows the stress paths in ή ὴ space. 

It can be seen that a wide range of behaviours were observed for the six samples. The densest 

sample (Ὡ = 0.69) exhibited clear strain-hardening behaviour. This response progressively changed 

as the void ratio increased until at a void ratio of 0.84 (the loosest sample), strain-softening 

behaviour was noted. 

 

Of particular interest is the change in behaviour between sample Ὡ = 0.74 and sample Ὡ = 0.78. 

For a relatively small volume change of 0.04, there is a distinct change in undrained shear 

response. Although this appears to be a small change in void ratio, it is believed to be well within 

the range of accuracy for the testing procedures implemented. For example, Reid et al. (2021) 

showed differences in the CSLs proposed for a gold tailings by different good quality geotechnical 

laboratories of at least Ὡ = 0.04, at the same effective stress. In this study, great care was taken to 

ensure accurate void ratio determinations, specifically considering the comments by several 

researchers on the subject (e.g. Papageorgiou, 2004; Omar & Sadrekarimi, 2014; da Fonseca et 

al., 2021). Additional details are provided in Section 3.5.10.  

 

A summary of the key parameters of each test is shown in Table 3.10. This series of tests is 

referred to as Batch 3. 
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Table 3.10: Key parameters for the triaxial tests conducted as part of Batch 3 (influence of density) 

Test 

Ref 
Test ID Description ▄╬ ╚╬ 

▬  

(kPa) 
Ⱡ◐ (%) 

▲◐ 

(kPa) 

▬╬▼ 

(kPa) 

▲╬▼ 

(kPa) 

╢◊◐░▄■▀

▬
 ╘║ 

27 CU100_e1.4_K1.0 Loosest sample, sheared 

undrained at ὴᴂ = 100 kPa. 

0.84 0.95 100.4 0.58 39.5 10.4 9.2 0.20 0.77 

9 CU100_e1.2_K1.0 Loose sample, sheared 

undrained at ὴ= 100 kPa. 

0.78 0.95 102.2 0.55 44.5 7.8 17.0 0.22 0.62 

6 CU100_e0.8_K1.0 Dense sample, sheared 

undrained at ὴᴂ = 100 kPa. 

0.75 0.95 101.5 0.87 53.1 33.0 51.2 0.26 0.04 

23 CU100(2)_e0.8_K1.0 Dense sample, overconsolidated 

to ὴᴂ = 200 kPa, sheared 

undrained at ὴᴂ = 100 kPa. 

0.74 0.95 102.5 1.42 90.1 37.9 68.1 0.44 0.24 

24 CU100(4)_e0.8_K1.0 Dense sample, overconsolidated 

to ὴᴂ = 400 kPa, sheared 

undrained at ὴᴂ = 100 kPa. 

0.72 0.95 102.4 2.31 138.5 71.6 116.1 0.68 0.16 

10 CU100(8)_e0.8_K1.0 Dense sample, overconsolidated 

to ὴᴂ = 800 kPa, sheared 

undrained at ὴᴂ = 100 kPa. 

0.69 0.95 105.4 8.38 255.0 179.3 255.0 1.21 0 
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Figure 3.15: Results from the triaxial tests showing the influence of density in: (a) ή ‐ space, and (b) ή ὴᴂ space
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3.5.7 Influence of stress anisotropy 

A key aspect of this research was to investigate the in-situ stress state of gold tailings. As discussed 

in Section 2.5, the in-situ stress state can be described in terms of the geostatic stress ratio, ὑ. 

However, knowledge of the geostatic stress ratio itself is not particularly useful to design engineers 

and regulators. What would be more useful is an understanding of the influence of the stress ratio 

on an aspect of the soil behaviour is directly related to design and safety evaluation aspects, such 

as the undrained shearing response. 

 

To investigate this, a series of triaxial compression tests were performed on loose samples that 

were consolidated to the same mean effective stress but at different stress ratios. The undrained 

shearing response of the samples was then compared. The samples were prepared to the same 

initial void ratio of 1.0 and were anisotropically consolidated to a mean effective stress value of 

100 kPa. Consolidation was performed in three incremental steps: 50 kPa, 70 kPa and 100 kPa.  

 

Instead of the term ὑ, which implies a condition of zero radial strain which was neither monitored 

nor enforced as part of this testing, the term ὑ is used to describe the magnitude of stress 

anisotropy. This is in line with the terminology used by other researchers for anisotropic 

consolidation (e.g. Fotovvat et al., 2022). 

 

At this stage it should be noted that there is a difference between the ὑ value noted in the Test 

ID, and the ὑ value presented in the figures and tables. This difference is due to the assumption 

regarding the sample cross sectional area. The ὑ value presented in the Test ID is the ὑ value 

that was input into the GDS software package. The software package assumes that the sample 

area is equivalent to the initial sample area (as measured after preparation but prior to installation). 

However, it is known that the samples reduced in volume during flushing and saturation. This 

change in volume was not considered in the GDS software.  

 

To determine a more accurate cross-sectional area, the end of test conditions were used, and a 

backwards analysis was conducted using the area corrections as presented in BS 1377. The 

presented ὑ value in the subsequent figures, as well as in the test description are based on these 

calculations.  

 

Figure 3.16 shows the consolidation stress paths followed for the samples. The target stress ratio 

for each sample is also shown for reference. In general, a linear stress path was followed during 

the three consolidation phases. It can also be seen that Test 30 (CU100_e1.0_K0.4) failed during 

consolidation, so no shear phase is presented for this test. 
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Figure 3.16: Consolidation stress paths for the anisotropically consolidated gold tailings samples 

 

The complete results from the shear phases of the samples are shown in Figure 3.18. 

Figure 3.18(a) shows the stress-strain curves in ή ‐ space, while Figure 3.18(b) shows the 

stress paths in ή ὴᴂ space. A few points are of interest in these figures. The first point is the yield 

undrained shear strength progressively increases as the ὑ value decreases. For example, the 

yield undrained shear strength increased from 19 kPa to 53 kPa as the ὑ value decreased from 

0.95 to 0.41. In terms of the yield undrained shear strength ratio (Ὓ ὴϳ ), this value increased 

from 0.20 to 0.50, for the same change in ὑ. 

 

The second point is that this yield point occurs at progressively lower axial strains as ὑ decreases. 

For example, yielding occurred at 0.58% axial strain for the ὑ = 0.95 sample, while for the ὑ = 

0.45 sample, yielding occurred at 0.02% axial strain. The third point is that although there is some 

variability, there is a general decrease in brittleness as the stress anisotropy decreases. For 

example, Ὅ reduced from 0.77 to 0.48 as ὑ reduced from 0.95 to 0.45. 

 

It is clear that there is indeed an influence of stress anisotropy on the mechanical response during 

undrained shear for the loose gold tailings. This is specifically evident in the yield undrained 

strength, the strain level at which peak strength occurs, and the post-peak behaviour. This is in 

line with the findings of Doanh et al. (1997) for loose Hostun RF sand. 

 

Figure 3.17 shows the observed behaviour of the gold tailings samples between an axial strain of 

0 and 0.8%. In this view is it easier to see the trend of increasing yield strengths, at decreasing 

axial strain values, as the ὑ value decreases. It is clear from the results that the yield undrained 
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shear strength increases as the ὑ value decreases. However, as described by Rosenzweig et al. 

(2020), this also indicates that as the stress ratio decreases, less addition shear stress is required 

to initiate collapse. Therefore, as the anisotropic stress ratio ὑ decreases, less energy is required 

to induce collapse. This is an important point to note when considering undrained collapse trigger 

mechanisms. 

 

 

Figure 3.17: Influence of stress anisotropy on the undrained shear response of the gold tailings at low strain 

levels 

 

A summary of the key parameters of each test is shown in Table 3.11. This series of tests is 

referred to as Batch 4. 
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Table 3.11: Key parameters for the triaxial tests conducted as part of Batch 4 (influence of stress conditions during consolidation) 

Test 

Ref 
Test ID Description ▄╬ ╚╬ 

▬  

(kPa) 
Ⱡ◐ (%) 

▲◐ 

(kPa) 

▬╬▼ 

(kPa) 

▲╬▼ 

(kPa) 

╢◊◐░▄■▀

▬
 ╘║ 

27 CU100_e1.4_K1.0 Loose sample, sheared undrained at 

ὴᴂ=100kPa. 

0.84 0.95 100.4 0.58 39.5 10.4 9.2 0.20 0.77 

21 CU100_e1.0_K0.8 Loose sample, consolidated to ὑ=0.77 and 

sheared undrained at ὴᴂ=100kPa. 

0.80 0.77 98.6 0.18 44.3 6.5 13.4 0.20 0.70 

11 CU100_e1.0_K0.7 Loose sample, consolidated to ὑ=0.66 and 

sheared undrained at ὴᴂ=100kPa.ᴂ 

0.80 0.66 100.6 0.18 59.9 6.1 14.7 0.30 0.75 

20 CU100_e1.0_K0.6 Loose sample, consolidated to ὑ=0.54 and 

sheared undrained at ὴᴂ=100kPa. 

0.74 0.54 103.6 0.06 73.8 28.5* 37.5* 0.36 0.49 

12 CU100_e1.0_K0.5 Loose sample, consolidated to ὑ=0.45 and 

sheared undrained at ὴᴂ=100kPa. 

0.76 0.45 104.3 0.03 96.9 26.7 33.5 0.46 0.65 

31 CU100_e1.0_K0.45 Loose sample, consolidated to ὑ=0.41 and 

sheared undrained at ὴᴂ=100kPa. 

0.76 0.41 106.7 0.02 106.0 33.8* 55.6* 0.50 0.48 

30 CU100_e1.0_K0.4 Loose sample, attempted consolidation to 

ὑ=0.31 but the sample failed during the 

consolidation phase. 

0.76 0.31 N/A N/A N/A N/A N/A N/A N/A 

*values at the phase transfer point provided. 
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Figure 3.18: Results from the triaxial tests showing the influence of stress anisotropy in: (a) ή ‐ space, and (b) ή ὴᴂ space 

0

20

40

60

80

100

120

0 20 40 60 80 100 120

Mean effective stress, p' (kPa)

= 0.41

= 0.95

= 1.46

= 36°

= 0.45

= 0.54

= 0.77

= 0.66

(b)

0

20

40

60

80

100

120

0% 5% 10% 15%

D
e
v
ia

to
r 

s
tr

e
s
s
, 
q

 (
k
P

a
)

Axial strain, aʁ (%)

= 0.77

= = 0.41

= 0.45

= 0.54

= 0.95

(a)

= 0.66

Gold tailings, TXC
p' = 100 kPa, e ~ 0.8

yield point

critical state



 

3-49 

 

3.5.8 Influence of sample preparation method 

As discussed in Section 2.3.2, it is known that the sample preparation method influences the 

mechanical response during undrained shear for sandy soils. This has been specifically shown for 

gold tailings (e.g. Chang et al., 2011). However, it is also known that the density of a sample 

influences this response, and historically it has proven quite difficult to produce loose SD samples, 

specifically samples to match the loose densities expected in the field (e.g. Reid, 2021). However, 

recent innovations by Reid et al. (2022c) have provided alternatives for creating slurry deposited 

samples with looser densities. Unfortunately, even using these approaches, it was not possible to 

create loose SD samples in this manner for this study.  

 

When the loose samples were recovered from the drying bucket, they had insufficient strength to 

maintain their structural integrity during the membrane installation. The samples started as right 

cylinder but slumped within seconds and formed a barrel shape near the base. Aside from the 

obvious inability to cover the sample with the membrane, the shape of the sample was deemed 

inappropriate for testing. By allowing the material to dry further, consolidation continued, and the 

samples gradually became more workable. Unfortunately, when the samples had consolidated 

sufficiently to maintain their shape during membrane installation, they were already fairly dense. It 

is likely that this approach could be refined further, however, this was not done for this study. 

 

When plotting the results of these samples within the general framework established with the MT 

samples, it became apparent that these samples do not fit well within the framework. Although the 

samples were denser, there is little evidence to suggest that it was equipment limitations that 

prevented the samples from reaching critical state. Rather, it was believed that the SD samples 

were simply tending towards a different CSL, compared to the MT samples. To investigate this, 

three additional samples were tested but this time the shearing was conducted drained. This was 

done as it was believed it would be easier to identify whether the stress paths during shearing were 

tending towards the CSL or not when viewed in an Ὡ ÌÎὴ  projection, compared to the undrained 

tests.  

 

Figure 3.19 shows the results of the triaxial tests on the SD samples. Figure 3.19(a) shows the 

results in ή ὴᴂ space, while Figure 3.19(b) shows the results in Ὡ ὴ space. Also shown on both 

figures is the CSL defined using the results from the MT samples. It is clear that there is a difference 

between the critical state locations of the SD samples, and the CSL (which was defined based on 

results from the MT samples). At low stress, there is good correlation between the friction angle 

determined using the MT and SD samples (see Figure 3.19(a)). However, there is some deviation 
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at larger stress levels. Regarding the CSL in Ὡ ὴᴂ space (Figure 3.19(b)), there is poor correlation 

between the MT and SD samples at critical states. As discussed in Section 2.4.3, the initially dense 

state of these SD samples could have resulted in the formation of shear bands at moderate strain 

levels. Therefore, there is some uncertainty regarding the reliability of these global void ratios and 

whether they truly represent the local void ratios that existed along the failure plane. 

 

For reference, a line is shown with the same slope as the CSL defined for the MT samples, but 

with a different intercept. This line seems to fit the data well. Less reliance is placed on the test at 

high stresses as the test was approaching the equipment limitations. 

 

It may be argued that although this is not desirable, it may be acceptable as many methods used 

to estimate the state of a soil only require the slope of the CSL, and not the intercept. For example, 

the suggested improvement of the Plewes et al. (1992) method as proposed by Torres-Cruz (2021) 

only requires knowledge of the slope of the CSL, and not the intercept. 

 

However, arguments such as this miss a key component: the laboratory testing which needs to be 

conducted to establish the CSL to be used for the calibration testing of the methods. For these 

laboratory tests, knowledge of the complete CSL is crucial. This leads to another interesting aspect 

which is the layering of tailings and how this influences the CSL. However, this is outside the scope 

of this study and is not discussed further. For interest, this aspect has been explored by Reid et al. 

(2022b), with some intriguing findings. 

 

Regarding this difference in CSL observed for MT and SD samples, this has been noted by other 

researchers for gold tailings (Reid et al., 2022c), and iron ore tailings (Mmbando et al., 2023). 

However, in all three cases only limited testing was conducted. Further testing is required to fully 

investigate the extent of this difference in behaviour between the MT and SD samples for the gold 

tailings considered as part of this study. 

 

A test on a SD sample with a ὑ value of 0.5 was also conducted (CU100_e0.8_K0.5_SD). 

However, this sample showed a clear dilative tendency during undrained shear which was 

attributed to the lower void ratio on the sample. Therefore, this result was not plotted against the 

results from the MT samples as the purpose of that comparison was to investigate the influence of 

stress anisotropy only. In this case there is a difference in sample preparation method, as well as 

void ratio, and both aspects are known to have a meaningful influence on the undrained shear 

response.  
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Figure 3.19: Results from the triaxial tests conducted as part of Batch 5 in: (a) ή ὴᴂ space, and (b) Ὡ

ὴspace 

 

A summary of the key parameters of each test is shown in Table 3.12. This series of tests is 

referred to as Batch 5. 
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Table 3.12: Key parameters of the triaxial tests conducted as part of Batch 5 (influence of fabric) 

Test 

Ref 
Test ID Description ▄╬ ▄╬▼ ╚╬ 

▬  

(kPa) 

Ⱡ◐ 

(%) 

▲◐ 

(kPa) 

▬╬▼ 

(kPa) 

▲╬▼ 

(kPa) 

╢◊◐░▄■▀

▬
  

25 CU100_e0.8_K1.0_SD Sample prepared using the SD method, 

sheared undrained at ὴᴂ = 100 kPa. 

0.62 0.62 0.95 101.8 1.93 79.5 144.9 217.5 0.39 

26 CU100_e0.8_K0.5_SD Sample prepared using the SD method. 

Consolidated to ὑ=0.5, and then 

sheared undrained at ὴᴂ = 100 kPa. 

0.61 0.61 0.45 103.0 0.13 98.0 165.5 240.6 0.48 

34 CD100_e0.8_K1.0_SD Sample prepared using the SD method, 

sheared drained at ὴᴂ = 100 kPa. 

0.67 0.63 0.95 99.5 N/A 257.3 184.2 257.3 N/A 

36 CD400_e0.8_K1.0_SD Sample prepared using the SD method, 

sheared drained at ὴᴂ = 400 kPa. 

0.64 0.58 0.95 339.3 N/A 924.1 705.8 924.1 N/A 

35 CD800_e0.8_K1.0_SD Sample prepared using the SD method, 

sheared drained at ὴᴂ = 800k Pa. 

0.66 0.58 0.95 802.1 15.82 1 607 1 336 1 607 N/A 
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3.5.9 Uniqueness of the NCL 

A final objective of the triaxial testing was to determine the uniqueness of the NCL. A total of four 

tests were conducted as part of this investigation: two samples prepared to a loose state, and two 

samples prepared to a dense state. Little to no compaction effort was required to prepare the loose 

samples. However, moderate to significant compaction effort was required to prepare the dense 

samples to initial void ratios of 0.84 and 0.74, respectively. At the start of the test, the two loose 

samples were therefore assumed to be in a NC state, while the two dense samples were 

considered to be in an OC state. To simplify the figure legends, and specifically to enable simple 

comparisons with the oedometer test data, the compression curves have been labelled according 

to their preparation void ratios. 

 

Figure 3.20 shows the results from the triaxial testing. The NCL has been defined as two straight 

lines in this semi-log projection over two stress ranges. The intercepts and slopes of these two 

lines are shown in the figure and it can be seen that the slope of the NCL increases at higher stress 

levels. 

 

Unlike the oedometer tests, in which the compression curves for the NC samples converged 

rapidly, there is a clear offset between the two NC samples for the triaxial tests (Ὡ = 1.18 and 

Ὡ = 1.10). This offset is approximately Ὡ = 0.04. This is the same value that was determined by 

Reid et al. (2021) to be the accuracy to which the CSL can reasonably be expected to be 

determined using modern triaxial testing techniques. Since the same approach that is used to 

determine the CSL is also used to determine the NCL in terms of the void ratio estimates, it seems 

reasonable to assume that this accuracy applies to the NCL as well. 

 

The NCL has been drawn between these two curves with a slight bias toward the initially denser 

sample (Ὡ = 1.10), which experienced less collapse during flushing and saturation. The slopes of 

the compression curves for the 100 to 200 kPa for the two loose samples are similar and are 

significantly steeper when compared to the slopes of the dense samples at the same stress 

increment (as shown in Table 3.13). This is consistent with critical state theory regarding the 

compression behaviour of NC and OC samples. 

 

For the 800 to 1 000 kPa increment, all the samples except for the densest sample (Ὡ = 0.74) have 

similar slopes. At this stage, it is postulated that the three loosest samples (Ὡ = 1.18, Ὡ = 1.10, 

Ὡ = 0.84) are on the NCL, while the densest sample (Ὡ = 0.74) is still approaching the NCL. It can 

be seen that the slopes of the unloading curves are similar for all four samples. 
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Figure 3.20: Results from the triaxial testing to identify the NCL 

 

A summary of the key parameters of each test is shown in Table 3.13. This series of tests is 

referred to as Batch 6.  
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Table 3.13: Summary of key triaxial data for Batch 6 (NCL investigation) 

Test 

Ref 

Test ID Description Preparation 

void ratio, 

▄░ 

Void ratio 

at 

1 500 kPa 

Slope of 100 

to 200 kPa 

increment 

Slope of 800 

to 1 000 kPa 

increment 

Average slope 

of unloading 

stages 

32 Con1500_e1.4_K1.0 

(e=1.18) 

Loosest sample, consolidated in stages 

to ὴᴂ=1 500 kPa. No shear phase. 

1.18 0.67 0.056 0.062 0.009 

37 Con1500_e1.2_K1.0 

(e=1.10) 

Loose sample, consolidated in stages to 

ὴᴂ=1 500 kPa. No shear phase. 

1.10 0.66 0.050 0.070 0.009 

33 CU100(15)_e0.8_K1.0 

(e=0.84) 

Dense sample, consolidated in stages 

to ὴᴂ=1 500 kPa and then sheared 

undrained. 

0.84 0.67 0.027 0.071 0.009 

38 Con1500_e0.7_K1.0 

(e=0.74) 

Dense sample, consolidated in stages 

to ὴᴂ=1 500 kPa. No shear phase 

0.74 0.65 0.016 0.043 0.008 
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3.5.10 Summary 

A comprehensive triaxial testing campaign was conducted on the gold tailings. Material was 

sourced from the daywall, and the MT sample preparation method was used for the majority of the 

samples. The influence of several aspects of soil state on the shearing response of loose gold 

tailings was investigated. These aspects included stress level, density, stress anisotropy during 

consolidation, and sample preparation method. Each aspect was found to influence the undrained 

behaviour of the gold tailings in a different manner. These influences are summarised in 

Section 2.3.2. In addition to the above, a unique NCL and a unique CSL were identified for the gold 

tailings. 

 

Particular attention is drawn to two aspects of soil state and their influence on the undrained 

shearing response: density and stress anisotropy. Figure 3.21 shows selected results from the 

triaxial tests conducted as part of this study. In particular, two tests showing the influence of density 

and two tests showing the influence of stress anisotropy are shown. The samples with a change in 

void ratio are shown in yellow, while the samples with a change in stress anisotropy are shown in 

brown. 

 

Of particular interest is the change in behaviour between sample Ὡ = 0.74 (labelled as 1) and 

sample Ὡ = 0.78 (labelled as 2). For a change in void ratio of only 0.04, there is a distinct change 

in undrained shear response. For a sample of this size, the change in void ratio represents a 

change in volume of 9.5 cm3, or a volumetric strain of only 2%. In terms of brittleness, Sample 1 

exhibited an Ὅ =0.24, while Sample 2 exhibited an Ὅ = 0.62. In terms of undrained shear strength, 

Sample 1 exhibited an Ὓ ὴϳ  = 0.44, while Sample 2 exhibited an Ὓ ὴϳ  = 0.22. 

 

This is a useful example as it clearly illustrates how a small change in void ratio of 0.04 can result 

in a large change in both brittleness and undrained shear strength. Both aspects have major 

implications in the design and safety evaluation approaches suggested by some guidelines. For 

example, ICOLD (2022) specifies FoS values for peak conditions and these analyses use the yield 

undrained shear strength as a direct input. In addition, an Ὅ value of 0.4 is used to distinguish 

between soils which are moderately brittle and those which are highly brittle and distinctly different 

requirements are specified for these two conditions. 

 

Similarly, the change in behaviour between sample ὑ = 0.95 (labelled as B) and sample ὑ = 0.54 

(labelled as A) is also of interest. For a change in stress anisotropy of 0.41, there is a distinct 

change in undrained shear response. The ὑ values represent the typical range of values expected 
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in the structural zone of a tailings dam (e.g. Narainsamy & Jacobsz, 2023a). In terms of brittleness, 

Sample B exhibited an Ὅ = 0.77, while Sample A exhibited an Ὅ = 0.49. In terms of undrained 

shear strength, sample B exhibited an Ὓ ὴϳ  = 0.20, while sample A exhibited an 

Ὓ ὴϳ  = 0.36. 

 

Although this example is not as extreme as the example showing the influence of density, these 

are still significant changes in both brittleness and yield undrained shear strengths for fairly small 

changes in stress ratio. This again highlights the care that needs to be taken when applying certain 

guidelines to tailings dams where it is know there is meaningful variability in soil state. 

 

 

Figure 3.21: Influence of density and stress anisotropy on brittleness and undrained shear strength of gold 

tailings in: (a) ή ‐ space, and (b) ή ὴᴂ space 

 

3.6 COMBINED OEDOMETER AND TRIAXIAL TEST RESULTS  

One of the objectives of combining the oedometer and triaxial test results is to evaluate whether 

the 1D-NCL and NCL are parallel to each other. To achieve this, it is necessary to plot the results 
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this study, a ὑ value of 0.6 was assumed based on the work by Fourie & Tshabalala (2005) on 
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(i.e. the Witwatersrand Supergroup) and has a similar grading as the gold tailings considered as 

part of this study. The mean effective stress (ὴᴂ) for the oedometer test data was calculated as 

shown in Equation (10). 
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(10) 

 

Figure 3.22 shows the combined results from the oedometer and triaxial tests, as well as the 

interpreted 1D-NCL and NCL. Due to system constraints, it was not possible to consolidate the 

triaxial samples to the same stresses that were achieved in the oedometer tests. To conclusively 

investigate the relationship between the 1D-NCL and the NCL, a higher capacity triaxial testing 

system is required. However, with the data available, it does not seem unreasonable to assume 

that, for practical purposes, the 1D-NCL and NCL are parallel at low to moderate stress levels. For 

example, between mean effective stress values of 50 kPa and 400 kPa, the slope of the 1D-NCL 

is 0.049, while the slope of the NCL is 0.048. 

 

Therefore, based on the oedometer and triaxial test results presented in Sections 3.4 and 3.5, it 

was found that from a practical perspective, the gold tailings used as part of this study exhibits a 

unique NCL.  

 

 

Figure 3.22: Combined triaxial and oedometer test results 
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Figure 3.23 shows a summary of key CSSM features of the gold tailings determined as part of this 

study. For reference, the relevant equations for the various segments of the proposed NCL and 

CSL have been shown. The proposed lines have segments that are based on measured data, and 

segments that are extrapolated based on CSSM theory. For the NCL and CSL, the extended 

curves are based on the 1D-NCL. At high stresses, these curves have been shown to be parallel 

for sandy soils (e.g. Robertson, 2017).  

 

Regarding the NCL and CSL, it was found that these lines are not parallel. However, for low to 

moderate mean effective stress levels of between 50 kPa and 400 kPa, the lines are meaningfully 

offset in the Ὡ ÌÎὴᴂ space. For example, for a NC sample, ‪ changes from 0.126 to 0.100 as the 

mean effective stress increases from 50 kPa to 400 kPa. Therefore, for the purposes of defining 

whether the soil is contractive or dilative at large strains, the NCL and CSL can be considered 

parallel at low to moderate stresses. 

 

 

Figure 3.23: Summary of key CSSM features of the gold tailings 
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average grading observed on site.  

 

Samples were prepared using different sample preparation techniques, to different initial densities, 

were consolidated under different stress conditions, and were sheared under different hydraulic 

boundary conditions. The compression and shear behaviour of the various samples were then 

observed and compared. Key findings are summarised here. 

 

Based on the results from the oedometer testing, the following was found: 

1. For the grading tested, there appears to exist a unique 1D-NCL for the gold tailings. 

2. Even at stress levels of 3.2 MPa, no meaningful evidence of particle crushing was noted. 

 

Based on the results from the triaxial testing a number of effects, specifically regarding the 

undrained shear response of the gold tailings, were observed: 

1. Regarding the density at the start of the shear phase it was found that, as was seen for 

clean sands, the initial void ratio plays a key role in the undrained shear response of the 

gold tailings. For a change in void ratio from 0.69 to 0.84, the gold tailings exhibited a 

progressive change in behaviour from strain-hardening to strain-softening. 

a. For loose samples, a small change in void ratio of 0.04 changed the behaviour 

significantly (see Figure 3.15). In terms of brittleness, Ὅ changed from 0.24 to 0.62 

as the void ratio increased from 0.74 to 0.78. Similarly, the yield undrained strength 

ratio, Ὓ ὴϳ , changed from 0.44 to 0.22. These changes are significant. 

2. Regarding the stress anisotropy imposed during consolidation, it was found that the 

undrained shear response is influenced by the magnitude of stress anisotropy. For a 

change in ὑ from 0.95 to 0.41, the gold tailings exhibited a progressive change in 

undrained shear response, with Ὓ ὴϳ  changing from 0.20 to 0.50. 

a. In particular, it was found that for a change in ὑ of 0.41 (from ὑ = 0.95 to 

ὑ = 0.54), both the brittleness and yield undrained shear strength changed. Ὅ 

changed from 0.77 to 0.49, while Ὓ ὴϳ  changed from 0.20 to 0.36. 

b. In addition to the increase in yield undrained shear strength (Figure 3.18), it was 

found that for samples prepared at the same initial void ratio but consolidated under 

decreasing ὑ values, there is a general increase in the axial strain required to reach 

the yield point (see Figure 3.17). As suggested by Rosenzweig et al. (2020), as ὑ 

decreases, the soil has less capacity to handle an increase in shear stress before 

collapse is initiated. In other words a smaller trigger event is required to initiate 

collapse for soils with a smaller ὑ, compared to soils with a higher ὑ. This further 

motivates the importance of the knowledge of the in-situ stress state in tailings 
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dams. 

3. Regarding the influence of sample preparation method, two distinct CSLs were identified 

for the MT samples and the SD samples (as shown in Figure 3.19). The CSLs were defined 

using the same slope but with different intercepts. This is in direct contradiction to a key 

principle of CSSM that the sample preparation method should not influence the behaviour 

at critical state (i.e. that the CSL should be independent of initial fabric). However, similar 

observations have been made by other researchers on gold tailing (e.g. Reid et al., 2022b) 

and iron ore tailings (e.g. Mmbando et al., 2023). Additional testing is required to fully 

investigate these findings. 

 

By assuming a ὑ value based on results by Fourie & Tshabalala (2005) on gold tailings mined 

from an ore body of similar geological origin, the results from the oedometer and triaxial tests could 

be directly compared. It was found that the 1D-NCL and NCL are not parallel. However, the slopes 

of these curves are similar, and for practical purposes, it can be assumed that the 1D-NCL and 

NCL are parallel for the gold tailings tested. 

 

Aside from the finding regarding the influence of the sample preparation method on the CSL, these 

findings are all entirely consistent with CSSM principles and are useful for both practicing engineers 

and regulators. Results from these types of tests can greatly assist with planning of both routine 

and investigative laboratory testing, as well as future tailings dam design considerations. 
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4 REMOTE MONITORING SYSTEM 

4.1 INTRODUCTION 

A key objective of the study was the design of a remote monitoring system. This chapter defines 

the requirements of the remote monitoring system, as well as describes the components that were 

selected for the system.  

 

4.2 REQUIREMENTS OF THE REMOTE MONITORING SYSTEM 

The first step in the design of the system was understanding the requirements of the system. Five 

key aspects were identified including accessibility, reliability, durability, longevity and capability. A 

summary of these requirements, and the solution implemented, is provided in Table 4.1.  
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Table 4.1: Key aspects of the remote monitoring system 

 Aspect Definition Requirement Solution 

1 Accessibility Ability to 

communicate 

with the logger 

without having to 

visit site. 

Since the tailings dams that were selected 

for monitoring are located some distance 

from the University, it is imperative that 

communication can occur remotely. This is 

important to ensure that the data can be 

collected regularly, and as well as to 

periodically confirm that the system is 

operating correctly.  

Since South Africa has comprehensive cellular coverage 

and since mobile data is relatively affordable, it was 

decided that dataloggers with cellular capabilities would 

be used. The network service provided was chosen 

based on published coverage maps. No issues related 

to data coverage were noted for the duration of the 

monitoring period. 

2 Reliability Ability of the 

system to save 

the recorded 

data locally. 

Since the study relied heavily on the 

monitoring data, it was deemed necessary 

to have the data saved in multiple, 

independent locations. Therefore the 

system chosen should be able to store the 

data locally, and once the periodic data 

were collected, these should be backed up. 

A datalogger with sufficient on-board memory was 

selected. All measured responses from the loggers were 

saved locally once an hour. This data was remotely 

collected twice-weekly during the first month of 

monitoring, and then only once a week thereafter. Once 

obtained, the data were stored locally on the Universityôs 

laboratory laptop and a cloud backup was made. 

3 Durability Ability of the 

system to survive 

the harsh 

conditions 

expected on site 

Tailings dams provide some of the harshest 

environments for monitoring equipment. The 

remote monitoring system should therefore 

be able to withstand these effects. In 

particular, the sensors will be exposed to 

saturated mine tailings, while the cables and 

Each sensor selected for use was manufactured using 

corrosion resistant materials and was waterproof. In 

addition, all the splices were performed with high-quality, 

waterproof splice kits and each splice was thoroughly 

tested before use. The logging equipment was housed 

in a waterproof and dustproof enclosure. 
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 Aspect Definition Requirement Solution 

logging equipment will be exposed to 

sunlight, rain and dust. 

4 Longevity Ability of the 

logger to perform 

as required 

without 

intervention 

The system should be capable of logging for 

an extended period of time without having to 

rely on an external power supply, or 

frequent battery replacements. 

A high-capacity 12 V, 26 AH rechargeable gel battery 

was used to power the system. Based on the long-term 

Drying Box 1 experiment, this battery was shown to be 

capable of powering the system for at least six months. 

To further increase the longevity of the system, a solar 

panel was added to the system to continuously charge 

the battery. 

5 Capability Ability to 

measure the 

complete soil 

stress state 

The complete stress state, as defined for 

this study, comprises the vertical effective 

stress and the horizontal effective stress. 

Therefore the combination of sensors 

selected should be capable of estimating 

these parameters reliably. 

To measure the horizontal total stress, an EPC was 

suspended from a segment of reinforcing steel, while an 

EPC was placed within a slurry to measure the vertical 

total stress. To measure the pore pressure, two Tuks 

tensiometers were selected. In some laboratory tests, a 

TEROS 21 WPS was used to measure pore pressures, 

however, these were not installed in the field. A 

TEROS 12 moisture probe was used to estimate the 

VWC of the soil. The horizontal and vertical effectives 

stresses were calculated by considering both the total 

stresses and the measured pore pressure. As discussed 

in Section 5.5.5, the VWC was considered for the 

effective stress calculations. 
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4.3 COMPONENTS OF THE REMOTE MONITORING SYSTEM 

4.3.1 Overview 

Based on the requirements set out in the previous section, several components were required to 

construct the remote monitoring system. This section describes the individual components that 

were selected to form part of the remote monitoring system. 

 

4.3.2 Sensors 

To measure the total stresses in the soil, Geosense Total Earth Pressure Cells (EPC) were 

selected. The EPCs chosen are 650 mm in length and comprise a circular sensing face and a 

170 mm long, 25 mm diameter housing which contains the pressure transducer as shown in 

Figure 4.1. The sensing face is composed of two circular stainless-steel plates welded around their 

circumference and filled with a mixture of de-aired water and glycol.  

 

The sensing face is hydraulically connected to the pressure transducer by means of a 6.2 mm 

diameter steel connecting tube. The sensing face has an active side and an inactive side with an 

outer diameter of 165 mm and a thickness of 7.5 mm. The active side has an inactive rim with an 

inner active diameter of 150 mm. 

 

The EPCs used have a resolution of ±0.025% FSO, a reported accuracy of ±0.1% FSO, and a 

capacity of 345 kPa, over an operating temperature range of -20°C to +80°C (Geosense Ltd, 2016). 

The vibrating wire EPCs were chosen over the strain gauge cells as vibrating wire based sensors 

have been shown to be more reliable for long-term monitoring when compared to equivalent strain 

gauge based sensors (e.g. Bordes & Debreuille, 1984). 

 

As was discussed earlier, it is known that there are several factors that influence the performance 

of EPCs and that if these factors are not considered appropriately, poor performance can be 

expected from the EPCs. Table 4.2 provides a summary of these 15 factors. For each factor, the 

steps taken as part of this study to improve the performance of the EPCs have been highlighted. 
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Figure 4.1: Details of the Geosense VWTPC-4000 EPC (after Geosense Ltd, 2016) 

 

To measure the pore pressures in the soil, the Tuks HCTs were selected. In particular, the steel-

cased tensiometers were selected over the epoxy-cased tensiometers. As an additional test, a 

commercial WPS was used for the initial laboratory experiments. However, it was later decided 

that this sensor would not be included for the site installations. This was based on the poor 

performance of the sensor at low stresses and in situations where rapid changes in suction are 

experienced (as discussed in Section 5.6.1). 

 

To measure the moisture content of the soil, it was decided that the TEROS 12 moisture probes 

manufactured by the METER Group would be used. The TEROS 12 sensor is a compact, complete 

soil moisture system sensor (Campbell Scientific Inc., 2019). The sensor is often used in the 

agricultural sector due to its large one litre volume of influence as well as its high accuracy, 

durability and low cost. 

 

650 mm

165 mm outer diameter7.5 mm thick

170 mm

6.2 mm diameter 

connecting tube

25 mm diameter housing for 

the pressure transducer

150 mm diameter 

active face
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Table 4.2: Summary of actions applied for this study regarding key aspects affecting the performance of EPCs 

 Factor Recommended action Action applied for this study 

1 Aspect ratio 

(cell thickness 

to diameter 

ratio) 

Use relatively thin cells ( ), 

 in some cases 

With a thickness of 7.5 mm and a diameter of 165 mm, the EPCs used in this 

study have a πȢπυ, which meets the recommended requirements. 

2 Soil-cell 

stiffness ratio, Ὓ 

Design cells for high stiffness 

(Ὓ πȢυ) and use correction 

factors 

With an average EPC stiffness of 612 MPa as measured during the 

compliance testing, and with an average gold tailings stiffness of 26 MPa, the 

EPCs have a calculated Ὓ πȢπτ, which meets the recommended 

requirement. 

3 Diaphragm 

deflection 

(arching) 

Design cell for low deflection 

(
Ў
ς πππυ πππ) 

With an active face diameter of 150 mm and an average deflection of 

0.047 mm, as measured during the compliance testing at applied pneumatic 

stresses of 200 kPa, the EPCs have a calculated 
Ў
σρωρ, which meets the 

recommended requirement. 

4 Cylinder or 

piston cell 

deflection 

Design cell for low deflection 

(
Ў
ςπ πππ) 

This factor is not applicable to the Geosense EPCs which are hydraulic-type 

EPCs and not diaphragm-type EPCs. 

5 Stress 

concentrations 

at cell corners 

Use inactive outer rims to 

reduce sensitive area (

πȢςυπȢτυ) 

With an active diameter of 150 mm, the EPCs used in this study have a 

πȢψσ. This value lies outside the recommended range. However, it should be 

noted that these requirements were based on theoretical considerations (e.g. 

Monfore, 1950) and limited physical testing (e.g. Peattie & Sparrow, 1954). In 

their physical testing, Peattie & Sparrow, (1954) noted that it was not possible 
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 Factor Recommended action Action applied for this study 

to test EPCs larger than 76.2 mm in diameter. It was also noted that if the 

regions of stress concentrations were restricted to a small distance in from 

the circumference of the cell, then the sensitive area ratio would not be of 

great importance for larger cells. The EPCs used in this study have an active 

diameter of 150 mm and it is therefore likely that this requirement may not be 

of great important for these EPCs. 

6 Eccentric, 

nonuniform and 

point loads 

Increase stress cell active 

diameter (diaphragm, ρπ; 

cylinder υπ) 

With a Ὀ  of 0.063 mm, the EPCs installed in the gold tailings have a 

ςσππ, which meets the recommended requirements. 

7 Lateral stress 

rotation 

Use correction factors, such as 

those proposed by Askegaard, 

(1963). 

The corrections proposed by Askegaard (1963) were based on analytical 

methods which included their own set of assumptions. It is unclear whether 

using these corrections would improve the results from the EPCs in this case, 

therefore no corrections were applied. 

8 Cross-

sensitivity 

Change strain gauge 

arrangement or add outer rings 

This factor is not applicable to the Geosense EPCs which are vibrating wire 

sensors and not strain gauge sensors. 

9 Stress-strain 

behaviour of 

soil 

Calibrate cell under near-usage 

conditions 

Each EPC were delivered with a calibration datasheet developed by the 

manufacturer. 

10 Placement 

effects 

Random error; use duplicate 

measurements 

The EPCs were installed in a shallow excavation. The excavation was loosely 

backfilled and then filled with slurry as part of routine operations. Three stress 

stations were installed in relatively close proximity (~20 m apart) for duplicate 
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 Factor Recommended action Action applied for this study 

readings. Filling with slurry implies initial hydrostatic conditions and thorough 

embedment. 

11 Proximity of 

structures and 

other stress 

cells 

Use adequate spacing: see text 

for criteria 

The EPCs were not placed near any other structures in the field. 

12 Dynamic stress 

measurements 

Use dynamic calibration No dynamic measurements were made as part of this study. 

13 Corrosion and 

moisture 

Use extra water-proofing 

precautions 

The EPCs used as part of this study are manufactured using stainless steel 

and are designed to be waterproof and corrosion resistant. A long-term 

laboratory trial was conducted to verify that the gold tailings had no corrosive 

effects on the EPC and that the EPCs were waterproof (see Section 5.6.1). 

14 Placement 

stresses 

Check cell design for yield 

strength 

The EPCs were installed by hand, no construction-related stresses were 

imposed. 

15 Temperature Calibrate or use balance 

resistors 

Temperature corrections were made using the EPC-specific temperature 

coefficient contained in the datasheet as per the manufacturerôs 

recommendations. 
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4.3.3 Logging equipment 

Campbell Scientific develop and manufacture dataloggers, sensors and communication devices. 

The University of Pretoria has successfully used their range of dataloggers for several projects 

over the years. For this study, the CR300 datalogger was selected. This selection was based on a 

consideration of the operational requirements of the project, primarily the number of sensors that 

needed to be logged, the power consumption of the loggers, and the project budget. 

 

Since the EPCs are vibrating wire sensors, a device capable of measuring the response from a 

vibrating wire sensor was required. The Campbell Scientific AVW200 module is one such device. 

A single AVW200 module is capable of interpreting the signal from two EPCs and so only one 

AVW200 module was required per system. The CR300 datalogger is capable of logging two Tuks 

tensiometers, the AVW200 module, and at least two sensors using the SDI-12 communication 

protocol. The CR300 datalogger and AVW200 modules can be powered by a standard 12 V 

battery, and the CR300 is able to transfer power from the 12 V battery to the AVW200 module, 

simplifying the power wiring requirements. 

 

For the field tests, the response from the sensors was logged once an hour. However, this logging 

frequency was increased for the laboratory verification tests, as well as for the logging of the 

tensiometer installations on site. With some coding, the cellular module could be sent to a low-

power sleep mode and only powered for a 15-minute window every three hours. This greatly 

reduced the power consumption of the system. 

 

A dual band, SubMiniature version A (SMA) antennae with a 7 dB gain was used to boost the range 

of the internal modem so that the datalogger could connect to the local mobile telecommunications 

network. 

 

4.3.4 Power unit 

A Forbatt rechargeable gel battery (with product code FB26-12G) was used to power the remote 

monitoring system. The 12 V battery has a capacity of 26 AH. As discussed in the next chapter, 

smaller capacity batteries were initially trialled, however these ultimately proved inadequate to 

meet the power requirements for the remote monitoring system. The 26 AH battery, combined with 

the optimised logging code was shown to be capable of powering the entire remote monitoring 

system for up to six months with no external intervention being necessary. This is discussed in 

further detail in Section 5.6.1. 
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A Growcol solar panel comprising 36 monocrystalline cells was used to charge the battery. The 

panel is 250 mm wide, 350 mm high, 17 mm thick and weighs approximately 1 kg. It has an 

anodised aluminium frame and has an Ingress Protection (IP) rating of IP65 which means that the 

enclosure is protected from total dust ingress and low pressure water jets from any direction (IEC, 

2001). With a maximum power output of 10 W, the panel has an optimum operating current of 

0.57 A, at a voltage of 17.8 V (Growcol International, 2021).  

 

An SR-HP2410 smart solar control unit was used to regulate the power between the solar panel, 

battery and CR300 logger. The particular control unit chosen is lightweight and compact, with a 

width of 71 mm, height of 103 mm, thickness of 36 mm, and weight of just 100 g (SRNE Solar, 

2018). The control using has a current capacity of 10 A. With an IP rating of IP30, the control unit 

is protected from tools and wires greater than 2.5 mm but not protected from liquids. The control 

unit therefore needed to be housed in the logger box. 

 

As shown in Appendix C, the capacity of the solar panel, combined with the power usage of the 

remote monitoring system during the night, resulted in the batteries typically being restored to fully 

charged within a day if the weather was clear. On cloudy days, the time to replenish the batteries 

was increased to two days. 

 

4.3.5 Cabling 

Each commercial sensor is delivered with between 2 m and 5 m of cabling provided by the 

manufacturer. However, this length is insufficient for the field installations where the loggers were 

located many metres aways from the sensors. Therefore the cables needed to be spliced and 

extended. To achieve this, additional cabling and splice kits were required. 

 

In terms of cabling, the four-core, flexible erse Kablo LIYCY cable was selected. A labelled sketch 

of this cable is shown in Figure 4.2. The cable has an outer diameter of 4.6 mm and is protected 

with a grey, oil-resistant Polyvinyl Chloride (PVC) outer sheath. Inside the sheath is a tinned copper 

braid screen and inside the screen is a pes tape wrapping. These layers protect the four bare 

copper cores in the cable. Each core has a PVC insulation cover and an area of 0.14 mm2. 

 



 

4-11 

 

 

Figure 4.2: Sketch of the erse Kablo LIYCY cable used for this study (after erse Kablo, 2021) 

 

In terms of splicing, it was decided that special attention would be given to this aspect considering 

how important this was shown to be by other researchers. For example, Bruggemann & Gosden 

(2004) showed how almost all the sensors installed in the embankment were lost after a few years 

due to the poor quality of the splice kits that were used. Although necessary, splices in a cable 

naturally create opportunities for broken connections. Therefore any splices would need to be well 

protected and thoroughly tested. Further, since these sensors were to be installed on an active 

tailings dam, the splices will need to be waterproof. For this study, the Metaplast MX1 low voltage 

joint kits were selected. 

 

Figure 4.3 shows selected photographs taken during the cable splicing that was conducted at the 

platinum site. Figure 4.3(a) shows a photograph of the cables connected inside the splice kit, but 

before the epoxy was added. During this time, the connection was tested. Figure 4.3(b) shows the 

splice kits drying after being filled with the epoxy resin. Figure 4.3(c) shows the completed splices 

for all ten cables being placed in a protective sleeve. 
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Figure 4.3: Photographs showing the cable splicing at the platinum site: (a) before epoxy filling, (b) after 

epoxy filling, and (c) completed splices 

 

4.3.6 Enclosure (logger box) 

Tailings dams provide some of the harshest environments that can be expected for field logging 

equipment. Typical hazards include direct sunlight, rainfall and dust exposure. To protect the 

logging equipment from these elements, an enclosure was selected to house the equipment. The 

particular enclosure selected was the Allbro Allbrox 3. Made from durable glass reinforced 

polyester, the logger box is 250 mm wide, 350 mm high, and 200 mm deep. With an IP rating of 

IP66, the logger box enclosure is protected from total dust ingress and high-pressure water jets 

from any direction. 

 

Penetrations through the bottom of the box were made to provide access for the cables from the 

sensors, solar panel and antennae. Compression cable glands were used to ensure these holes 

remained waterproof. 

 

4.3.7 Software 

The Campbell Scientific equipment uses the LoggerNet datalogger support software for 

communication with the dataloggers. For this study, LoggerNet v4.7 was used. LoggerNet enables 

communication with the dataloggers through the use a Universal Serial Bus (USB) cable. For the 

remote monitoring system, loggers with cellular connectivity were chosen. With these loggers and 

Subscriber Identity Module (SIM) card. 

23/03/202309/02/2023
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The logging code was created using CRBasic, which is a computer coding language used by all 

Campbell Scientific dataloggers. 

 

4.3.8 Summary 

A summary of the key components of the remote monitoring system is provided in Table 4.3. For 

each component, a brief description of the component is provided, as well as details regarding the 

specific model that was used in the study. 

 

Table 4.3: Summary of key components of the remote monitoring system 

 Component Description Model 

1 Cabling Flexible, four-core, screened cable with an oil-

resistant PVC outer sheath. 

esri Kablo LIYCY four-

core screened cable. 

2 Splice kits Waterproof and dustproof splice kits to connect 

the extensions to the manufacturerôs cable. 

Metaplast MX1 low-

voltage joint kit. 

3 Solar panel A small solar panel to charge the battery, thereby 

extending the working life of the remote 

monitoring system before battery replacements 

are required. 

Growcol 350 mm x 

250 mm, 10 W 

monocrystalline cell 

solar panel. 

4 Solar panel 

control unit 

A control unit capable of directing current from the 

solar panel to the battery, as well as directing 

current from the battery to power the datalogger. 

The control unit should stop supplying current to 

the battery when it is fully charged. 

SNRE Solar, SR-

HP2410 smart solar 

control unit. 

5 Battery 12 V rechargeable battery to power the remote 

monitoring system. 

Forbatt rechargeable 

12 V, 26 AH gel 

battery (product code: 

FB26-12G). 

6 Antenna An antenna to boost the signal from the internal 

modem of the datalogger so that the datalogger 

can connect to a local cellular network for remote 

communication. 

SMA 7bB gain 

antenna (product 

code: ANT 7DB). 

7 Datalogger Datalogger capable of logging the response from 

all the sensors, storing the data, and being 

accessible via a cellular network. 

Campbell Scientific 

CR300 cellular 

datalogger. 
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 Component Description Model 

8 Vibrating 

Wire 

Analyser 

Datalogger capable of logging the response from 

a vibrating wire sensor. 

Campbell Scientific 

AVW200 spectrum 

analyser. 

9 Vertical 

stress 

sensor 

Vibrating wire, hydraulic-type Earth Pressure Cell 

(EPC). 

Geosense 165 mm, 

345 kPa EPC (Model: 

VWTP-4000). 

10 Horizontal 

stress 

sensor 

Vibrating wire, hydraulic-type EPC. Geosense 165 mm, 

345 kPa EPC (Model: 

VWTP-4000). 

11 Pore 

pressure 

sensor 

Sensor capable of measuring both positive and 

negative pore pressures. 

Tuks High-Capacity 

Tensiometer (HCT), 

steel-cased. 

12 Pore 

pressure 

sensor 

(alternate) 

Sensor capable of measuring both positive and 

negative pore pressures. 

METER Group 

TEROS 21, Gen 2 

Water Potential 

Sensor (WPS). 

13 Moisture 

content 

sensor 

Sensor capable of measuring the moisture 

content of a soil, continuously and non-

destructively. 

METER Group 

TEROS 12 probe. 

14 Enclosure 

(logger box) 

A waterproof and dustproof enclosure to house 

the battery, dataloggers, and solar panel control 

unit. 

Allbro Allbrox 3 with 

dimensions: 350 mm x 

250 mm x 200 mm 

(Model: ALL-003). 

 

 

4.4 DESIGN OF THE REMOTE MONITORING SYSTEM 

A few iterations of the solar panel and logger boxes were evaluated and trialled in the laboratory. 

The final configuration of the logger box (enclosure) is shown in Figure 4.4. This photograph was 

taken at the platinum monitoring site and shows how all the components listed in Table 4.3 were 

configured on site.  
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Figure 4.4: Components of the remote monitoring system inside the enclosure 

 

4.5 VERIFICATION OF THE REMOTE MONITORING SYSTEM 

To verify the performance of the system, it was decided that a series of tests would be conducted 

in a controlled environment. The objective of these tests was to verify the performance of the 

various individual components of the system, as well as the performance of the entire system under 

the conditions expected in the field. Details regarding these tests are provided in the next chapter.  

 

4.6 SUMMARY 

A key objective of the study was the design of a remote monitoring system capable of measuring 

the in-situ stress state on an active tailings dam. This chapter presented several aspects of this 

system, including the fundamental requirements of the system, as well as details of the various the 

components that were selected to meet these requirements. To complete the design and 

verification of the system, a series of short-term and long-term laboratory tests were conducted on 

individual components of the system, as well as on the entire system as a whole. The next chapter 

discusses these laboratory tests.  
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5 LABORATORY VERIFICATION TESTS 

5.1 INTRODUCTION 

In this chapter, laboratory testing of the remote monitoring system is described. The intent of this 

testing was to verify the performance of the individual components of the system, as well as for the 

complete system. 

 

5.2 TENSIOMETER CALIBRATION TESTS  

As discussed in Section 2.6.2 the Tuks tensiometers have been shown to perform well at low to 

moderate suctions. However, this is only possible if the tensiometers are adequately saturated. 

This section describes the saturation and calibration process followed for each tensiometer. 

 

5.2.1 General procedure 

The tensiometer calibration tests were performed at the geotechnical engineering laboratories at 

the University of Pretoria. Figure 5.1 shows a sketch of the setup used for the tensiometer 

calibration. In general, the compressed air supply conduits have been indicated with green lines 

while the water supply conduits have been indicated with blue lines. The calibration was performed 

in a temperature-controlled room. 

 

The water pressure readings were read off a calibrated Bourdon gauge. The gauge has a range of 

1 MPa and a resolution of 20 kPa. A series of lever ball valves allows for the isolation of the air-

water interface, de-aerator and Bourdon gauge as required. 
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Figure 5.1: Sketch showing the setup for the tensiometer calibration 

 

The calibration process comprised two distinct phases: saturation and calibration. Each process is 

briefly described in the following sections. 

 

Saturation 

The purpose of the saturation phase it to ensure that the reservoir and ceramic of the tensiometer 

is completely filled with de-aired water. This is a critical phase as poor saturation of the 

tensiometers is known to significantly affect its performance (e.g. le Roux, 2019). Prior to the start 

of the saturation phase, the tensiometers were placed in an oven at 65°C overnight to ensure the 

reservoir and ceramics were dry. 

 

The first step in the saturation process is to ensure the water used is de-aired. This was achieved 

by using a de-aerator fitted with a mechanical agitator and connected to a vacuum pump. A 

minimum de-aerating time of 30 minutes was typically enforced. 

 

The tensiometers were placed in the modified triaxial cell and the cell was filled with the de-aired 
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water. Following the procedure described by Take & Bolton (2003), a vacuum was applied to the 

cell during filling. This significantly reduced the time required for saturation, as well as improved 

the cavitation resistance of the tensiometers. Once the cell was filled with de-aired water, air 

bubbles were bled from the cell and the tensiometers were allowed to equilibrate. Once an 

appropriate response was noted for all the tensiometers, the cell was pressurised to 500 kPa and 

the tensiometers were left overnight. The calibration process, described in the next section, was 

typically conducted the next morning. 

 

Calibration 

The intent of the calibration tests was to verify the performance of the tensiometers, as well as to 

determine the relevant calibration coefficients. A well-performing tensiometer would show a sharp 

change in voltage difference due to a change in applied pressure. During calibration, the 

tensiometers were connected to a Campbell Scientific CR300 datalogger and the voltage 

difference was recorded once a second.  

 

Water pressure in the chamber was systematically raised in increments of 100 kPa from 

atmospheric pressure (0 kPa) to 600 kPa and then back to 0 kPa. The applied pressure was 

controlled using the precision regulator, indicated at position 1 in Figure 5.1, while the magnitude 

of applied pressure was read from the Bourdon gauge, indicated at position 2 in Figure 5.1. Load 

increments were typically held constant for at least 20s. 

 

Pressures (ὖ) were calculated from the raw tensiometer readings (ὠ ) using two calibration 

coefficients ‌ and ‍ as shown in Equation (11).  

 

ὖ ‌ ὠ ‍ (11) 

Where: 

ὖ = Pressure applied to the tensiometer (kPa) 

‌ = Calibration coefficient [kPa/(mV/V)] 

ὠ  = Measured response from the tensiometer due to an applied pressure (mV/V) 

‍ = Response from the sensor at zero pressure (mV/V) 

 

5.2.2 Results 

For each tensiometer used as part of this study, a calibration test was conducted. For simplicity, 

only key examples of these calibration curves are shown here. Figure 5.2 shows the raw calibration 

data for Tensiometer 1B, which was installed at the gold tailings site. A known pressure was applied 
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to the modified triaxial cell, and the response of each sensor in mV/V was noted. Three calibration 

curves are shown. For each stress increment a minimum stabilisation time of 20 s was ensured. 

The results show a sharp response from the tensiometer to a change in applied pressure and the 

results are repeatable, indicating that the tensiometer is performing well. 

 

 

Figure 5.2: Raw calibration data for tensiometer 1B, used for the gold tailings site 

 

The raw calibration data were interpreted, and a calibration coefficient was determined for each 

tensiometer. The calibration coefficient has units of kPa/(mV/V) and is used to relate the response 

from the tensiometer to the change in applied pressure as shown in Equation (11). Figure 5.3 

shows the interpreted pressures using the chosen calibration coefficients ‌ of 40.08 kPa/(mV/V) 

and 40.55 kPa/(mV/V) for Tensiometers 1A and 1B which were used for the gold site. The zero 

readings for these tensiometers in the laboratory were 0.479 mV/V and 1.355 mV/V, respectively. 

 

0

4

8

12

16

14:20:00 14:30:00 14:40:00 14:50:00

V
o
lt
a
g
e
 d

if
fe

re
n
c
e
, 
V

d
if
f
(m

V
/V

)

Tens_1BMinimum stabilisation
time of 20s per stress 
increment



 

5-5 

 

 

Figure 5.3: Interpreted calibration data for tensiometers 1A and 1B, used for the gold tailings site 

 

Limited dry-out tests were conducted to test the capacity of the tensiometers. In a dry-out test, the 

tensiometers are left exposed to the air. The water at the face of the tensiometer dries out due to 

evaporation and this results in cavitation of or air-entry into the tensiometer. The intent of these 

tests is to verify the performance of the sensors to ensure that they are capable of providing reliable 

readings in the range of suctions that are expected.  

 

Results from two such dry-out tests are shown in Figure 5.4. Tensiometer S1 achieved a suction 

reading of 270 kPa before cavitation, while tensiometer S2 achieved a suction reading of 837 kPa 

before cavitation. After cavitation, it can be seen that both tensiometers abruptly returned to a 

suction value of 95 kPa (close to absolute zero pressure at the Universityôs elevation). Thereafter, 

the tensiometers gradually returned to their initial zero reading. After cavitation, the tensiometers 

no longer provided reliable pressure readings. Tensiometers in this state need to be dried out, re-

saturated and re-calibrated before being used again. 

 

A total of 56 tensiometers were used as part of the various aspects of this research and a saturation 

and calibration exercise was conducted for each tensiometer. Key calibration details for each 

tensiometer using the field and laboratory tests are shown in Appendix B. 
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Figure 5.4: Results from selected dry-out tests on the Tuks tensiometers 

 

5.3 MOISTURE PROBE CALIBRATION TESTS  

As described in Section 2.6.5, the TEROS 12 moisture probe uses the TDR technique to estimate 

the dielectric permittivity of the soil. From this parameter, the VWC of the soil can be estimated 

using one of several empirical relationships (e.g. Topp et al., 1980; Campbell Scientific Inc., 2019). 

However, these relationships have traditionally been developed for natural soils and there is some 

uncertainty regarding the performance of these methods for gold tailings. This is specifically 

important as it is known that the dielectric permittivity of a soil is influenced by the chemistry of the 

pore water, which is different for gold tailings when compared to natural soils. 

 

A series of drying experiments were conducted in the geotechnical engineering laboratories at the 

University of Pretoria to investigate the performance of the TEROS 12 probe for use in gold tailings. 

This section describes the experiments conducted, as well as the results obtained. 

 

5.3.1 General procedure 

The intent of the calibration tests was to dry a tailings sample from a saturated state and measure 

the changes in water content, total volume and suction as the sample dried. In this way, the primary 

drying curve could be defined for the soil, for the given starting void ratio. For each test, a pre-

determined mass of dry tailings was thoroughly mixed with a similarly pre-determined mass of 

water. The masses were determined based on an assumed initial volume and a target density. To 

ensure the tailings was dry and did not have clumps, the material was oven-dried at 105°C for 

-270.2

-97.3

-837.1

-95.4

-1000

-800

-600

-400

-200

0

200

0 50 100 150 200 250

In
te

rp
re

te
d

 p
re

s
s
u

re
, 

P
 (

k
P

a
)

Time (s)

Tens_S1

Tens_S2

1.Consistent readings
up to cavitation

2. After cavitation, 
suction values 
rapidly approach 
absolute zero

3. Readings no longer reliabe after cavitation



 

5-7 

 

24 hrs. Once cooled, the material was sieved through a 2 mm sieve to remove any clumps. 

 

For each test, the height required to reach the target volume was marked out on the drying 

container. This volume was determined by filling the container with potable water at room 

temperature and placing the container on a mass balance. The height of the water was marked 

once the desired mass was noted on the mass balance. The target volume included the volume of 

the sensors that would be added to the soil. During sample preparation, the desired mass of wet 

material was placed such that the height of the sample coincided with the marks on the container 

once all the material had been placed. To achieve the desired density, the wet material was 

carefully placed for the loose samples. Some vibration was necessary for the dense samples. 

 

Figure 5.5 shows a sketch of the key components used as part of the calibration tests. Care was 

taken to ensure that no cables were hanging off the mass balance so any change in mass could 

only be attributed to loss of water due to evaporation. The total volume was tracked using 

photographs of the buckets taken at regular intervals. 

 

A single TEROS 12 moisture probe was placed in the centre of the soil sample, with the sensing 

needles facing horizontally. In addition, two steel-cased Tuks tensiometers and a TEROS 21 WPS 

were also placed at mid-height within the soil mass. An external light source, with a 100 W light 

bulb, was used to accelerate the drying process. All masses were determined using a calibrated 

mass balance with a capacity of 10 kg and a resolution of 0.01 g. 

 

Readings from the sensors were recorded once every five minutes for the tensiometers, moisture 

probe and suction probe. Readings from the mass balance were saved once every minute. Before 

each test, the internal clock on the CR300 datalogger was synced with the clock on the laptop 

computer used to log the readings from the mass balance. 

 

The volume of the sample at the end of the test was determined by marking the height of the 

tailings on the bucket. The bucket was then cleaned and filled with potable water until the marked 

height was achieved. The mass of the water was determined using a mass balance mentioned 

above and the volume of water was calculated assuming a density of the water of 1 g/cm3. The 

sample volume was determined by subtracting the volume of the sensors and their cables from the 

total volume determined by filling the bucket to the marked height. 
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Figure 5.5: Sketch showing the key components of the setup used for the moisture probe calibration tests 

 

Figure 5.6 shows a photograph of the moisture probe calibration test setup taken during Test 5. 

Each component shown in the sketch can be seen in the photograph. 

 

 

Figure 5.6: Photograph showing the setup used for the moisture probe calibration tests 
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5.3.2 Results 

Table 5.1 provides a summary of key aspects of the five moisture probe tests conducted. Test 1 

was the densest sample tested. Although the sample was initially created at a looser state (e~0.9), 

the sample separated after placement into a soil phase at the bottom with a water phase at the 

top. After the excess water which had collected at the top of the sample was removed, it was found 

that the sample had consolidated to a denser state, with a void ratio of approximately 0.80. 

Throughout the testing, it was the point where no further standing water was present on the sample 

that was taken as the start of the test. Unfortunately Test 2 was interrupted by load shedding (i.e. 

a power outage) and the recovered data were deemed unreliable. Results from this test are 

therefore not plotted. 

 

Test 3 was conducted on a loose sample, with an initial void ratio of 1.02. For this test, process 

water obtained from site was mixed with the dry tailings to obtain the slurry. The purpose of this 

test was to investigate the influence of the mine process water on the performance of the moisture 

probe. Test 4 was of an intermediate density (e~0.9) and Test 5 was a repeat of Test 3 (i.e. the 

loosest sample) but with tap water being used instead of the mine process water that was used for 

Test 3. Table 3.3 shows the composition of both the mine process water (used in Test 3) as well 

as the laboratory tap water (used in Tests 1,2,4 and 5). 

 

Table 5.1: Key aspects of the moisture probe calibration tests 

Test Start void 

ratio 

End void 

ratio 

Start 

VWC 

End 

VWC 

Test duration 

(days) 

Comment 

1 0.80 0.80 0.45 0.08 11 First test, densest sample 

2 0.95 0.76 0.41 0.06 15 Test interrupted by load 

shedding, data not 

reliable. 

3 1.02 0.74 0.49 0.15 24 Loose sample, replace tap 

water with mine process 

water 

4 0.88 0.72 0.38 0.03 32 Intermediate density 

5 1.04 0.75 0.49 0.14 40 Repeat of Test 3, use tap 

water 

 

Figure 5.7 shows selected results from Test 3. These results are typical of those obtained from the 

calibration tests. Figure 5.7 specifically shows the response of the two Tuks HCTs and the WPS, 

compared to the total mass of the sample over time. The mass of the sample follows an exponential 
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decay function as the water evaporated. Excellent correlation was noted between the suction 

measurements reported for the two HCTs. However, a slower response was noted for the WPS.  

 

The slower response of the WPS, compared to the HCTs can be described either in terms of 

measured suction at a specific time, or in terms of a time delay required to achieve the same 

suction. For example, at 15 days, the WPS showed a suction value approximately 20 kPa lower 

than the two HCTs. It took a further 4 days for the WPS to reach this suction value, when compared 

to the HCTs. 

 

 

Figure 5.7: Selected results from the moisture probe calibration Test 3 

 

Figure 5.8 shows a summary of the results from all four calibration tests on the TEROS 12 moisture 

probe. In the figure, the known VWC is compared to the VWC calculated using the Mineral Soils 

relationship as shown in Equation (9). The legend differentiates between samples prepared using 

Tap Water (TW) and Process Water (PW). It can be seen that the majority of the data points lie 

within ±0.05 of the line of equality. Further, there does not appear to be a clear influence of density 

nor water chemistry. It therefore appears that the interpretation of VWC for gold tailing using the 

TEROS 12 probe and the Mineral Soils relationship is independent of water chemistry and initial 

density. 
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Figure 5.8: Performance of the TDR sensor using the Mineral Soils relationship 

 

Figure 5.9 shows a summary of the results from all four calibration tests on the TEROS 12 moisture 

probe. In this figure, the known VWC is compared to the VWC calculated using the relationship 

proposed by Topp et al. (1980) as shown in Equation (7). It can be seen that although the majority 

of the data fit within ±0.05 of the line of equality, there are still some data points that lie outside this 

range. A poorer fit was noted when compared to the results shown in Figure 5.8 which were 

determined using the Mineral Soils equation. As was noted with the Mineral Soils interpretation, 

there does not appear to be a clear influence of density nor water chemistry. It therefore appears 

that the interpretation of VWC for gold tailings using the TEROS 12 probe and the Topp equation 

is independent of water chemistry and initial density. 
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Figure 5.9: Performance of the TDR sensor using the Topp et al. (1980) relationship 

 

Using the suction values measured by the Tuks HCTs, and by calculating the degree of saturation 

using the mass readings from the mass balance (assuming any loss of mass is only due to 

evaporation), it is possible to plot a SWRC for the gold tailings. Figure 5.10 shows the SWRCs 

developed using the results from the moisture probe verification tests. Data for an additional SWRC 

is also shown for reference. This SWRC was determined in accordance with the tensiometer 

method as described by le Roux (2019). The initial void ratios of the samples, as well as the 

interpreted Air Entry Values (AEVs) have been highlighted. It can be seen that it proved difficult to 

ensure initial saturation of the denser samples. In addition, the gold tailings can be characterised 

by a low AEV of between 4 kPa and 11 kPa. 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.0 0.1 0.2 0.3 0.4 0.5 0.6

M
e

a
s
u

re
d

 V
W

C
 (

m
3
/m

3
)

Known VWC (m3/m3)

1:1 Line

T1_e=0.80_TW

T3_e=1.02_PW

T4_e=0.88_TW

T5_e=1.04_TW

Topp et al. (1990)



 

5-13 

 

 

Figure 5.10: Comparison of the various SWRCs developed for the gold tailings 

 

The measured drying curve for Test 5 was approximated using the equation proposed by Fredlund 

& Xing (1994) as shown in Figure 5.11. Figure 5.11(a) shows the ὠὡὅ-‪ relationship while 

Figure 5.11(b) shows the Ὓὶ-‪ relationship. Excellent correlation can be seen for both 

relationships. The curve-fitting parameters ὥ, ὲ and ά are shown in the figure. Curve fits for Tests 

3 and 4 can be found in Appendix B. 
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Figure 5.11: Fredlund & Xing (1994) curve fits for the gold tailings showing: (a) VWC, and (b) Sr plots 
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concern when measuring earth pressures if the soil is known to arch (i.e. span across the EPCs 

such that the true stress in the soil is not imposed on the EPC). This is especially important for 

EPCs installed to measure lateral earth pressures. To investigate the susceptibility of the EPCs to 

this phenomenon, it was decided that the deflection of the EPC would be measured as a function 

of an applied load. 

 

5.4.1 General procedure 

The compliance tests were conducted in a temperature-controlled room in the geotechnical 

engineering laboratories at the University of Pretoria. Figure 5.12 shows a sketch of the setup that 

was used for the EPC compliance testing. The testing apparatus involved the use of a modified 

pneumatic pressure vessel with a safe working capacity of 700 kPa. The pressure vessel was 

connected to a compressed air supply, and the pressure was regulated using a lever ball valve to 

increase pressure and an air release valve to reduce pressure. 

 

The response from the EPCs was recorded using a Campbell Scientific AVW200 spectrum 

analyser, connected to a Campbell Scientific CR300 datalogger. The datalogger and spectrum 

analyser were powered by a 12 V, 4.6 AH lead acid battery and were connected to a laptop 

computer using a USB cable. Frequency and temperature measurements were recorded once 

every 10 s. 

 

 

Figure 5.12: Sketch showing the configuration of the EPC compliance testing setup 
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Cell deflections were measured using an Hottinger Baldwin Messtechnik (HBM) inductive miniature 

displacement transducer. The displacement transducer (Model WI/2mm-T) has a range of 2 mm. 

For this test, the displacement transducer was connected to an HBM Clip Electronic amplifier. The 

amplifier (Model AE501) was used to increase the response from the displacement transducer so 

that the response was within the measuring range of the datalogger.  

 

A Campbell Scientific CR300 datalogger was used to record the response from the displacement 

transducer. The datalogger and amplifier were powered by an 18 V composite battery. The 

datalogger was connected to the same laptop computer noted earlier using a wireless connection. 

During the test, the response from the displacement transducer (in mV/V) was recorded once a 

second. 

 

To verify the performance of the displacement transducer, a verification process was conducted. 

Figure 5.13 shows a photograph taken during this verification process.  

 

 

Figure 5.13: Displacement transducer verification using a precision stand 
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recommended the manufacturer. The error was determined as the difference between the 

interpreted displacement and the known displacement. This error value varied from 0.001 mm to -

0.008 mm as the known displacement was increased from 0 mm to 0.25 mm. 

 

 

Figure 5.14: Results from the displacement verification testing 

 

As part of the EPC compliance testing, one of the objectives was to investigate the deflection of 

the sensing face of the EPC at various locations due to an applied loading. Figure 5.15 shows a 

sketch indicating the three displacement transducer locations: Left (L), Middle (M) and Right (R). 

The majority of the testing was conducted at the middle (M) position. The tests that were conducted 

at the (L) and (R) positions are indicated as such. 
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Figure 5.15: Sketch showing the three displacement transducer locations for the EPC compliance testing 

 

An ESI Technology GENSPEC GS4200 pressure transducer , with a capacity of 1 MPa (ESI 

Technology, 2021) was used to verify the air pressure in the pressure vessel. The pressure 

transducer was configured to an amplifier and display unit such that the measured pressure was 

displayed with a resolution of 1 kPa. The accuracy of the pressure transducer was verified using 

the same calibrated Bourdon gauge as was used for the tensiometer calibration. The gauge has a 

capacity of 1.0 MPa and a resolution of 20 kPa.  

 

As part of the verification testing of the pressure transducer, the system was filled with de-aired 

water and the air-water interfaces were used to impose a known applied hydraulic pressure to the 

pressure transducer. Each stress increment was typically held for at least 20 s. At the end of the 

stress increment, the pressure recorded on the display unit and the pressure noted on the Bourdon 

gauge were noted.  

 

Figure 5.16(a) shows the response noted from the pressure transducer during the verification 

exercise. Figure 5.16(b) shows the difference between the measured transducer response and the 

known applied pressure, defined as the error. It can be seen that the error varies between 0 and 

7 kPa, with the largest errors occurring at low stresses (<50 kPa). However, there is some 

uncertainty regarding the performance of this transducer to pneumatic loading. Therefore, the 

responses have only been used as an indication of the applied pressure. 
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Figure 5.16: Results from the transducer verification process showing: (a) the transducer response, and (b) 

the measurement error 
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to investigate their performance under these conditions. 

 

A summary of the key results from the EPC compliance testing is provided in Appendix B.  

 

5.4.2 Results 

Figure 5.17 shows the results from the verification tests conducted on all the EPCs. The applied 

pressure is plotted on the horizontal axis and the interpreted pressure is plotted on the vertical axis. 

The line of equality, as well as lines showing values 7.5% greater than, and 7.5% less than the line 

of equality are shown for reference. It can be seen the majority of the results fall within ±7.5% of 

the known applied pressure. This value is far greater than the quoted accuracy of the sensor of 

0.25% of FSO and can be attributed to the fact that the system used for the verification tests was 

not sufficiently accurate to be used for independent calibration. Rather, the purpose of these tests 

was to investigate the compliance of the various EPCs under the same applied load. It is for this 

reason that the tests are referred to as verification tests and not calibration tests. 

 

 

Figure 5.17: Results from the compliance testing of the EPCs 
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along the face of the EPC was investigated. In the figure, the deflection measured by the 

displacement transducer is shown for each applied stress increment. It can be seen that the 

response of the EPC is highly non-linear. In this test, suction was applied to the pressure chamber 

using a vacuum pump. Two points are evident from the graph. The first point is that the most 

deflection occurs at the centre, compared to the left and right positions. This is expected due to 

the design of the EPC. Similar deflection values were noted for the left and right displacement 

transducer locations.  

 

The second point is that the magnitude of the deflection of the EPC is larger for suction (negative) 

applied pressures when compared to the deflection noted for positive applied pressures. For 

example, for the displacement transducer located in the middle at an applied air pressure of 

50 kPa, deflection values of 0.03 mm and 0.02 mm were noted on the loading and unloading paths, 

respectively. However, at an applied air pressure of -50 kPa, significantly larger deflection values 

of -0.05 mm and -0.09 mm was noted. The negative value implied the thickness of the EPC 

increased (i.e. the face of the EPC expanded). 

 

 

Figure 5.18: Example of variation in deflection along the face of the EPC 

 

Figure 5.19 shows the results from the compliance tests conducted on the EPCs that were installed 

on the gold tailings site. Unfortunately, it was not possible to test all the EPCs before installation 

on site. Instead, duplicate tests were performed to investigate the repeatability of the observed 

deflection. In general, excellent repeatability was found for the three EPCs tested. Peak deflections 

of between 0.01 mm and 0.13 mm, under an applied pneumatic load of approximately 250 kPa, 

were noted for the EPCs. 
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Figure 5.19: Variation in compliance of the EPCs installed at the gold site 

 

Figure 5.20 shows the results from the compliance tests conducted on the EPCs that were installed 

on the iron ore site. It can be seen that for an applied loading of approximately 200 kPa, a much 

larger deflection of between 0.16 mm and 0.18 mm was noted for the EPCs installed at Station 3 

(indicated in green), compared to the deflection noted for the EPCs installed at Stations 1 and 2 

(indicated in yellow and blue). The EPCs installed at these stations exhibited deflections of 

between 0.01 mm and 0.04 mm. 

 

 

Figure 5.20: Variation in compliance for the EPCs installed at the iron ore site 
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Figure 5.21 shows the results from the compliance tests conducted on the EPC that were installed 

on the platinum tailings site. It can be seen that the EPCs which were used to measure the 

horizontal stress showed significantly less deflection (0.012 mm to 0.02 mm), compared to the 

EPCs which were used to measure the vertical stress (0.0 1 mm to 0.0 3 mm). Interestingly, 

meaningful hysteresis was noted for the horizontal EPCs. However, these values are small 

(<0.005 mm) and therefore not too much emphasis is placed on these results. For reference, the 

deflection noted for the aluminium plate, which for practical purposes would have undergone zero 

deflection due to the applied pneumatic load of 200 kPa, was in the order of 0.001 mm.  

 

 

Figure 5.21: Variation in compliance of the EPCs installed at the platinum site 

 

Figure 5.22 shows the results of the all the compliance tests conducted on the EPCs. Also indicated 

is the test on the aluminium plate (indicated with a black dotted line). The aluminium plate test was 

a baseline test to verify that the displacement transducer was not influenced by any other factors 

present during the compliance testing (such as temperature, pressure, etc). A maximum deflection 

of 0.001 mm was noted for this test, which is considered negligible. 

 

Considering the responses from all the EPCs, it can be seen that there is a large variation in the 

measured deflection for the various EPCs for the same applied load. For example, a maximum 

deflection of 0.18 mm was noted for EPC 357 544, compared to a maximum deflection of 0.01 mm 

that was noted for EPC 359 811. The difference in measured deflection between the various EPCs 

is something that needs to be considered. 
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Figure 5.22: Results of all the compliance tests conducted on the EPCs 

 

 

5.5 INTERPRETATION OF DATA FROM THE REMOTE MONITORING SYSTEM 

The response recorded from the various sensors of the remote monitoring system were converted 

to engineering units using various relationships and calibrations. This section describes these 

processes. 

 

5.5.1 Determination of total stresses 

Total stresses measured by the EPCs were determined using the linear relationship shown in 

Equation (6) (Section 2.6.1). The zero readings were obtained prior to the start of the respective 

tests, and the calibration factors were taken from the datasheets provided by the manufacturer 

(see Appendix E). Additional details regarding the site zero readings are shown in Appendix C. 
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5.5.2 Determination of pore pressures 

Pore pressures were determined using the response measured by the HCTs and the linear 

relationship shown in Equation (11) (see Section 5.2). The zero readings were obtained prior to 

installation, and the calibration factors were taken based on the results from the calibration tests 

(see Appendix B). Additional details regarding the site zero readings are shown in Appendix C. 

 

5.5.3 Determination of water content 

Based on the laboratory calibration tests conducted in Section 5.3, it was found that the Mineral 

Soils equation tended to perform better than the Topp equation for the gold tailings. It was assumed 

that this improved relationship is also valid for the iron ore and platinum tailings. Therefore, all 

interpretation of the WPS was performed using the Mineral Soils relationship as shown in 

Equation (9) (Section 2.6.5). 

 

5.5.4 Determination of geostatic stress ratio (╚ ) 

The geostatic stress ratio was determined using the horizontal and vertical effective stresses 

calculated as described in the following section of this chapter. In Section 4.3, the EPCs used in 

this study were shown to have been designed in accordance with the recommendations by Weiler 

& Kulhawy (1982). Additionally, as described in Chapter 6, the installation was conducted in 

accordance with the same guidelines and the vertical field measurements were indirectly validated 

using the known average bulk density of the overlying tailings and the tailings elevation as reported 

monthly by the operating contractor. Therefore, there is relatively little uncertainty regarding the 

accuracy of the vertical stress measurement. However there is some uncertainty regarding the 

accuracy of the horizontal stress measurement. 

 

As the EPCs were installed in a slurry, there was initially uniform contact between the soil and 

EPCs due to the hydrostatic conditions. These conditions allow for the sensing membrane to 

deflect without affecting the measured values. However, as the material settled and dried out, this 

uniform contact may not have been maintained, and this could have led to incorrect readings from 

the EPC. Two mechanisms in particular are considered to have possibly influenced the stress 

response recorded by the EPC. Both mechanisms involve movement between the soil and the 

EPC which could result in poor contact and therefore poor transfer of the true in-situ stresses.  

 

The first mechanism is due to inward deflection of the EPC as the load imposed by the soil is 
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increased (i.e. as a result of additional deposition). As was shown in Section 5.4, these 

displacements vary across the face of the EPC with the most deflection occurring at the centre. 

For the stress levels experienced in the field during this study, the expected deflection at the centre 

of the EPC is in the order of 0.1 mm. The second mechanism is due to the outward deflection of 

the EPC as the load imposed by the soil is decreased (i.e. as a result of shrinkage during drying). 

As was also shown in Section 5.4, at the same stress level, cell deflections due to negative 

pressure (suction) are greater than the displacements due to positive pressure. For the suction 

magnitudes experienced in the field in this study, the expected deflection at the centre of the EPC 

is in the order of 0.03 mm. 

 

It is difficult to quantify the true influence of these mechanisms. However, it is likely that these 

mechanisms would have resulted in an under-measurement of the true in-situ horizontal stress. 

Therefore, although the best efforts were made to measure and calculate accurate stress ratios, 

these calculated stress ratios should be considered a lower-bound value to the true in-situ stress 

ratios. Based on the work by other researchers using EPCs in the field (e.g. Rankka, 1990; Kudla 

et al., 2022), these under-measurements could be in the order of 10%-20%. 

 

5.5.5 Determination of vertical and horizontal effective stresses 

As discussed in Section 2.3.3, the determination of the effective stress in an unsaturated soil is not 

trivial. For this study, the Bishop effective stress (Bishop, 1959), as modified by (Bolzon et al., 

1996) was used. This approach requires an estimate of the degree of saturation (Ὓ) of the soil. 

 

For this study, three assumptions were considered regarding this estimation. For the first 

assumption, Ὓ was calculated using the VWC as determined from the moisture probe, as well as 

the average in-situ void ratio determined over the monitoring period (see Section 3.3.3). However, 

this was found to result in Ὓ values that did not match the known field conditions at certain times 

(for example immediately after installation and during initial deposition periods, when the soil was 

likely saturated). 

 

For the second assumption, the VWC was again determined from the moisture probe but the void 

ratio was adjusted such that the Ὓ values matched the known values on site. This adjustment was 

in the order of Ὡ πȢς. For the third assumption, the VWC was estimated using the suction 

measured by the HCTs and the approximation of the drying curve measured in the laboratory. The 

average in-situ void ratio (which was similar to the void ratio at which the SWRC test was 

conducted) was used. Although this assumption avoids any potential uncertainty regarding the 
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estimation of the VWC by the moisture probe, the approach is limited by the fact that only a drying 

curve was measured in the laboratory. The conditions in the field include both wetting and drying 

phase and it is known that the drying and wetting response of a soil is distinctly different. A brief 

description of each assumption as well as key advantages and limitations of each assumption are 

provided in Table 5.2. 

 

Table 5.2: Overview of the three Sr assumptions considered 

 Description of 

assumption 

Advantages Limitations Average ╚ * 

(±standard 

deviation) 

1 Use VWC determined 

from the moisture probe 

and average in-situ void 

ratio determined over 

the monitoring period. 

Average 

measured in-

situ void ratio 

used directly. 

Calculated Ὓ 

does not match 

site 

observations at 

times. 

0.451 (±0.048) 

2^ Use VWC determined 

from the moisture probe, 

adjust void ratio to 

match Ὓ at known 

times. 

Calculated Ὓ 

matches site 

observations. 

Adjustment to 

average in-situ 

measured void 

ratio required. 

0.482 (±0.044) 

3 Use suction measured 

by the HCT to estimate 

VWC based on 

laboratory measured 

SWRC. Calculate Ὓ 

using average in-situ 

void ratio. 

Avoids potential 

measurement 

errors with the 

moisture probe. 

Only drying 

SWRCs were 

determined in 

the laboratory. 

0.483 (±0.042) 

*based on measurements at the gold site from 01/10/2022 to 06/30/2024. 

^assumption 2 was selected for use for this study. 

 

Figure 5.23 shows the interpreted Ὓ for the three assumptions when applied to the measurements 

at the gold tailings site. The results obtained using assumption 1 are shown in grey and the low 

calculated Ὓ values are evident. The results obtained using assumption 2 are shown in blue and 

the Ὓ values appear to plot in a more realistic range. The results obtained using assumption 3 are 

shown in orange and it can be seen how they track the laboratory measured SWRC. 
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Figure 5.23: Visual representation of the three assumptions considered for the Sr calculation 

 

To determine the influence of these assumptions on the calculated ὑ value, the horizontal and 

vertical effective stresses were determined using Equation (3) (Section 2.3.3), with the total 

stresses determined as described in Section 5.5.1. The resulting horizontal and effective stress 

pairs for the period from 01/10/2022 to 30/06/2024 for all three stations at the gold tailings site are 

plotted in Figure 5.24. For each assumption, the average ὑ value, as well as the standard 

deviation is shown. As can be seen, the resulting calculated ὑ values varied little between the 

three assumptions. This is likely due to the combination of relatively high total stresses and low 

suction values that were measured at the gold tailings site. 

 

It was therefore decided that assumption 2 would be used for the interpretation for the field data 

for this study. This was deemed the approach that made the best use of the available field data, 

with as few assumptions as possible. 










































































































































































































































