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ABSTRACT 

 

 
Tailings storage facilities (TSFs) are among the largest geotechnical structures in the world 

and operate for adequate and safe storage of tailings during and after mining activities. Ensuring 

the stability of these enormous structures has been a long-standing environmental liability for 

mining-related communities; the failures of TSFs can not only undermines the sustainable 

development of a mine, but also can cause irreparable hazards and damage to those communities 

and environments.  

This document presents research regarding three main topics related to TSFs water 

management. The first topic is development of site-specific guidelines for safe TSF water 

management. In this regard, the study focuses on determining the optimal beach distance from the 

decant pond to the crest, which can be a practical and easy monitoring criterion for securing TSF 

stability. 2D stress-seepage coupled analyses were conducted to evaluate geotechnical stability; 

additionally, water increments that increase due to unexpected weather conditions (heavy rainfall 

and strong wind) were considered for the optimal beach distance. The results of this research can 

be useful in developing a TSF risk level guideline of the testing site.  

The second topic is investigation of the potential of an environmentally-friendly polymer 

as a new drag reduction agent (DRA) to reduce frictional pressure loss and also to conserve water. 

Lab-scale pipe loop tests examined the effect of the polymer on the pressure loss of the tailings 

slurry in pipe flows. The experiment results confirmed the potential for using the polymer as a new 

DRA. Findings showed that pressure loss decreased with increasing polymer percentages up to 

4%, but increased above concentrations of 4%. 3D numerical models of computational fluid 
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dynamics (CFD) simulations were developed and validated based on the pipe loop test results. The 

model provided the potential amount of water and transportation energy saving with minimal 

changes of pressure loss, induced by solid concentration increases. 

The final topic deals with usage of the new DRA. When the DRA is employed and solids 

concentration is increased, the study explored the relevant operating issues, such as settling of 

tailings particles in pipelines, and accelerating pipeline wear using 3D CFD numerical simulations. 

The polymer used in the second study reported here was expected to improve the efficiency of 

tailings slurry flows in pipelines.  The results confirmed that by employing the new DRA, the 

minimal changes of pressure loss levels could be achieved even though there were increases in 

solids concentration. The polymer also increased the flow velocity, making it possible to transport 

tailings faster than the critical velocity at which the particle settlement begins. Also, the addition 

of the polymer resulted in an increase of the erosion rate, due to increased flow velocity, but the 

total amount of erosion was reduced at certain solids concentrations.        
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CHAPTER 1 

INTRODUCTION 

 

1.1 Introduction 

 Mining has played an important role in modern industry, providing large amounts of 

various mineral products for industrial and household consumers. As shown in Table 1, products 

of the extractive mining industry are used widely as vital components in many industries. In the 

rapid progress of industrialization following the Industrial Revolution, demand for minerals such 

as iron, copper, and coal increased significantly and led to a boom of large-scale mining projects.  

 

Table 1. World production of selected non-fuel mineral commodities in 2015 [1]. 

Commodity Production Commodity Production 

Aluminum(primary) 57.5 Mt Molybdenum(mined) 235 Mt 

Antimony 141,000 t Nickel 4,210 Mt 

Bauxite 299 Mt Palladium 215 t 

Bismuth(refinary) 16.4 Mt Silver(mined) 27,600 t 

Cobalt(mined) 126,000 t Tin(mined) 289,000 t 

Copper 60.6 Mt Tungsten 89.4 Mt 

Gold(mined) 3,100 t Zinc 26.7 Mt 

Iron ore 2,290 Mt Cement 4,100 Mt 

Lead 15.35 Mt Diamond 127 M.Carats 

Magnesium 972 Mt Magnesite 27.7 Mt 

 

As the size and scope of mining expanded, however, the amount of mining waste also 

rapidly increased to as much as several thousand million tonnes per year [2]. One of the major 

mining wastes was tailings, defined as the processing waste from the mill plant after removing the 

profitable minerals [3]. Tailings are typically generated at a rate of 200 times more than the 
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concentrate, and this ratio has kept increasing over time. In the 2000s, the demand for metals 

expanded, which caused price rises and led to the expansion of the use of low-grade ores [4]. In 

Australia, for example, the average copper grade was 10% in 1885, but dropped to 1.5% by 2005 

[5]. The average grade of gold was around 20 g/ton between 1830 and 1900, but could potentially 

fall to 2 g/ton in 2050 [6]. Long-term improvements in mineral recovery and processing efficiency 

have resulted in the universal use of low-grade ores [7]. Additionally, safe and economic disposal 

of huge amounts of tailings is becoming increasingly important.      

 

1.2 Tailings Storage Facilities (TSFs) 

1.2.1 General 

Globally, the most common method for tailings disposal is to build earth-fill dam structures 

known as Tailings Storage Facilities (TSFs), into which waste is pumped. Depending on site-

specific conditions, such as geological conditions or the tailings disposal strategy at each mine, 

there have been other disposal methods; these have included riverine disposal, sub-marine 

disposal, backfilling, dry stacking, and open-pit storage. However, surface impoundments (raised 

embankments) are the most widely-used methods for tailings disposal [3]; reportedly, over 3500 

TSFs are in operation worldwide, with scales varying from a few hectares to thousands of hectares 

[8].  

Generally, raised embankments are sequentially constructed (raised) after the discharging 

of certain amounts of tailings, which depends on the size of TSFs. Well-managed and locally-

driven soils are used to build the initial dyke of the TSF, but waste rock or tailings themselves are 



18 

 

commonly used as fill materials for raising the embankments [9]. Depending on the rising direction 

of embankments, TSFs are categorized for upstream, downstream, or centerline types [9]. 

In an upstream type TSF, tailings are transported from the mill to the TSF area by pumping 

them through pipelines in the form of a solid-liquid mixture known as slurry. Delivered tailings 

are disposed by cycloning or spiggoting at the embankment. Figure 1 shows a deposition procedure 

of the tailings slurry at the TSFs. When the tailings slurry is discharged, it flows down to the pond. 

In this process, a size segregation of tailings particles occurs along the beach. Coarse-grained 

fractions are settled near discharge points. In contrast, fine-grained fractions slowly subside as they 

flow to the decant pond. This hydraulic segregation of tailings creates a variation in permeability 

along the beach, with increased permeability in the coarser zone, resulting in a lower phreatic 

surface level near the embankment [10]. The permeability coefficient in the TSF usually shows 

heterogeneity; horizontal permeability is 10 times larger than the vertical value [9]. 

 

 

Figure 1. A schematic of depositional environments of the upstream type TSF [11]. 
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1.2.2 Historic statistics of TSF failures 

Over the last decades, many countries in which mining occurs have enforced strengthened 

environmental regulations for TSFs design and management in response to increased public 

concerns [12-14]. Despite these efforts, TSFs have continued to fail, causing human fatalities, 

contamination, and catastrophic damage to nearby communities. Such failures occur almost every 

year throughout the world, as shown in Table 2. All of the accidents are not recorded around the 

world; some TSF failures throughout the world are underreported because environmental 

regulations and public reporting systems vary from country to country [15]. These variations may 

render the true extent of such failures unknown. It is known, however, that the failure rate of TSFs 

is approximately one in 700, to one in 1,750 [16] and has been estimated as two to five failures per 

annum [4]. 

Despite the insufficient availability of failure data, several studies have summarized and 

reviewed TSF failures [15, 18-20]. Results of those studies indicate that the number of TSF failures 

was at its highest level from the 1960s to the 1980s, as shown in Figure 2a; those decades were 

when global demand for metals and raw materials was significantly increased, generating 

increased mining activities [20].  Due to mining technology advances and strengthened 

environmental regulations, failures have decreased since the 1990s [20]. However, continuous 

failures still occurred in the 2000s and the major failures occurred in the operating upstream type 

TSFs, as shown in Figure 2b.  
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Table 2. Chronology of major TSF failures after 2010 [17]. 

Date Mine(Country) Release Casualty 

2019.10.1 Nossa Senhora do Livramento (Brazil) Unknown - 

2019.7.10 Cobriza mine (Peru) 67,488 m3 of tailings - 

2019.4.9 Muri (India) Unknown Unknown 

2019.3.29 Machadinho d'Oeste (Brazil) Unknown - 

2019.1.25 Córrego de Feijão mine (Brazil) 12 million m3 of Tailings 
259 killed, 

11 missing 

2018.6.4 Cieneguita mine (Mexico) 
249,000 m3 of tailings,  

190,000 m3 of embankment material 

3 killed, 2 

wounded,  

4 missing 

2018.3.9 Cadia (Australia) 1.33 million m3 of tailings - 

2018.3.3 Huancapatí (Peru) 80,000 m3 of tailings - 

2018.2.17 Barcarena (Brazil) Unknown - 

2017.9.17 Kokoya Gold Mine (Liberia) 11,500 m3 of slurry containing cyanide 30 exposed  

2017.6.30 Mishor Rotem (Israel) 100,000 m3 of acidic waste water - 

2017.3.12 Tonglvshan Mine (China) 200,000 m3 of tailings 2 killed,1 missing 

2016.12.28 Satemu (Myanmar) Unknown 50 missing 

2016.10.27 Antamok mine (Philippines) 50,000 t of tailings - 

2016.8.27 New Wales plant (USA) 840,000 m3 of contaminated liquid - 

2016.8.8 Dahegou Village (China) 2 million m3 of red mud - 

2015.12.14 Lamaungkone (Myanmar) Unknown 1 killed,20 missing 

2015.11.21 San Kat Kuu (Myanmar) Unknown 113 killed 

2015.11.5 Germano mine (Brazil) 32 million m3 of tailings 17 killed,2 missing 

2014.9.10 Herculano mine (Brazil) Unknown 2 killed, 1 missing 

2014.8.7 Buenavista del Cobre mine (Mexico) 40,000 m3 of copper sulphate - 

2014.8.4 Mount Polley mine (Canada) 
7.3 million m3 of tailings,  

10.6 million m3 of water, 
- 

2014.2.2 Dan River Steam Station (USA) 
74,400 tonnes of toxic coal ash 

100,000 m3 of contaminated water 
- 

2013.10.31 Obed Mountain Coal Mine Canada) 
670,000 m3 of coal wastewater 

90,000 tonnes of muddy sediment 
- 

2012.12.17 former Gullbridge (Canada) Unknown - 

2012.8.1 Padcal mine (Philippines ) 20.6 million t of tailings - 

2011.5 Bloom Lake mine (Canada) 200,000 m3 of tailings - 

2010.10.4 Kolontár mine (Hungary) 700,000 m3 of red mud 
10 killed, 

120 injured 

2010.6.25 Huancavelica (Peru) 21,420 m3 of tailings - 
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(a)  

 

(b)  

Figure 2. (a) Failure frequency over time and (b) failure frequency and TSF types [15 ,20]. 

 

1.2.3 Causes of TSF failures 

According to the previous studies [15, 20], as shown in Figure 3, the largest percentage of 

failures was related to unexpected meteorological conditions, including events such as heavy 

rainfall, hurricanes, rapid snowmelt, and ice accumulation in tailings dams, to name a few. [15]. 

The next important cause of the failures was related to various improper TSF management 

strategies, such as poor beach management, inadequate maintenance of dam drainage systems, 

rapid raise rates of upstream TSFs, and excessively heavy loads on TSF crest [15].  In Figure 3, 
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besides these causes, there are other various causes of TSF failures, such as seepage, soft 

foundation, slope instability and structural defects.   

In addition, another important fact displayed in Figure 3 is that TSF failures caused by two 

major causes, unusual weather conditions and poor management, have significantly increased in 

the 2000s; the percentage of TSF failures due to heavy rainfall has increased from 25% to 40%, 

and failures due to poor management have increased from 10% to 30%. Globally, in the last 

decades, these two causes of failures remain the biggest risks and challenges to ensuring TSF 

stability and reducing failures, regardless of the significant technological developments and 

strengthened environmental regulations related to TSF design and management. 

 

 

 

Figure 3. TSF failures by cause [20] 
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1.3 Problem Definition 

Water is considered a primary factor that can trigger TSF failures. Specifically, there are 

various inflow sources into TSFs, including rainfall, mountain runoff, snowmelt runoff, and mill 

discharge. Since these inflows induce the increase of decant pond water levels in TSFs, and the 

decrease of TSFs safety factors [21-22], monitoring decant pond water levels is among key 

inspection criteria for ensuring TSF safety. To properly manage the water level of a decant pond, 

it is important to measure and record the TSF beach distance (between crest and decant pond) and 

the pond depth, which can be relatively easily measured [23-24].  

Modes of failures in TSFs vary and include overtopping, sliding liquefaction, piping and 

erosion [25]. Brief explanations of the principles and progress for each mode of failure are shown 

as follows, with water as a key element of incidents: 

ᆞ Overtopping: Overtopping by floodwaters can easily erode the embankments and cause 

them to collapse. Generally, this type of failure occurs when a massive flood flows into a 

TSF and it then overflows beyond its capacity.  

ᆞ Slides: Excess pore pressures reduce effective stress in a TSF embankment, resulting in 

the decrease of shear strength. This reduction in shear strength causes instability of a TSF 

slope and could induce failures in the form of massive circular slides.   

ᆞ Liquefaction: Tailings, loose and fine-grained materials, are subject to the increase of pore 

pressure due to low permeability. When seismic events (e.g. earthquakes) shake the 

embankment, it results in liquefaction in the TSF [26], which can ultimately cause dike 

collapses.    
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ᆞ Piping: High seepage gradients within a TSF cause an internal erosion (piping) of the 

embankment. This type of failure usually occurs when a decant pond is so close to the 

embankment crest that an improper drainage system is present.   

ᆞ Erosion: Heavy rainfalls (or water flowing) on the embankment surfaces result in the loss 

of surface materials and cause erosion. Failures occur when erosion continues without 

proper TSF management.  

Following are the main sources of TSF inflow (decant pond water) [25].  

ᆞ Periodic supply from a mill operation. 

ᆞ Rainfall onto the surface of the TSF. 

ᆞ Seeping into TSF from the groundwater. 

ᆞ Runoff from hydro-geological basins. 

In TSFs, water from various sources, shown above, flows through the tailings beach and 

forms a decant pond. The collected water in the decant pond is usually a primary threat to TSF 

stability, so minimizing inflow amounts in a TSF is the foremost strategy to ensure TSF stability. 

In practice, due to site-specific conditions in a mine, water management strategies that reduce 

water inflow and minimize water impact on TSF stability should be site-specific, and the related 

research is essential for ensuring TSF safety.  
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1.4 Research Objectives  

The ultimate goal of this dissertation is the development of an advanced site-specific TSF 

water management system for ensuring TSF safety. The primary objectives and goals of the studies 

are as follow:  

1) The amount of water in a decant pond has significant effects on TSF stability, so it is 

important to have proper TSF water management strategies that take into consideration the 

given TSF capacity, mill discharge, and site-specific weather conditions. The first goal was 

to develop a site-specific guideline using the concept of optimal beach distance, Doptimal, 

between the crest and the decant pond for safe TSF water management in a mine. That 

guideline is required to consider safe distance increments, given unexpected heavy rainfall 

and strong winds. With the monitored beach distance and the guideline, risk levels could be 

determined in a mine.   

2) Conventional tailings slurry contains 30-40% solids, so it is important to have a proper water 

content percentage for tailings transportation from a mill plant to TSFs. To reduce the water 

amount in a decant pond, which can result in saving water and increasing TSF stability, the 

water content in tailings slurry discharged from a mill plant can be reduced by adding DRA. 

However, reducing water content induces changes of rheological behaviors of tailings slurry, 

and causes increased friction between solids in tailings and pipeline walls, and increased 

pressure loss. The second goal was to investigate the potential use of an environmentally-

friendly polymer as a new DRA. To that end, pipe loop tests were conducted, along with 

various simulations conducted using 3D computational fluid dynamic (CFD) models. 
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3)  Water reduction in tailings slurry induces changing slurry density and may generate various 

challenges, such as increasing pressure loss in the tailings transfer pipeline system, increasing 

the potential of pipeline clogging due to solid particle settling, and a rising of erosion rate of 

pipeline walls. The third goal was to investigate the efficacy of the new DRA regarding the 

above challenges and the potential use of the new DRA in a real mine (case study for field 

applications).  

 

1.5 Dissertation Organization  

    The first chapter of this dissertation includes the Introduction, Problem Statement, 

Research Objectives, and the organization of this dissertation. Chapter Two summarizes the 

major findings of relevant and germane studies. The detailed results of the research have been 

written in the format of journal manuscripts that were submitted to mining-related journals and 

are listed in Appendices A through C. 

Appendix A examines the use of the optimal distance between the crest and the decant 

pond (Doptimal) as a tool for monitoring/managing TSF stability [27]. A digital model of the TSF 

at a testing mine was generated to determine the critical beach distance (Dcritical), ensuring TSF 

stability under normal weather conditions, and then Doptimal was determined by adding the 

incremental distances that account for the effects of heavy rainfall (Drainfall) and strong winds 

(Dwind). Due to accessibility issues, a drone was used for surveying TSF geometry and creating 

the digital model that served as the basis for conducting finite element modeling with coupled 

seepage and stress analysis and determining Dcritical. The safe beach distance increments (Drainfall 

and Dwind) were determined using probable maximum precipitation (PMP) and probable 
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maximum wind speed. Based on these analyses, the optimal safe beach distance (Doptimal) at the 

study site was identified and a site-specific guideline for safe TSF water management was 

suggested. 

Appendix B demonstrates the potential use of an environmentally friendly polymer as a 

new drag reduction agent (DRA) to reduce frictional pressure loss and to conserve water [28]. 

Pipe loop tests were conducted to identify the polymer’s effect on pressure loss in tailings flow 

and to validate a numerical model using computational fluid dynamics (CFD). This model was 

used to determine the optimal concentration of the polymer with the given solids concentration 

and flow rate. In addition, the model was used to investigate the polymer’s effect on energy 

efficiency for tailings transportation and for potential water saving amounts. A brief case study 

was conducted to estimate the potential water saving amount in a mid-sized, hard-rock mine.  

Appendix C examines the feasibility of an environmentally-friendly polymer for field 

application at a mid-sized, copper-cobalt-zinc mine located in Mexico. A CFD simulation model 

was built and validated based on the results of the pipe loop tests shown in Appendix B. As the 

increasing solids concentration of tailings slurry from the baseline of 30% to 35%, 40%, and 45%, 

with minimal changes of pressure loss by adding the polymer (DRA), a potential water saving 

amount was estimated. In addition, potential operating issues such as solid particle settling 

(resulting in pipeline clogging) and rapid erosion rates in pipelines were investigated.   
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CHAPTER 2 

SUMMARY AND CONCLUSION 

 

Results of the research presented in this dissertation have been formatted as three journal 

manuscripts, as presented in Appendices A through C. They are summarized in the following 

paragraphs, and future works related to the topics covered in this dissertation are presented.    

 

2.1 Summary and Conclusions 

Appendix A presents a study for determining the optimal beach distance of the TSF at a 

mid-sized copper mine  in southern Arizona. The research has been focused on providing a site-

specific water management guideline and evaluating a risk level classification of testing site. The 

following points are a summary of this work:   

1) A drone survey and an FEM stress-seepage coupled analysis were employed for the study. 

The optimal beach distance considered two main factors: geotechnical stability (Dcritical) and 

the effect of unexpected weather conditions (Drainfall and Dwind).    

2) Dcritical: The critical distance was evaluated using results of FEM numerical analysis with a 

safety factor of 2. This intended to consider a more stringent safety factor given the hazard 

potential of TSF failures and inherent uncertainties of the TSF such as large variations or 

heterogeneity of the material properties. The distance was identified as 139 meters. 
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3) Drainfall: Based on the general Arizona climatology, the PMP was derived using tropical 

remnant storms as an unexpected heavy rainfall event with an assumed duration of 3 hours. 

The increment due to extreme precipitation was identified as 62 meters. 

4)  Dwind: Ten years of records were analyzed to determine the possible maximum wind speed, 

and a speed of 24.7 m/sec was identified as the maximum in the study area. With the average 

water depth of the TSF, the additional safe beach distance increment for wind-driven surge 

was determined as 1.2 meters. 

5) Doptimal: Adding these three distances yields an optimal beach distance of 202.2 meters for 

the site. This is shorter than the current shortest beach distance (371 meters) between the 

crest and pond in the TSF. The TSF currently has a marginal (remaining) distance of about 

168 meters, for a safety factor of 2.0. 

6) A site-specific water management guideline was suggested to the site. The risk level 

classification was made with the beach distance from the decant pond to the crest. It can be 

used for TSF operators to monitor the beach distance daily using the pond depth and 

classify/mitigate the risk of the TSF instability.   

Appendix B investigates the potential of an environmentally-friendly polymer for use as 

a DRA to enhance the flowability of tailings slurry. Pipe loop tests were conducted to measure 

the pressure loss for various solids / polymer concentrations. 3-D CFD models for tailings flow 

in the pipe were developed and validated with results of the test. They were used to simulate the 

effects of various solids / polymer concentrations on pressure loss and potential water savings. 

Major findings are summarized below:  
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1) Pipe loop tests were conducted at two different percentages of solids by weight, 30% and 

35% solids for various polymer concentrations. The results showed potential for use as a 

DRA as pressure loss decreased with increasing polymer percentages up to 4% but increased 

above concentrations of 4%, which indicated that the optimal polymer percentage would be 

near 4%.  

2) CFD simulation provided a more detailed trend of the pressure loss for various solids / 

polymer concentrations and flow rates. The decreasing rate (trend slope) of pressure loss was 

higher at the higher flow rates, indicating a higher effectiveness of the DRA at faster 

volumetric flow rates. 

3) For 35%, 40%, and 45% solids, the optimal amount of polymer to maintain the pressure loss 

at baseline conditions (30% solids) was investigated for various flow rates. For example, at 

8.21 m3/h, the optimal polymer percentages were 0.727%, 1.171%, and 3.267% for 35%, 

40%, and 45% solids, respectively. The optimal polymer percentage decreased as flow rate 

increased. 

4) Specific energy consumption for various solids / polymer concentrations and flow rates were 

calculated to investigate the effect of the polymer on transportation energy efficiency. For 

example, at the flow rate of 8.21 m3/h, the minimum SEC (0.501 kW∙h/ton∙km) was obtained 

by applying 40% solids and 4% polymer. Consequently, the optimum concentrations were 

found to be 40% solids and 4% polymer to maximize transportation energy efficiency. 

Appendix C focuses on feasibility of the polymer for field application at a mine. It entailed 

details studies on potential risks for changing the solids concentration of slurry, including the 

flowability, the settling of tailings particles and the erosion in pipelines. 3-D CFD numerical 
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analyses were conducted to investigate trends of those operating issues due to the polymer 

enhancement. The results of research show that: 

1) The optimal polymer percentages were 0.83%, 1.53%, and 2.18% for 35%, 40 %, and 45% 

solids, respectively. Note that these percentages are designed to maintain the same pressure 

loss as the baseline condition. 

2) The average flow velocity in the pipeline was 6.33 m/sec under the baseline condition (30% 

solids / 0% polymer). When optimal polymer percentages were applied (0.83% for 35% 

solids, 1.53% for 40% solids, and 2.18% for 45% solids), the expected flow velocities were 

6.29 m/sec, 6.23 m/sec, and 6.19 m/sec, respectively. As the solids percentage increased, 

flow velocities decreased slightly, regardless of the addition of polymer. The deposition 

velocity ranges of 1.34–1.42 m/sec were definitively lower than the flow velocities, 

indicating a minimal chance of pipeline clogging.  

3) Erosion rates increased as solids concentrations increased, with one major exception—the 

35% solids case. For a daily tailings throughput of 12,000 dry tonnes, the erosion rate 

decreased from 0.334 μm/day (30% solids, baseline case) to 0.327 μm/day. For the cases 

simulated with 40% and 45% solids, erosion rates exceeded those of the baseline condition. 

4) The potential water savings was calculated based on the mines’ daily throughput of 12,000 

dry tonnes and a solids percentage of 35%, which could likely be achieved without modifying 

the tailings transportation system. Increasing the solids to 35% would require applying 

polymer at the rate of 50,151 m3/year. This would not only result in water savings of 1.852 

Mm3/year but it would also reduce the erosion rate of the pipeline walls, thereby reducing 

maintenance costs, and improve TSF stability, thereby reducing the risk of failure.  
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5) Currently in the international patenting process, the polymer used in this study also has 

another key benefit: controlling dust on dried tailings beach areas in upstream-type TSFs. If 

there are resident communities near a TSF, then these savings could justify the cost of the 

polymer.  

 

2.2 Future Works 

Based on the results and findings of research presented in this dissertation, the 

recommended future works are listed as follows: 

1) To determine a more realistic beach distance, advanced computational simulation 

technologies such as computational fluid dynamics are required, which can simulate a 

mutual combination of extreme weather and tailings / foundation properties.  

2) More accurate investigation of the conditions on the TSF beach surface can be achieved by 

applying an advanced drone featuring a high-resolution conventional camera (or LIDAR) 

and spectral cameras.  

3) Identifying the valid safety factor for calculating the optimal beach distance is necessary 

since it must consider various site-specific conditions. 

4) The effectiveness of the polymer employed in this research should be studied further for 

field application. The effect of the DRA could vary depending on mineralogy, the 

rheological properties of tailings slurry, and the tailings transportation system including the 

pumping capacity and pipeline type, length, and diameter.  
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5) Investigating the polymer’s effect on mill processing will be required since applying the 

DRA means that water from the discharged tailings will contain the polymer, potentially 

causing a negative effect on mill processing.  

6) An optimization study for the solids concentration is required. In this study, the solids 

concentration is categorized from 30% to 50% with 5% intervals. This interval needs to be 

narrowed to maximize the effect of DRA in terms of water and cost savings.  

7) Other miscellaneous impacts on the tailings pipelines operating such as the rupture 

condition, the steady/emergency valves operation, etc., should be investigated. 

8) Finally, a detailed economic feasibility study considering both the positive and negative 

effects of the polymer should be conducted before the field application of polymer. The 

main positive effects include saving water (achieving sustainable mining), improving the 

efficiency of the tailings transportation system (achieving cost saving), and improving TSF 

stability (avoiding failures). The negative effects include the expense of the polymer, rapid 

pipeline wear rate, and potential impacts on mill processing.   
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ABSTRACT 

Most tailings storage facility (TSF) failures occur in active, upstream-type TSFs, often due 

to extreme and unexpected weather conditions—specifically, heavy rainfall and strong winds. This 

case study of a TSF in southern Arizona examines the use of the optimum safe beach distance 

(Doptimal, the optimum distance between the crest and decant pond) as a tool for monitoring 

geotechnical stability and reducing catastrophic failures. A digital model of the TSF was used to 

determine the critical beach distance (Dcritical) under normal weather conditions, and Doptimal was 

then determined by adding incremental distances to account for the effects of heavy rainfall 

(Drainfall) and strong winds (Dwind). To overcome accessibility issues, a drone was used to map the 

TSF geometry and create a digital model. This model served as the basis for conducting a coupled 

stress-seepage, finite-element (FEM) analysis with a safety factor of 2.0 to assess geotechnical 

stability (Dcritical). The safe beach distance increments were determined using the PMP (probable 

maximum precipitation) and possible maximum wind speed. Based on this analysis, the optimal 

safe beach distance at the study site was identified as 202.2 meters. Since the current beach distance 

(371 meters) exceeds this value, the TSF was considered to be stable and satisfied the design safety 
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factor of 2.0. However, this distance should be reassessed periodically to account for changes in 

the TSF geometry and other conditions. Furthermore, it applies only TSFs that are well-managed 

and feature a smooth, non-undulating beach surface with a consistent slope.  

Keywords: TSF failures, upstream TSF management, safe tailings beach distance 

 

A1. INTRODUCTION 

Tailings consist of a mixture of pulverized rock and liquid that contain chemicals, usually 

acids, that are used during the mineral extraction process. They are stored in tailings storage 

facilities (TSFs), which pose challenges due to their large scale and potential for causing 

environmental contamination. Over the last decades, the environmental regulations related to TSFs 

have been strengthened in response to public concerns. Despite these efforts, TSFs continue to fail, 

causing human fatalities, contamination, and significant damage to nearby communities. Such 

failures occur almost every year throughout the world. 

Chief causes of TSF failure.  

Literature reviews and analyses [1-4] show that major failures have occurred at active, 

rather than inactive, TSFs and that a main cause of these failures throughout the world is 

unexpected weather conditions, including unusually heavy rainfall and strong winds. In addition, 

it is known that most failures (66 %) in recent decades have occurred in upstream-type TSFs [3, 

5]. One example is the upstream TSF at the Aurul S.A. mine in Romania, which failed in 2000, 

causing it to overflow and breach its embankment [6]. This incident was caused by a sudden 

increase in water levels due to heavy rainfall. The mine’s emergency pumping systems did not 
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function and failed to stop water from reaching the critical level. Another upstream TSF, the 

Fundão tailings dam in Brazil, failed in 2015 due to improper phreatic surface control and 

liquefaction, emphasizing the importance of proper water management in these structures [7, 8]. 

TSF failures throughout the world are underreported; information is limited because 

environmental regulations vary from country to country [3], leaving the true extent of such failures 

unknown. However, the studies and recent failures reviewed for this investigation still emphasize 

the importance of proper water management at upstream TSFs—controlling the inflow from 

tailings discharge, precipitation, and wind-driven surges. 

Upstream TSF Construction.  

Various methods are used to dispose of mine tailings, including surface impoundment and 

underground disposal. Surface impoundments include three types of raised embankments: 

upstream, downstream, and centerline [9]. Upstream TSFs are the most popular due to their 

relatively low cost and simplicity. Local materials are typically used for construction—well-

prepared local soils for the starter dyke, and mine waste rock and coarse tailings for subsequent 

raises [9, 10]. Figure A1 shows a typical building procedure for an upstream-type TSF operation.  

 

 
Figure A1. Schematic sketch of an upstream TSF 



42 

 

When tailings are discharged through spigots on the dike, a coarse-sized fraction settles 

near the crest and the fine fraction continues to flow with the carrier fluid and collect near the 

decant pond, which is usually located in the central area of the TSF. The coarse fraction is often 

used to build a new crest that is weak and vulnerable to water contact, potentially impacting the 

TSF’s stability. [9]. 

Water Management via Phreatic Surface Control. 

Phreatic surface control is key to managing water in an upstream TSF and ensuring its 

stability. To maintain a favorable (low) phreatic surface, two main factors must be monitored: the 

decant pond location and the undulation of the beach surface. Both factors are controlled by the 

tailings discharge strategy [9]. Managing the decant pond location requires maintaining a safe 

beach distance—the distance between the decant pond and the crest. Maintaining a smooth, 

consistent (rather than undulating) beach surface requires discharging tailings sequentially. 

Therefore, distance and undulation can be good indicators for ensuring TSF stability.  

Researchers have proposed various state-of-the-art technologies to monitor TSF areas: Li 

et al. (2011) developed a GPS-based monitoring system [11], Hu et al. (2013) proposed a real-time 

beach-length monitoring system using photogrammetry [12], and others have proposed several 

digital monitoring systems using IoT (online) technologies [13-15]. However, monitoring beach 

conditions is still challenging given the accessibility and scale of TSF areas. Although TSF 

conditions are monitored daily, processing and analyzing this data is time consuming because of 

the size of TSFs [16]. Furthermore, the current TSF management guidelines [17-19] that have been 

established in major mining countries are also limited in their practical application [20, 21]. 

Effective guidelines must consider site-specific conditions such as weather conditions and 
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operational conditions (tailings discharge strategies). These factors are key to ensuring TSF 

stability, but the current guidelines barely consider them. The need for a site-specific guideline for 

TSF water management is significant. 

Study Site Conditions.   

This case study was conducted at an active, upstream TSF at a mid-sized copper mine in 

southern Arizona. Tailings at this site are pumped from mill plants to the TSF and discharged by 

spigotting near the TSF dike. The coarse fraction of tailings near the crest is utilized as the main 

material for constructing each new crest (raise). The testing TSF features a segmented, ring-dike 

embankment layout that has no effect from surface runoff, a key water input source [9]. The 

climate of the study site is semi-arid. Because residential communities are located about 1km 

away, ensuring TSF stability is the top priority at the mine.  

Study Goal and Focus. 

The goal of this study was to demonstrate the development of a site-specific guideline for 

safe TSF water management—specifically, a guideline that considers unexpected weather 

conditions based on the safe beach distance, which can be monitored using the decant pond depth. 

Although both beach distance and surface undulation were initially investigated at the study site, 

the TSF surface was found to be smooth and consistent. Consequently, this study focused on 

identifying an optimal beach distance (Doptimal) that considered the effects of the phreatic surface 

and unexpected weather conditions (heavy rainfall and strong wind). A conceptual illustration of 

the optimal distance is shown in Figure A2. This distance can be determined using a safety factor 

(SF) and the critical distance (Dcritical) under normal weather conditions plus “safe distance” 

increments for unexpected heavy rainfall (Drainfall) and strong wind (Dwind). The remaining distance 
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(Dremaining), which is obtained by subtracting Doptimal from the shortest beach distance, represents 

the TSF’s remaining water-bearing capacity for the given SF and weather conditions.  

Note that although this study focused on upstream TSFs, this methodology can be applied 

to other types of raised embankments. 

 

 
Figure A2. Conceptual illustration of the optimal beach distance (Doptimal) 

 

 

Approach for Determining Optimal Distance.  

The first phase of this study entailed investigating the minimum distance (Dcritical) to meet 

the design SF under normal weather conditions. A coupled stress-seepage analysis was conducted 

using the two-dimensional, finite-element (FEM) software program RS2 [22]. The objective of 

this analysis was to generate a profile showing the relationship between SF and the distance from 

the crest to the decant pond (beach distance), which indicates the amount of water in the pond. To 
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calculate the safe distance increment for rainfall (Drainfall), the probable maximum precipitation 

(PMP) was applied (rather than data for a single precipitation event [23]) to measure the increase 

in TSF water indicated by the decant pond area. Because strong winds can cause water levels to 

increase on one side of the decant pond [24], the safe distance increment was also calculated for 

wind-driven surge (Dwind) using the modified equation from Hsu’s study [25] for the TSF 

geometry. In summary, this study determined Doptimal using the geotechnical SF (Dcritical) and 

the effects of unexpected weather conditions (Drainfall and Dwind) and applied this Doptimal to 

guide safe TSF water management.  

Note that this study considered only potential excessive inflows such as heavy rainfall and 

strong wind, which are erratic and intractable; it ignored predictable variables such as mill water 

discharge / reclaim. The decision to exclude these variables was based on the results of daily 

monitoring of the decant pond depth, which indicated that inflows and outflows were stable 

(balanced) under normal conditions. However, the water balance should be reassessed periodically 

since it may be changed over time. 

 

A2. TSF SURVEY AND DETERMINATION OF Doptimal AT THE SITE  

The accessibility and scale issues associated with a TSF can be circumvented using a UAV 

(drone) equipped with state-of-the-art, three-dimensional imaging technology [26]. This 

technology was used to survey the geometry and condition of the testing TSF.  Figure A3(a) shows 

the aerial view of this TSF, which is 1.3 km × 1.5 km. A total of 650 photos were taken, and the 

point cloud was generated with the resolution of 73.4 points /m2. Structure-from-motion (SFM) 

techniques were applied to create the digital model shown in Figure A3(b) [26-28]. The model 
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indicated an average TSF beach angle of about 3o and a slope angle of about 3:1. The shortest 

beach distance from the crest to the decant pond in the TSF (the critical section, A-A’ in Figure 

A3(b)) was about 371 meters.  

 
                       (a)                                                           (b) 

Figure A3. (a) The aerial view of the testing TSF site and (b) the digital model 

 

Optimal Beach Distance (Doptimal).  

The optimal beach distance was determined based on the tailings and foundation properties, 

the TSF geometry, and unexpected weather conditions. It was defined as the sum of distances for 

TSF stability under normal weather conditions based on the tailings /foundation properties and the 

TSF geometry (Dcritical) plus the water increments that accounted for extreme weather conditions 

(heavy rainfall, Drainfall, and strong wind, Dwind), as noted in Equation A1.  

Doptimal = Dcritical + Drainfall + Dwind                                    (Equation A1) 

Critical Beach Distance (Dcritical)  

To evaluate SF for the geotechnical stability of the TSF, a two-dimensional FEM stress-

seepage coupled analysis was conducted using the geometry of the critical section (A-A’) obtained 

from the digital model. RS2, a finite-element program for geotechnical applications, was used in 
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this study. The embankment was assumed to be sufficiently long to apply plane strain conditions 

for numerical analysis. 

Numerical modeling. The Mohr-Coulomb (MC) model was applied to the TSF and foundation 

materials. This simple, elastic-plastic model uses parameters that can be determined relatively 

easily from laboratory and in-situ tests. The main design geotechnical properties for the numerical 

analysis were obtained from the test site and are shown in Table A1. Note that Poisson’s ratio and 

the angle of dilatancy were assumed to be 0.33 and zero, respectively, simulating the loosely 

deposited tailings, based on the Martin’s study (1999) [10]. In addition, the ratio of horizontal to 

vertical permeability was assumed to be 10 as a conservative value; its general range is 2–10, with 

higher ratios resulting in higher phreatic surfaces and lower SFs [9]. Groundwater levels at the site 

were obtained from the Arizona Department of Water Resources (ADWR) inventory [29]. The 

average depth to groundwater was about 20 meters. 

 

Table A1. Geotechnical properties for the numerical analysis 

Type 

Unit weight 

(kN/m3) Friction Angle 

(o) 

Permeability 

(m/sec) 

Cohesion 

(kN/m2) 

Young’s Modulus 

(MPa) 
Unsat. Sat. 

Tailings 19.2 19.9 37 3.5E-8 0 20 

Foundation 20.4 21.8 39 2.0E-7 100 40 

 

 

Figure A4 (a) shows the geometry of the critical section in the TSF. The angle of beach 

surface was 3o and its slope inclination was 3:1. The width of 490 meters and heights of 96.1 

meters (left boundary) and 80 meters (right boundary) were modeled and discretized to represent 

the test TSF’s structure and foundation. Displacement was restrained in both the horizontal and 
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vertical directions along the boundaries of sides and bottom. The gravity field stress was applied 

in the tailings and ground meshes, and different static load levels were applied to the TSF 

according to the pond depth changes (the load was increased with water depth). 

The main purpose of the numerical modeling was to investigate how changes in the amount 

of decant pond water (and therefore the beach distance) affected the geotechnical stability of the 

TSF. Various scenarios were simulated, as listed in Table A2, based on 13 cases with a 1-meter 

pond-depth interval starting from a depth of 1.5 meters. Figure A4 (a) shows the pond location for 

each case as its depth was increased. For example, when the pond is 7.5 meters deep (Case 7), the 

distance from the beach to the crest is about 181 meters under the given TSF geometry, and the 

corresponding pond area and water volume are about 500,000 m2 and 2,000,000 m3, respectively, 

as shown in Table A2.   

 

Table A2. Numerical analysis scenarios and safety factor at each scenario 

 Pond Depth 

(m) 

Beach Distance 

(m) 

Pond Area 

(m2) 

Water Volume 

(m3) 

Safety 

Factor 

Case 1 1.5  315.8 282,897 141,449  3.13 

Case 2 2.5  293.3 317,085 378,198  3.22 

Case 3 3.5  270.7  352,408 642,846  3.08 

Case 4 4.5  248.2  388,860 936,500  2.95 

Case 5 5.5  225.6  426,653 1,261,384  2.82 

Case 6 6.5  203.0  465,796 1,618,888  2.63 

Case 7 7.5  180.5  506,421 2,011,133  2.41 

Case 8 8.5  157.9  548,496 2,439,402  2.16 

Case 9 9.5  135.4  591,986 2,904,919  1.97 

Case 10 10.5  112.8  636,953 3,409,522  1.74 

Case 11 11.5  90.2  683,435 3,954,961  1.51 

Case 12 12.5  67.7  731,295 4,541,723  1.13 

Case 13 13.5  45.1  780,127 5,168,005  0 
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The SF was determined at each scenario using RS2’s shear strength method [22], and the 

geotechnical stability of the TSF was evaluated with these SFs as the pond depth increased. SFs 

for the 13 cases are shown in Table A2. Figure A4 (b) shows the numerical simulation result for 

case 7 (pond depth of 7.5 meters) as an example of the RS2 analysis results. 

 

 

(a) 

 

(b) 

Figure A4. (a)Various scenarios for the numerical analysis and (b) the numerical simulation 

result for Case 7. 

 



50 

 

Based on Table A2, an SF profile was created as shown in Figure A5. This profile 

summarizes the results of the numerical analyses and shows the relationship between SF and beach 

distance. It can be used to determine the critical beach distance (Dcritical) for a given target SF. 

For example, for an SF of 2.5, the minimal beach distance (Dcritical) is about 190 meters and the 

corresponding decant pond depth is about 7 meters. This indicates that pond depths in excess of 7 

meters—and corresponding beach distances of less than 190 meters—may induce instability and 

require special attention by TSF operators. 

 

 

Figure A5. Summary of the numerical analysis results: critical beach distance (Dcritical) with 

various safety factors (safety factor profile) 

 

Sensitivity analysis. Determining a valid SF can be challenging. SF can vary at each mine 

since it must consider site-specific conditions such as the hazard potential of a TSF failure, the 

TSF size, and variations in TSF material properties. Furthermore, given the size and accessibility 

of TSFs, simulating the variations and heterogeneity of their material properties via numerical 
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modeling is nearly impossible. To reduce these uncertainties, a sensitivity analysis was conducted 

to assess the impact of material property variations on SF. This entailed investigating variations in 

the main geotechnical properties listed in Table A1—tailings permeability, friction angle, 

Poisson’s ratio, and Young’s modulus. For permeability, a variation ranging from 4.0e-8 m/sec to 

4.0e-6 m/sec was obtained from the study site. For other properties, variations of ±20% from the 

baseline, shown in Table A1, were investigated. Figure A6 shows the results of sensitivity 

analyses. 

 

 

(a)                                         (b) 

Figure A6. Sensitivity analysis for (a) tailings permeability, (b) friction angle, Poisson’s ratio 

and Young’s Modulus. 

 

For permeability and friction angle, SF varied by 0.93 (2.24 for 4.0E-8 m/sec and 3.17 for 

4.0E-6 m/sec) and 0.25 (2.90 for 29.6o and 3.15 for 44.4o), respectively. Poisson’s ratio and 

Young’s modulus had relatively little effect on SF variation, as shown in Figure A6. It was 

concluded that permeability induced the maximum SF variation because of its relatively large 

range. The uncertainties associated with material properties can be considered by simply adding 

the SF variations from the sensitivity analyses. For example, if the target SF for a TSF is 1.50 and 
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its maximum variation is 0.93, then a valid SF might range from 1.97 to 2.43. In this case, the 1.97 

value (1.50 + 0.93/2) considers half of the maximum SF variation while the 2.43 value (1.50 + 

0.93) considers the full maximum variation, which is very conservative. Further studies are 

required to minimize the uncertainty associated with determining SF.  

Rainfall Increment (Drainfall). 

Rainfall is one of main sources of inflow to the decant pond. A rapid water-level rise due 

to heavy rainfall could cause the phreatic surface to rise, inducing TSF instability and failure. 

Environmental regulations limit operators from controlling water in the TSF by prohibiting them 

from simply pumping excess from the decant pond out of the permitted areas. Therefore, the safe 

beach distance must account for emergency conditions such as heavy rainfall and strong wind 

(Drainfall and Dwind). For this study, the safe distance increment attributable to unexpected heavy 

rainfall was determined using the PMP obtained from ADWR [30, 31]. Site-specific PMP values 

were derived by analyzing 51 extreme rainfall storm events in Arizona—12 general winter storms, 

10 remnant tropical storms, and 29 local convective storms. It was assumed that all precipitation 

over the TSF area flowed into the decant pond, resulting in water level increases. Note that surface 

runoff, another main inflow source, was not considered since the testing TSF was located on flat 

terrain and featured a ring-dike (enclosed) embankment layout, as shown in Figure A3(a).  
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Figure A7. Distance increment (Drainfall) for various types of storms  

 
 

Figure A7 shows the safe distance increment (Drainfall) for heavy rainfall events based on 

PMP values of 13 inches for local storms, 16 inches for tropical storms, and 9 inches for general 

storms. This increment was calculated using the TSF geometry as well as the PMP values. Figure 

A7 provides a way to assess Drainfall for various types of storms. 

Wind Increment (Dwind). 

Strong wind also affects the decant water level by inducing stress on the pond surface. It 

can create a surge that elevates the water level in the TSF, raising the phreatic surface. A simplified 

equation to calculate this effect was proposed by Hsu et al. [25] and applied to tropical or 

extratropical storm-surge problems on the open coast [32]. Hsu’s model was modified to determine 

the possible increase of the decant pond area by wind-driven surge at the study site. The angle of 

the surged water was assumed to be zero and the induced inclination of the water surface was 

ignored because of the large-scale of the TSF area and the relatively shallow depth of the decant 

pond.  
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Figure A8. Illustration of the wind-driven surge in a TSF 

 

Based on this assumption, Hsu’s equation was modified as shown in Equation A2 to 

calculate the safe distance increment caused by wind-driven surge, as illustrated in Figure A8.  

    ∆S =
𝜌𝑎𝐶𝑑𝑉2𝐹

𝜌𝑤𝑔𝐷
×

1

sin 𝛼
                                      (Equation A2) 

where ∆S is the water level increase (meters), Cd is the wind stress drag coefficient, V is the wind 

speed (m/sec), F (fetch) is the length of the decant pond surface in the direction of the critical 

section (meters), g is the gravitational acceleration, D is the average water depth along F (meters), 

α is TSF beach surface angle, and ρa and ρw are the air and water density (kg/m3).  

Figure A9 shows the safe beach distance increments for various water pond depths and 

wind speeds. 
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Figure A9. Wind-driven surge distance increments at various wind speeds 

 

A3. ANALYSIS RESULTS 

Figure A5, A7, and A9 show Dcritical for various SFs, Drainfall for various storms and rainfall 

durations, and Dwind for various wind speeds and pond water depths respectively. The optimal safe 

beach distance (Doptimal) can be determined simply by adding these factors  (Equation A1), and this 

information can be used as a site-specific TSF water management guideline. 

Dcritical. 

The mining industry commonly applies a minimum SF of 1.5 for TSF stability under steady 

seepage conditions at high water levels [33]. This study, however, requires more strict SFs given 

the hazard potential of TSF failures and large variations and heterogeneity of the material 

properties (inherent uncertainties) in a TSF. Consequently, for the test site, an SF of 2 was 
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intuitively chosen to determine the critical beach distance, which was identified as 139 meters 

from Figure A5.  

Drainfall.  

The North American monsoon brings convective rainfall during summer at the testing site, 

and the life cycle of most intensive rainfall events in Arizona is less than 3 hours [30]. Based on 

this general Arizona climatology, the PMP was derived using tropical remnant storms as an 

unexpected heavy rainfall event with an assumed duration of 3 hours. Figure A7 shows that 

considering Drainfall adds 62 meters to the safe beach distance.  

Dwind.  

Ten years of records were analyzed for the testing site to determine the possible maximum 

wind speed. According to data from NOASS, a speed of 24.7 m/sec was identified as the maximum 

in the study area [34]. (Note that strong wind often comes with heavy rainfall, which also causes 

TSF instability.) An average decant pond depth of 3.5 meters was determined based on the TSF 

beach geometry and the intensity and duration of the rainfall as noted above. With this average 

depth and a 24.7 m/sec wind speed, the additional safe beach distance increment for wind-driven 

surge was determined to 1.2 meters (Figure A9). Note, however, that this surge could be much 

more extensive if the TSF beach surface is undulating. 

Doptimal.  

Adding these three distances yields an optimal beach distance of 202.2 meters for the site. 

This is shorter than the current shortest beach distance (371 meters) between the crest and pond in 

the TSF, as critical section A-A’ indicates. Figure A10 shows the water management guideline for 
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the study site. The TSF currently has a marginal (remaining) distance of about 168 meters, for an 

SF of 2.0. Note that this guideline can be applied only to well-managed TSF surfaces. 

 

       

(a)                                                                     (b) 

Figure A10. (a) Safe tailings beach distances and (b) TSF water management guidelines for the 

study site 

 

TSF Risk Level Classification using Safe Beach Distances (Field Application).  

The safe beach distances suggested above can be used to classify risk levels for TSF water 

management in the field. The geotechnical risk level classification defined in the study by 

Visethrattana et al. (2008) [35] was modified for TSFs using the beach distances shown in Table 

3; SFs were tentatively classified at each risk level to demonstrate the field application of the 

results of this study. TSF stability was classified into five risk types based on beach distance and 

corresponding safety factors (Table A3). 

Note that decant pond depth is monitored daily at the test site, and the beach distance can 

be simply calculated for the given pond depth since the testing TSF was well-managed and featured 

a smooth beach surface with a consistent slope. Figure A11 shows the simple relationship between 

beach distance and decant pond depth based on the surface geometry obtained from the UAV 
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survey. This allows TSF operators to easily find the beach distance using the daily monitored pond 

depth. 

Given the size and accessibility of TSFs, monitoring beach conditions daily using a UAV 

is impractical; these surveys generate large amounts of data that require time-consuming 

processing. Instead, the authors suggest a twofold approach: evaluating TSF conditions daily based 

on the pond depth measurement and visual inspection (risk levels can be classified using Table 

A3), and conducting a monthly (or bimonthly) UAV survey to inspect/reassess TSF geometry and 

beach surface conditions. Since the geometry of the raised embankment changes over time, the 

TSF must be surveyed periodically and Figures 5 and 11 must be updated.        

At the study site, the beach distance (371 meters) was longer than 202 meters, so the TSF 

was Type 5, corresponding to a “very low” risk level. Figure A10 (b) shows the water management 

guideline based on Table A2, the suggested risk level classifications using the beach distances. 

TSF operators can monitor the beach distance daily using the pond depth and classify/mitigate the 

risk of the TSF instability using the guidelines.  

 

Table A3. TSF risk level classification for field applications 

Types 
Distance from the decant pond  

to the crest (meters) 
Safety Factor (SF) Risk Levels 

Type 1 Distance < 128.2 SF < 1.00 Very High 

Type 2 128.2 < Distance < 138.2 1.00 < SF < 1.25 High 

Type 3 138.2 < Distance < 153.2 1.25 < SF < 1.50 Moderate 

Type 4 153.2 < Distance < 202.2 1.50 < SF < 2.00 Low 

Type 5 202.2 < Distance 2.00 < SF Very Low 
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Figure A11. Tailings beach distances vs. decant pond depths for the test site. 

 

A4. CONCLUSION 

A case study was conducted for an upstream TSF at a mid-sized copper mine in southern 

Arizona. The optimal beach distance (from the crest to the decant pond) was calculated to provide 

a guideline for safe TSF water management at this site. This involved conducting a drone survey 

and an FEM stress-seepage coupled analysis. The optimal beach distance considered two main 

factors: geotechnical stability (Dcritical) and the effect of unexpected weather conditions (Drainfall and 

Dwind). For this TSF, the distances (Dcritical, Drainfall, and Dwind) were calculated to be 139 meters, 62 

meters, and 1.2 meters based on a safety factor of 2.0, a PMP of 3 hours duration, and 24.7 m/sec 

of wind speed with 3.5 meters of water depth, respectively. Therefore, the optimum beach distance 

for the site was 202.2 meters.  

Managing TSF water is challenging for many reasons. First, upstream TSFs are constructed 

and evolve over their entire life cycle, unlike conventional water dams, so their geometry is 
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constantly changing. Likewise, the TSF beach surface can vary due to changes in the amount of 

tailings discharge, the weather conditions, and tailings discharge strategy for dust control. In 

addition, access to TSFs is limited and their scale makes them too large to inspect/survey daily. 

However, beach distance can be monitored simply by measuring the depth of the decant pond. The 

optimum safe beach distance should be reassessed periodically—for example, monthly or 

bimonthly—to account for changes in TSF geometry. 

Proper TSF management is critical to avoid the formation of undulating beach surfaces that 

can significantly decrease the critical distance between the crest and pond (A–A’ in Figure A3(b)) 

and the capacity of the TSF, raising the phreatic surface and causing TSF instability. A well-

managed beach surface and distance will ensure the stability of the TSF, even in the face of 

unexpected, extreme weather conditions. 

 

A5. FUTURE WORKS 

The mutual combination of extreme weather and tailings / foundation properties is very 

complex. This study simulated these properties and conditions using a two-dimensional FEM 

analysis. Advanced computational technology such as computer fluid dynamic (CFD) analysis 

may be a better alternative for such an analysis and is expected to yield more realistic distances. 

In addition, the resolution of the drone survey images limited the investigation of the conditions 

on the TSF beach surface. This issue can be resolved by applying an advanced drone featuring a 

high-resolution conventional camera (or LIDAR) and spectral cameras. Lastly, a better approach—

for example, a deterministic approach based on empirical data—is needed to identify the valid SF 
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for calculating critical beach distance. Determining SF is complicated since it must consider 

various site-specific conditions. Further studies will follow.  
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ABSTRACT 

Conventional tailings slurry contains a significant amount of water, and water management 

is key to ensuring the stability of a tailings storage facility (TSF). Simply reducing the water 

content in the slurry before discharging it from the mill could be an effective way to improve TSF 

water management. This study investigated the potential of an environmentally friendly polymer 

for use as a new drag reduction agent (DRA) to reduce frictional pressure loss and also conserve 

water. It entailed conducting pipe loop tests to see the polymer’s effect on pressure loss in tailings 

flow and then applying the test results to validate a numerical model using computational fluid 

dynamics (CFD). The model was also used to determine the polymer’s optimal concentrations at 

given solids concentrations and flow rates, its effect on energy efficiency for tailings 

transportation, and its potential for saving water. A case study for a mid-sized, hard-rock mine with 

a throughput of 50,000 tonnes/day found that the solids concentration could be increased from 

30% to 45% with no pressure loss by applying 1,996 m3 of the polymer per day. Adding the 

polymer also resulted in a water savings of 57,552 m3/day. The results of this study demonstrated 

the potential for using the new DRA to not only improve TSF stability but also to save water. 

Keywords: Tailings; Drag Reduction Agent, Pipe Loop Test, Computational Fluid Dynamics 

Simulation, Water Savings, Specific Energy Consumption 
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B1. INTRODUCTION 

The tailings slurry that remains after extracting valuable ores is mainly a mixture of crushed 

rock and mill processing fluid [1]. Water content is key to the rheological behavior of tailings 

slurry in a pipeline. Depending on their water content, slurries can be classified as conventional, 

thickened, paste, or cake. Conventional slurry contains 30-40% solids. Tailings are usually 

transported through pipelines via a conventional centrifugal pumping system and discharged in the 

form of slurry via a peripheral discharge system [2]. Figure B1 shows tailings types and pumping 

systems based on water content. 

 

 

 

 

Figure B1. Tailings types and pumping systems classified by water content [3] 
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Water management is critical to ensuring the stability of a tailings storage facility (TSF). It 

is particularly important for upstream-type TSFs, which are popular because of their simplicity 

and relatively low construction costs. Despite their popularity, upstream TFS are particularly 

vulnerable structurally and, historically, they account for most failures. Rico [4] evaluated 147 TSF 

failure cases in the world and found two main causes: unexpected weather conditions (heavy rain) 

and improper TSF management. The recent failure of Samarco tailings embankment, for example, 

illustrates the importance of proper water management [5]. 

In an upstream TSF, tailings slurry containing a significant amount of water is discharged, 

creating a “decant pond", usually located in the central area of TSF. Therefore, controlling the 

phreatic surface is critical to preventing instability [6]. Figure B2 shows a schematic diagram of 

conventional tailings disposal processes. 

 

 

Figure B2. Schematic diagram of conventional tailings disposal processes [7] 
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Under normal operating conditions, safe TSF water management requires balancing 

inflows and outflows. Inflows mainly include mill water discharge, precipitation, and runoff from 

tributary drainage areas; outflows mainly include water that is recycled back to the mill, along 

with evaporation and seepage. In an operating mine, only few factors can be controlled to improve 

this water balance and reduce the amount of water in a decant pond. One is to decrease inflow by 

reducing the water content in the slurry before discharging it from mill. However, the 

corresponding increase in viscosity could cause clogging in the pipeline, requiring a special 

pumping system such as a positive displacement system [2, 8]. 

Purpose of the Study 

This study was initiated to investigate the potential for using an environmentally friendly 

polymer as a new drag reduction agent (DRA) to reduce inflow in an upstream TSF and thereby 

improve stability. DRAs are additives-polymers, biological additives, and surfactants- that can 

reduce the frictional pressure loss and the potential for clogging during fluid flow in pipelines, 

allowing the water content in the fluid to be decreased. DRAs can be easily added to modify the 

slurry's rheological properties [9-12].  

In general, DRAs work on the area near the pipeline wall. They reduce pressure loss by 

reducing the friction between the flow and the wall [13], by decreasing the Reynolds shear stresses 

and velocity fluctuations [14]. Note that “pressure loss” refers to the pressure drop per unit length 

of pipeline; it is caused by the energy dissipation that occurs due to friction on the pipe wall or the 

indiscriminate motions (such as eddy currents) of fluids. Therefore, a decrease in pressure loss 

means more efficient fluid flow, since less of the pressure or energy that is applied to the system 

is dissipated by flow impediments. On the other hand, an increase in pressure loss translates to less 
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efficient flow. Since pressure loss is considered the key parameter in determining the rheological 

behavior of tailings slurry, it is reasonable to assume that, as long as this parameter remains 

constant, the slurry's rheological behaviors during transportation will remain the same regardless 

of any changes in solids concentration [9-12, 15, 16]. 

Poloxamer was selected as a new DRA for this study because of its potential to enhance 

the flowability of slurries due to its viscoelastic properties and high resistance to shear forces [17]. 

This nonionic, tri-block, amphiphilic polymer can be considered “environmentally friendly" 

because it consists of two hydrophilic chains that exhibit relatively low toxicity to animals 60 or 

humans [18]. Note that a related patent, PCT/US2018/055466, is currently in process. This patent 

was filed on October 11, 2018, and was nationalized in the U.S. under U.S. Application 

#16/755,510, which was filed on April 10, 2020. 

Study Approach 

To investigate the polymer's potential as a new DRA, pipe loop tests were conducted to 

assess how changes in tailings solids concentrations affect pressure loss. In addition, a 

computational fluid dynamics (CFD) analysis was conducted to investigate the potential amount 

of water that could be saved by applying the DRA. This entailed simulating the tailings slurry flow 

in the pipeline to determine the effect of the DRA on pressure loss under various solids / polymer 

concentrations and flow velocities. A case study was also conducted to calculate the potential water 

savings at an active, mid-sized, hard-rock mine. It entailed increasing the solids concentration in 

the pipeline by adding DRA to compensate for the corresponding change in pressure loss and then 

calculating the water savings based on the change in solids concentration. 
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Since most failures occur in upstream TSFs, this study uses lab-scale tests and simulations 

to predict the rheological behavior of a conventional slurry in an upstream TSF at an active mine. 

Field-scale studies are planned for the near future to investigate the feasibility and effectiveness of 

applying the DRA at an actual mine. 

 

B2. PIPE LOOP TESTS 

Pipe loop tests were conducted to investigate the effects of the DRA on tailings flow 

behaviors in the pipeline by measuring the pressure loss for various solids / polymer 

concentrations. The schematic layout of the testing system is shown in Figure B3. 

 

 

Figure B3. Schematic diagram of the pipe loop test system 
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Methodology 

Polyvinyl chloride (PVC) pipe was used in the testing system. The pipeline's total length 

and inner diameter were 10 meters and 38 mm, respectively. The system also featured a slurry tank 

with a 190-liter capacity and a centrifugal pump that could supply 36m3 of slurry with 486 kPa 

pumping pressure. An agitator and digital flow meters were installed to mix the slurry and measure 

its volumetric flow rates. To avoid minor pressure changes near pipe elbows and produce 

consistent test results, pressure was monitored at gauges no.6 and no.7 shown in Figure B3 [19]. 

The duration of each test was limited to 10 minutes to avoid the temperature increases that could 

occur with continued slurry circulation and the corresponding change in the tailings viscosity. 

Tailings samples were obtained from a mid-sized copper mine in southern Arizona. Simple 

baseline tests, including dry density and size distribution, were conducted in the laboratory; dry 

density was 2,588kg/m3 and the particle size distribution was determined as shown in Table B1. 

Before the pipe loop tests, the samples were fully dried in an oven, and the tailings slurry samples 

were prepared with various solids/polymer concentrations to account for a range of field 

conditions. 

Table B1. Size distribution of tailings samples  

Particle Size  

(mm) 

Accumulated Weight(g) Percentage 

Passing  

(%) #1 #2 #3 #4 #5 SUM 

4.760 92.0 71.1 43.7 45.2 58.7 310.7 100 

2.000 92.0 71.1 43.7 45.2 58.7 310.7 100 

1.410 92.0 71.1 43.7 45.2 58.7 310.7 100 

1.000 92.0 71.1 43.7 45.2 58.7 310.7 100 

0.297 92.0 71.1 43.7 45.2 58.7 310.7 100 

0.149  91.2 70.3 43.1 44.5 57.8 306.9 98.8 

0.105 79.2 58.3 37.6 37.4 46.6 259.1 83.4 

0.074 10.3 13.0 15.0 11.0 9.6 58.9 19.0 
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Two different percentages of solids by weight, 30% and 35% solids, were investigated. 

Note that “30% solids” means that the percentage of the solids mass in the total mass of the solution 

is 30%. At each concentration, various DRA amounts were mixed into the slurry, ranging from 0% 

to 10% fluids, in 2% increments. A total of 12 cases were tested, and the effect of various DRA 

concentrations on pressure loss was investigated. 

Test Results 

Conventional tailings slurry contains 30-40% solids and exhibits non-Newtonian 

rheological behavior. Note that a non-Newtonian fluid is one that does not follow Newton's law of 

viscosity; mine tailings slurries usually exhibit non-Newtonian flow behavior with a yield stress 

[20]. Before adding the polymer, the rheological behavior of the tailings slurry samples (35% 

solids) was investigated, along with the relationship between pressure loss and volumetric flow 

rate. The results indicated a proportional relationship, as shown in Figure B4. This confirmed that 

the tailings slurry samples followed the principles of non-Newtonian flow and that any increases 

in the volumetric flow rate lead to increases in both Darcy's friction factor and pressure loss in the 

pipeline [15]. 
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Figure B4. Effect of volumetric flow rate on pressure loss  

The effect of the polymer concentration on pressure loss was investigated at a volumetric 

flow rate of 10.0 m3/h. The results showed the potential of the polymer as a new DRA: pressure 

loss decreased with increasing polymer percentages up to 4% but increased above concentrations 

of 4%. Figure B5 shows these results. 

 

 

Figure B5. Effect of polymer concentration changes on pressure loss 

 



77 

 

The test indicated that the optimal polymer percentage would be near 4%. Note that the 

reason for the increase in pressure loss above 4% was not investigated in this study; this behavior 

could have many explanations, such as the DRA's solubility. Further studies are required. 

 

B3. COMPUTATIONAL FLUID DYNAMICS (CFD) ANALYSIS 

Numerical analysis was conducted using ANSYS FLUENT (Ver. 18.2) software [21]. 

Turbulent conditions were expected in the flow velocity range of 1.0 to 4.0 m/s due to the high 

Reynolds number (over 4,800) at low solids concentrations. Therefore, the standard k-ε turbulence 

model, which is popular for practical engineering flow problems, was applied to analyze the 

rheological behavior of the tailings slurry [22, 23]. 

 

Simulation Setup 

The 3D model geometry for simulating the pipe loop tests was developed and is shown in 

Figure B6. This geometry was discretized using 107,136 nodes; 375,950 elements; and triangular 

grids.  
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Figure B6. 3D computational grid of pipe loop testing system 

The flow velocity in the inlet area varied from 1.0 to 4.0 m/s, which is equivalent to 

volumetric flow rates ranging from 4.10 to 16.42 m3/h. The atmospheric pressure (101,325 Pa) 

was kept consistent over the entire system. For the pipe wall areas, a stationary (no-slip) wall 

condition was applied, along with the standard wall roughness model. In addition, FLUENT's 

default convergence criterion was applied [21]. The main input parameters for the analyses and 

study cases with various solids / polymer concentrations are shown in Table B2. 

Following the same reasoning used for the pipe loop tests, pressure loss was only evaluated 

at points E and F (the locations of pressure gauges no.6 and no.7 shown in Figure B3) even though 

it could be measured at seven points, A through G, shown in Figure B6. In addition, it was assumed 

that the density of tailings slurry was consistent, regardless of changes in the circulation time. Note 

that longer circulation times could raise the temperature, inducing changes in the density of the 

tailings slurry. 
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Table B2. Main parameters for CFD analysis and various study cases 

Solid Concentration 

(% in weight) 

Polymer Addition 

(% in volume) 

Slurry Density 

(kg/m3) 

Viscosity 

(mPa∙ 𝑠) 

30 

0 

1,226 

1.47 

1 1.51 

2 1.60 

3 1.72 

4 1.88 

5 2.04 

6 2.33 

35 

0 

1,273 

1.81 

1 1.84 

2 2.00 

3 2.19 

4 2.50 

5 2.70 

6 2.93 

40 

0 

1,325 

2.17 

1 2.19 

2 2.51 

3 2.71 

4 3.04 

5 3.37 

6 3.71 

45 

0 

1,381 

3.17 

1 3.16 

2 3.58 

3 4.03 

4 4.44 

5 4.97 

6 5.65 

50 

0 

1,443 

4.31 

1 5.84 

2 6.36 

3 7.43 

4 8.04 

5 9.10 

6 10.14 
a Hydraulic Diameter: 0.0381 m 
b Atmospheric Pressure: 101,325 Pa 
c Flow Velocity varies from 1.0 to 4.0 with an increment of 0.5 
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Model Validation 

The model was validated by comparing the pressure losses derived from the numerical 

analyses (simulations) with those observed during the pipe loop tests. Various cases were 

investigated and compared: 

ᆞ Case I: Pressure distribution at 30% solids / 0% polymer and 10.0 m3/h 

ᆞ Case II: Pressure distribution at 35% solids / 0% polymer and 14.9 m3/h 

ᆞ Case III: Effect of flow velocity increases on pressure loss  

ᆞ Case IV: Effect of polymer concentration increases on pressure loss at 10.0 m3/h 

Pressure losses for the study cases (III and IV) were measured at points “E” and “F” in the 

simulation (see Figure B6). The pressure distributions and losses from the simulations and pipe 

loop tests were compared, as shown in Figure B7. In all cases, the results corresponded and showed 

similar trends, validating the simulation. Figure B8 shows the results of simulating the pressure 

distribution of the tailings slurry in the pipeline for cases I (30% solids) and II (35% solids). 
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(a) Pressure distribution at 30% solids / 0% polymer            

 
      (b) Pressure distribution at 35% solids / 0% polymer  

 
(c) Effect of flow velocity increase on pressure loss at 35% solids / 0% polymer                                         

 
     (d) Effect of polymer percentage on pressure loss at 35% solid and 0% polymer      

Figure B7. Comparisons between simulations and pipe loop tests 
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(a) 30% solids and 0% polymer 

 

(b) 35% solids and 0% polymer 

Figure B8. Pressure distributions in simulations 

 

Additional CFD analyses were conducted to investigate the effects of various solids 

concentrations, flow velocities, and polymer concentrations on pressure loss, as discussed below.  
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Numerical Analysis Results 

The model was used to simulate the effects of various solids / polymer concentrations on 

pressure loss and potential water savings. Since pressure loss (or friction gradient) is the key factor 

in the hydraulic design of a pipeline/pumping system [15], this study assumed that the tailings 

slurries were rheologically the same - that is, it assumed the slurries had identical flow behaviors 

if they showed the same pressure loss changes during the tests. This applies even if the amount of 

water in the slurry is reduced and the pulp density is increased; as long as the pressure loss remains 

the same after adding the DRA, then the rheological flow behaviors of both the pre- and post-DRA 

slurries are assumed to be the same under the same pumping pressure and pipeline diameter 

conditions. A conventional tailings slurry consisting of 30% solids and 0% polymer was defined 

as the baseline. Figure B9 shows the effect of various solids/polymer concentrations on pressure 

loss. In addition, the change in pressure loss was investigated for increasing volumetric flow rates, 

ranging from 4.10 to 16.42 m3/h, to demonstrate various operational conditions in a mine. 

For all seven simulated flow rates, the pressure loss measured at points E and F (Figure 

B6) decreased until the polymer percentage increased to 4%; at percentages of 4% and higher, the 

pressure loss increased. These results mimicked those from the pipe loop tests, shown in Figure 

B5. In addition, the decreasing rate (trend slope) of pressure loss was higher at the higher flow 

rates, indicating a higher effectiveness of the DRA at faster volumetric flow rates. 

Based on the analysis results shown in Figure B9, the potential amount of water saved by 

applying the polymer was calculated. Table B3 shows this amount at each solids concentration for 

various volumetric flow rates. 
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(a) at volumetric flow rate = 4.10 m3/h (b) at volumetric flow rate = 6.16 m3/h 

   
(c) at volumetric flow rate = 8.21 m3/h (d) at volumetric flow rate = 10.26 m3/h 

   
(e) at volumetric flow rate = 12.31 m3/h (f) at volumetric flow rate = 14.37 m3/h 

 
(g) at volumetric flow rate = 16.42 m3/h 

Figure B9. The effect of the polymer on pressure losses for various solids / polymer 

concentrations and flow rates 
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Table B3. Results of CFD analysis: potential water savings and specific energy consumption  

Volumetric 

flow rate 

(m3/h) 

Optimal polymer 

addition  

(%) 

Water saving  

(%) 

Specific energy consumption 

(kW ∙ h/ton ∙ km) 

Cw=35 Cw=40 Cw=45 Cw=35 Cw=40 Cw=45 Cw=30 Cw=35 Cw=40 Cw=45 

4.10 0.857 1.833 N.A. 4.34 9.02 N.A. 0.327 0.259 0.210 N.A. 

6.16 0.786 1.412 N.A. 4.27 8.62 N.A. 0.709 0.563 0.455 N.A. 

8.21 0.727 1.171 3.267 4.22 8.40 14.33 1.245 0.799 0.653 0.653 

10.26 0.713 1.051 2.649 4.20 8.29 13.79 1.948 1.546 1.249 1.022 

12.31 0.690 0.980 2.254 4.18 8.22 13.44 2.823 2.241 1.811 1.482 

14.37 0.671 0.944 2.056 4.16 8.19 13.26 3.877 3.078 2.487 2.035 

16.42 0.661 0.915 1.941 4.15 8.16 13.16 5.116 4.062 3.282 2.685 

 

In Table B3, the solids concentration was increased from 30% (the baseline) to 35%, 40%, 

and 45%, but the pressure loss was kept constant by adding the polymer. For example, in Table 

B3, at the 8.21 m3/h volumetric flow rate, the pressure loss was maintained by adding 0.727%, 

1.171%, and 3.267% polymer to slurries containing 35%, 40% and 45% solids, respectively. The 

corresponding water saving amounts were 4.22%, 8.40%, and 14.33% respectively, compared to 

the baseline condition (30% solids and 0% polymer). Note that a water savings of 14.33% 

corresponds to an increase in solids concentration from 30% to 45%; this was achieved without 

any change in pressure loss by adding 3.267% of DRA, which equates to 0.123 m3 of water saving 

per 1 m3 of tailings slurry. This study also found that the required polymer percentage to keep the 

same pressure loss was lower for higher volumetric flow rates; consequently, the corresponding 

water saving was also lower at these rates. 
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Specific Energy Consumption (SEC) 

In this study, specific energy consumption (SEC) was defined as the amount of energy 

required to move a unit mass of tailings over a unit length. A lower SEC means more efficient 

tailings slurry transportation through pipelines [15]. SEC has been used as an index to compare 

cost efficiency among transportation systems and investigate operational conditions related to 

tailings flow [24, 25]. In this study, SEC was compared for various solids/polymer concentrations 

and volumetric flow rates to identify the optimal concentrations, which would result in minimal 

SEC. SEC was calculated using Equation B1. 

SEC =  
𝑖𝑚

𝑆𝑠×𝐶𝑣𝑑
                                     (Equation B1) 

Where, im, Ss and Cvd are the hydraulic gradient, relative solids density, and delivered solids 

concentration in volume, respectively. 

Hydraulic gradient (im) is the head loss of the mixture in terms of the height of water per 

unit length of pipeline. It can be obtained from Equation B2. 

𝑖𝑚 =  
1

𝜌𝑚×𝑔
(−

∆𝑝

∆𝑥
)                                    (Equation B2) 

Where, ρm, g and 
∆𝑝

∆𝑥
 are the density of the tailings slurry, gravity acceleration, and the pressure 

drop per unit length of the pipeline, respectively. 

In this study, it was assumed that the slurry was homogeneous and that its density remained 

constant throughout the simulations. Therefore, the delivered solids concentration (Cvd) was the 

same as the solids concentration in volume (Cv). Equation 1 was simplified, and SEC was 

calculated in kilowatt-hours as shown in Equation B3. 
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SEC (kW ∙ h/ton ∙ km) =  
𝑔×𝑖𝑚

3.6×𝑆𝑠×𝐶𝑣
                           (Equation B3) 

Figure B10 shows the effect of various solids / polymer concentrations on SEC for various 

volumetric flow rates, ranging from 4.10 to 16.42 m3/h. For a given polymer concentration, SEC 

values decreased as solids concentrations increased up to 40% but then increased at 45% solids in 

most cases. On the other hand, for a given solids concentration, SEC values decreased as polymer 

concentration increased up to 4%, at which point they increased.  

Compared to the baseline case, SEC values decreased with the addition of the polymer in 

all ranges of volumetric flow rates. The minimum SEC for a given solids / polymer percentage 

was found at each volumetric flow rate to maximize the transportation efficiency based on the 

results shown in Figure B10. For example, the minimum SEC (0.182 kW∙h/ton∙km) occurred at 

40% solids / 4% polymer at the volumetric flow rate of 4.10 m3/h. This indicates that transportation 

efficiency could be improved by adding polymer and that the solids percentage could be increased 

from 30% to 40% without increasing the pressure loss by adding 4% polymer. 
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 (a) at volumetric flow rate = 4.10 m3/h       (b) at volumetric flow rate = 6.16 m3/h 

     
 (c) at volumetric flow rate = 8.21 m3/h (d) at volumetric flow rate = 10.26 m3/h 

     
 (e) at volumetric flow rate = 12.31 m3/h (f) at volumetric flow rate = 14.37 m3/h 

 
 (g) at volumetric flow rate = 16.42 m3/h  

Figure B10. SEC changes for various solids / polymer concentrations and volumetric flow rates 
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Table B3 shows detailed SECs for various solids / polymer concentrations from Figure 

B10, along with the potential water savings. The results illustrated that, at all tested flow rates, 

adding the polymer to the tailings slurry improved the transportation efficiency despite the higher 

solids concentrations. For example, at a volumetric flow rate of 8.21 m3/h, increasing the solids 

concentrations from the 30% baseline decreased the SEC from 1.245 kW∙h/ton∙km to the following 

values: 

ᆞ 0.799 kW∙h/ton∙km for 35% solids and 0.727% polymer 

ᆞ 0.653 kW∙h/ton∙km for 40% solids and 1.171% polymer 

ᆞ 0.653 kW∙h/ton∙km for 45% solids and 3.267% polymer 

This translates to a 35.9%, 47.5%, and 47.5% reduction in SEC. At the higher flow rate 

(16.42 m3/h), the SEC reduction was lower—20.6%, 35.8%, and 47.7% respectively—when 

0.661% polymer (35% solids), 0.915% polymer (40% solids), and 1.941% polymer (45% solids) 

was applied.  

Case Study (Application) 

The model was used to conduct a case study based on the following assumptions: 50,000 

tonnes of daily throughput, a volumetric flow rate of 8.21 m3/h in the tailings transportation system, 

and 30% solids in the tailings slurry. About 116,667 m3/day of water (30% solids) was consumed 

in transportation from the mill to the TSF. Table B4 shows the potential water and SEC savings 

obtained by adding the polymer to various solids concentrations ranging from 30% to 45%. Note 

that this analysis used the same baseline condition (30% solids / 0% polymer) for comparisons as 

the previous analyses. 
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Increasing the solids concentration to 35%, 40%, and 45% required adding 675 m3, 879 

m3, and 1,996 m3 of the polymer, respectively, to maintain pressure losses. The corresponding daily 

water saving for each case was 24,485 m3, 42,545 m3, and 57,552 m3, respectively. In the case of 

the high-capacity tailings transportation system with a high flow rate (16.42 m3/h), the water 

savings were similar to the case of the relatively low flow rate, 8.21 m3/h; however, less polymer 

was required to maintain consistent pressure loss. 

 

Table B4. Case study results 

Transport capacity 

(m3/h) 
8.21 16.42 

Solids concentration 

(%) 
30 35 40 45 30 35 40 45 

Water usage 

(m3/day) 
116,667 92,182 74,121 59,115 116,667 92,244 74,314 59,925 

Polymer usage 

(m3/day) 
- 675 879 1,996 - 614 686 1,186 

Total volume of tailings 

(m3/day) 
135,987 112,177 94,320 80,431 135,987 112,177 94,320 80,431 

Water saving 

(m3/day) 
- Δ24,485 Δ42,545 Δ57,552 - Δ24.423 Δ42,353 Δ56,742 

Transportation energy 

(kW ∙ h/km) 
62,260 39,936 32,671 32,671 255,820 203,096 164,095 134,243 

Energy saving 

(𝐤𝐖 ∙ 𝐡/𝐤𝐦) 
- Δ22,323 Δ29,589 Δ29,589 - Δ52,724 Δ91,725 Δ121577 

a Solid Throughput: 50,000 ton/day 
b Dry Density: 2,588 kg/m3 
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B4. CONCLUSION  

The effects of adding a DRA (polymer) to tailings slurry in a pipeline were investigated — 

specifically, the effects on the slurry’s flow behaviors at various solids / polymer concentrations 

and flow rates. Initially, pipe loop tests were conducted for various solids / polymer concentrations, 

and pressure loss changes were measured as DRA was added. A CFD simulation model was 

constructed and validated based on the results of the pipe loop tests, and this model was used to 

conduct further studies. While increasing the solids concentration (from a baseline value of 30%) 

to 35%, 40%, and 45%, pressure loss was maintained by adding the DRA, keeping the rheological 

flow behaviors the same as those of the baseline, and the corresponding water savings were then 

calculated. The results of the numerical analysis verified the potential for saving water by adding 

the polymer as a DRA in a tailings transportation system. Major findings were shown below. 

ᆞ For 35%, 40%, and 45% solids, the optimal amount of polymer to maintain the pressure 

loss observed under baseline conditions (30% solids) was investigated for various flow 

rates. For example, at 8.21 m3/h, the optimal polymer percentages were 0.727%, 1.171%, 

and 3.267% for 35%, 40%, and 45% solids, respectively. The optimal polymer percentage 

decreased as flow rate increased. 

ᆞ The potential water and SEC savings by applying the polymer were investigated. The 

potential amount of water saved was calculated when the DRA was added to solids 

concentrations of 35%, 40%, and 45%. In the case study, which simulated conditions at a 

mid-sized hard-rock mine with a throughput of 50,000 tonnes/day and the flow rate of 

8.21 m3/h, the solids percentage was increased from 30% to 35% with no pressure loss 

changes, by applying 675 m3/day of the polymer. This resulted in an energy savings of 
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22,323 kW∙ h/ km and a water savings of 24,485 m3/day.  

ᆞ To investigate the effect of the polymer on transportation energy efficiency, SEC was 

calculated, and the optimal percentages of solids and polymer were found at various flow 

rates, shown in Figure B10. For example, at the flow rate of 8.21 m3/h, the minimum SEC 

(0.501 kW∙h/ton∙km), was obtained by applying 40% solids and 4% polymer. 

Consequently, the optimum concentrations were found to be 40% solids and 4% polymer 

to maximize transportation energy efficiency. 

 

B5. FUTURE WORKS AND DISCUSSION 

This study shows the potential of the polymer as a new DRA to improve the efficiency of 

the tailings transportation system and save water. However, these conclusions are premature for 

field applications. More studies are required to address each of the issues noted below. 

ᆞ The effectiveness of the DRA could vary, since it depends on many factors: mineralogy, 

the rheological properties of tailings slurry, and tailings transportation system (including 

the pumping capacity and pipeline type, length, and diameter). In addition, depending on 

TSF field conditions, DRA may degrade due to chemical reactions, radiation, heat, 

bacteria, or other factors. 

ᆞ Changes in the solids concentrations and flow velocities may induce changes in the 

rheological behavior of tailings slurry. This could accelerate pipeline wear and increase 

the cost of maintenance [26]. It is necessary to investigate the effect of the DRA and 

changing flow velocities on pipeline wear rate for field applications.  
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ᆞ In upstream-type TSFs, water from discharged tailings is usually collected in a decant 

pond and recycled for mill processing. Applying the DRA means that water from the 

discharged tailings will contain the polymer, potentially causing a negative effect on mill 

processing (for example, a decrease in flotation recovery). It will be important to 

investigate the polymer’s effect on mill processing before applying it in the field. Since 

this effect is site specific, it could differ at each mine.  

ᆞ Finally, a detailed economic feasibility study is needed for field applications to quantify 

the advantages and disadvantages of using the polymer. The main advantages include 

saving water (supporting sustainable mining), improving the efficiency of the tailings 

transportation system (saving costs), and improving TSF stability (avoiding failures). 

Disadvantages include the expense of the polymer, rapid pipeline wear rate, and potential 

impacts to mill processing. 
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Using a biocompatible polymer to enhance tailings transportation and save water in a copper-

cobalt-zinc mine: A CASE STUDY 

Yongsik Jeong, Kwangmin Kim 

Department of Mining and Geological Engineering, University of Arizona, Tucson, AZ, USA 

 
 

ABSTRACT 

Water is a key source of instability and even failure in tailings storage facilities (TSFs). 

Simply reducing the amount of water in TSFs could be the best way to ensure the safety of nearby 

communities. This case study investigates the effects of reducing the water content in tailings 

slurry at a copper-cobalt-zinc mine located in Mexico. More specifically, it investigates the use of 

an environmentally friendly polymer as a new drag reduction agent (DRA) to offset the increase 

in solids percentage when the water content is reduced. It also examines the potential effects of the 

increased solids concentration on the tailings transportation system. A series of “what if” studies 

were conducted to assess whether adding the polymer would allow the solids concentration 

percentage to be increased without changing the pressure loss in the transportation pipeline. They 

entailed conducting pipe loop tests to investigate these changes under various solids/polymer 

concentrations and then constructing a computational fluid dynamics (CFD) simulation model 

using the test results. Once the model was validated, it was used for several analyses. First, the 

optimal polymer percentages—those needed to maintain the same pressure loss under baseline 

(30% solids) conditions—were determined. The model was then used to assess the potential risks 

to the pipelines as the solids percentages were increased; these risks include clogging via settling 

particles and increased erosion rates on pipeline wall. Finally, the potential water savings were 
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estimated based on usage records. The annual water savings were found to be significant—about 

1.852 Mm3 (at 35% solids), 3.016 Mm3 (at 40% solids) and 3.915 Mm3 (at 45% solids). 

Keywords: Pipe loop tests; computational fluid dynamics (CFD) simulation; TSF stability; tailings 

transportation system; drag reduction agent (DRA) 

 

C1. INTRODUCTION 

Tailings are the mixture of crushed rock and processing fluid from a mill plant that remains 

after economic minerals are extracted from mine ores [1]. Tailings storage facilities (TSFs) are the 

structures that are used to dispose of tailings, and raised embankments (surface impoundments) 

are the most common type of TSF in the world. For economic reasons, the most popular method 

for moving tailings from a mill plant to a TSF is hydraulic transportation through pipelines in the 

form of slurry [2]. Key to the slurry’s flowability is the solids concentration percentage of the 

tailings, calculated as the solids weight divided by the total weight of slurry. The required range 

(usually 30–50 %) can be obtained by adding or removing water or by adding chemical additives—

drag reduction agents (DRAs)—that work on the pipeline wall by decreasing the Reynolds shear 

stresses and velocity fluctuations. This reduces the amount of friction between the flow material 

and the pipeline wall, resulting in the decrease of pressure loss [3].  

Managing TSF water is challenging for several reasons. TSFs are large in scale and may 

feature internal fractures; in addition, tailings properties vary. These challenges make it difficult to 

identify and control the phreatic surface, a key factor in TSF stability [4]. Research has 

demonstrated the importance of controlling this surface. Rico’s study, for example, indicates a lack 

of water management as a main cause of TSF failures based on the evaluation of 147 cases around 
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the world [5]. Numerical analyses by other researchers have shown that, in general, increasing the 

water level decreases the TSF safety factor [6-8]. For example, the recent failure of Samarco’s 

tailings embankment emphasized the importance of water management to ensure TSF stability [9]. 

One strategy for improving TSF water management is minimizing the water content in the 

tailings slurry. However, this also poses some challenges. In a conventional mine, modifying the 

water content requires modifying the tailings transportation system, which features a positive 

displacement pumping system for paste tailings and a conveyer belt system for filtered tailings. 

Consequently, various issues must be considered carefully before reducing the water content in 

tailings. One is increased pressure loss in the transportation pipeline [2]. Note that this study 

defines pressure loss as the pressure drop per unit length of pipeline that is caused by energy 

dissipation, generally due to indiscriminate fluid motions (swirling) or friction between the tailings 

and pipe wall [3]. In addition, pressure loss is a key parameter in determining the rheological 

behaviors of tailings slurry. It is used for selecting the type of pipeline, designing the pumping 

system, and determining the optimal range of water content in slurry tailings [10]. This study 

assumes that, if the pressure loss is kept constant, the rheological behavior of the tailings slurry 

remains the same regardless of changes in the solids concentration percentage [2, 10]. Another 

issue is that reducing the water content increases the solids concentration, which in turn decreases 

the flow velocity of the slurry in pipelines. When the flow velocity is slower than the deposition 

velocity, clogging may occur [11, 12]. Finally, reducing the water content may erode pipelines 

faster. Factors that contribute to erosion include, but are not limited to, flow velocity, particle size 

distribution, and solids concentration [13]. In general, erosion rates tend to increase with higher 

solids concentration [14]. 
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In this study, a new DRA was applied to reduce the water content in tailings with minimal 

changes of pressure loss. The potential positive and negative effects of the DRA on the tailings 

transportation system were investigated at the request of the testing mine. Note that international 

patents are currently in process for the use of specific polymers as a component to a new DRA 

(PCT/US20/24058 and PCT/US18/55466). 

 

C2. TESTING SITE  

A case study was conducted at a copper-cobalt-zinc mine in northern Baja California Sur, 

Mexico, near the shores of the Gulf of California. The facility currently operates both open pits 

and underground mines and produces ores from manto-type reserves.  

The plant generates an average of 12,000 dry metric tonnes of tailings per day. Before 

pumping slurry to TSFs, the solids concentration of the tailings (Cw) is adjusted to be about 30% 

by adding water at the neutralization tank. Three diaphragm piston pumps are currently used to 

pump the tailings at a capacity of 650 m3/h under a pumping pressure of 4.0 MPa. Figure C1 shows 

the routing of the pipelines. The plant lies at an elevation of 17 m average mean sea level (AMSL). 

Tailings are pumped to a peak elevation of 260 m AMSL at a distance of 5.7 km. 
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Figure C1. Layout of the tailings pipeline facility 

 

Table C1 summarizes the current tailings transportation system, which is constructed using 

20-inch HDPE-lined carbon steel pipes. The pipes’ outside diameter, 508 mm, includes the steel 

wall (15.09 mm) and the HDPE liner (12.7 mm). The designed capacity is 1,720 m3/h, and the 

target solids concentration and density are 30% and 1,238 kg/m3 respectively. The viscosity of 

slurry is 4 mPa‧s, and the yield stress is 24 Pa. A Bingham-Plastic model was applied to design the 

pipeline facility [15]. 

 

Table C1. Summary of tailings pipeline operations  

Pipeline Configuration Rheological Conditions of Tailings 

Material specification ASTM Grade B Sch 40 Target of Flow Rate (m3/h) 1,720 

Pipe Outside diameter(mm) 508 Weight Concentration (%) 30 

Steel Wall Thickness (mm) 15.09 Liquid Density (kg/m3) 1,060 

HDPE Liner Thickness (mm) 12.7 Solids Density (kg/m3) 2,040 

Average Pipe Inner Dia. (mm) 452.42 Slurry Density (kg/m3) 1,238 

Pipeline linear roughness (μm) 13 Slurry Viscosity (mPa‧s) 4 

Maximum Pump Pressure (MPa) 4.0 Slurry Yield stress (Pa) 24 
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The particle-size distribution of tailings from the testing mine is shown in Figure C2. The 

mean particle size is 83 µm, and the D80 (80% passing size) is 102 µm.  

 

 
Figure C2. Particle size distribution of tailings at the testing mine 

 

Given weather conditions and the risk of seismic events, the TSF was designed as a 

downstream-type TSF, which is invulnerable to earthquakes [16]. One feature of this type of TSF, 

the large amount of water in the decant pond, poses a risk for inducing instability. Therefore, 

minimizing the amount of water in the TSF pond is important to sustainable mine development.  

 

C3. EXPERIMENTS: DRA EFFECTS ANALYSIS 

The use of the environmentally friendly polymer as a new DRA to reduce inflow to a TSF 

was investigated. Figure C3 outlines the studies that were conducted for this investigation. First, 

pipe loop tests were conducted to assess the change in pressure loss for a range of solids 

concentrations and polymer percentages in the tailings slurry. Second, computational fluid 

dynamics (CFD) simulations were conducted to determine the optimal polymer percentages that 

would be required to maintain constant pressure loss at different solids percentages. Third, real-
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scale CFD simulations mimicking the tailings transportation system in the testing site were 

conducted to determine the deposition velocities that would induce settlement and clogging in the 

pipelines. Finally, pipeline erosion rates were predicted using CFD-based simulations.     

 

 
Figure C3. Study flow diagram 

 

C3.1 Pipe Loop Tests 

Pipe loop tests were conducted to see the effects of the DRA on tailings flow behaviors by 

measuring pressure losses at varied solids/polymer concentrations. Figure C4 shows the schematic 

layout of the pipe loop test system. 
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Figure C4. Schematic diagram of the pipe loop test system 

 

This testing system was a closed circuit consisting of polyvinyl chloride (PVC) pipe that 

totaled 10 m in length with and inner diameter of 38 mm. The slurry tank had a 190-liter capacity, 

and a centrifugal pump could supply 36 m3 of slurry with a pumping pressure of 486 kPa. An 

agitator and digital flow meter were installed to mix the slurry tailings and measure volumetric 

flow rates, respectively. The testing duration was limited to 10 minutes to minimize changes in the 

tailings’ rheological properties that could result from the temperature increase.  

Twelve test cases were investigated, with two solids percentages (30% and 35%) and six 

DRA percentages (from 0% to 10%, in 2% increments). Pressure changes were monitored using 

gages (#2–#8, see Figure C4); however, only values from gages #6 and #7 were recorded because 

they were unaffected by factors such as flow direction / pressure changes near pipe elbows and 

they provided relatively consistent results in each case. The testing site’s flow velocity of 3 m/sec 

was applied to the loop system.  
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Before investigating the effects of the DRA, the rheological behavior of testing site’s 

tailings slurry, which usually exhibits non-Newtonian flow behavior [17], was investigated. Pre-

DRA pressure loss changes were monitored under various solids concentration percentages. The 

results indicated a proportional relationship, as shown in Figure C5(a); therefore, the slurry can be 

assumed to follow the principles of non-Newtonian flow, where an increase in solids percentage 

induces an increase of pressure loss in the pipeline [2]. 

The effect of the new DRA on pressure loss was investigated as shown in Figure C5(b). 

Pressure loss decreased when the polymer percentages were increased from 0% to 4% and 

increased as polymer percentages were increased from 4% to 10%. This indicates that the optimal 

polymer concentration percentage for minimizing the pressure loss is about 4%. Further studies 

are required to determine the reason for the pressure loss increase in the 4%–10% range; however, 

the authors believe this effect could be related to the DRA’s solubility in that percentage range. 

 

 
Figure C5. (a) Pressure loss changes along with various solids concentration percentages, (b) 

Pressure loss changes along with various polymer concentration percentages (showing the effect 

of polymer concentration changes on pressure loss) 
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C3.2 CFD Simulations to Determine the Optimal Polymer Concentrations  

ANSYS FLUENT (Ver. 18.2) software was used to analyze the rheological behaviors of 

the tailings slurry with realizable k-ε turbulence [18]. This is one of most popular turbulence 

models for investigating practical engineering flow issues [19, 20].  

Figure C6 shows the 3D computational mesh used in this study. The geometry was 

discretized using 107,136 nodes; 375,950 elements; and triangular grids. The main parameters 

used for the CFD simulations are listed in Table C2. 

 

 

 
Figure C6. 3D computational mesh used in the simulation 
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Table C2. Main parameters used for CFD analyses  

Boundary Condition  

Velocity Inlet 3.0 m/sec 

Turbulence Intensity 5% 

Hydraulic Diameter 0.381 mm 

Atmospheric Pressure 101,325 Pa 

Wall 

Condition Stationary (non-slip) 

Model Standard roughness  

Roughness Height 13μm 

Roughness Constant 0.5 

Solving Condition 

Slover SIMPLEX algorithm 

Convergent Criteria 
The residuals ≤ 10-6 

Number of Iterations ≤ 5,000 

 

 

To validate the model, four case studies using CFD simulations were conducted and the 

simulated pressure loss values were then compared to data from pipe loop tests. These cases are 

shown below, and the results of the pressure loss comparison are shown in Figure C7. The cases 

were designed to investigate the following: 

ᆞ Case I: Pressure loss value at each gage under baseline conditions (30% solids / 0% 

polymer) 

ᆞ Case II: Effect of increasing the solids concentration on pressure loss  

ᆞ Case III: Effect of increasing the polymer concentration on pressure loss at 30% solids 

ᆞ Case IV: Effect of increasing the polymer concentration on pressure loss at 35% solids 
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    (a) Case I             (b) Case II  

  
    (c) Case III     (d) Case IV  

Figure C7. Pressure loss comparison results 

 

In cases I and II, the pressure loss values at each gage were simulated and compared to 

values from the pipe loop tests. In cases III and IV, the effects of increasing the polymer 

concentration on pressure loss were investigated at 30% and 35% solids concentrations, 

respectively, while increasing the DRA concentration from 0% to 10% in 2% increments. For these 

cases, pressure loss was recorded at points E and F (gages #6 and #7 in Figure C4). As shown in 

Figure C7, all cases corresponded to the simulated results and showed similar trends, validating 

the model for use in further studies.  

The model was then used to investigate 35 cases with various percentages of solids (5 

cases, from 30% to 50%, in 5% increments) and polymer (7 cases, from 0% to 6%, in 1% 
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increments). The flow velocity was set at 3.0 m/sec to mimic field conditions and the pressure loss 

was measured at points “E” and “F” (see Figure C6). A tailings slurry consisting of 30 % solids 

and 0 % polymer was defined as the baseline to mimic the current operational conditions. It was 

assumed that the rheological flow behaviors of the slurry before and after adding the DRA would 

remain the same if the pressure loss remained constant; therefore, an increase in pressure loss 

would indicate a decrease in flow efficiency and vice versa. The simulation results are shown in 

Figure C8. 

 

 
Figure C8. Effect of the polymer percentage increase on pressure loss with various solids 

concentrations 

 

In Figure C8, pressure loss decreased when the polymer percentage increased from 0 to 

4% and then increased when polymer percentages were in the range of 4–6%. In the 50% solids 

case, the pressure level of 3.0 kPa/m for the baseline condition could not be achieved even though 

the polymer percentage was enhanced; pressure loss values at 50% solids were higher than the 

baseline for all polymer percentages. Therefore, 45% was determined to be the maximum possible 

increase, and the 50% solids case was not considered in subsequent tests.   
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Table C3. Optimal polymer amounts with given solids percentages and corresponding water 

saving amounts  

Solid Concentration (%) 30 35 40 45 

Mass Balance  

(/1m3 of Slurry) 

Solids (kg) 371.55 445.99 524.85 608.56 

Water (kg) 866.94 821.39 775.25 727.55 

Polymer 
(kg) 0.00 6.87 12.03 16.24 

(%) 0.0 0.83 1.53 2.18 

Water Saving 
Weight (kg) - 45.55 91.69 139.40 

Percentage (%) - 5.25 10.58 16.08 

 

Based on the results shown in Figure C8, the optimal polymer percentages required to 

maintain the baseline pressure loss were determined for solids percentages of 35%, 40%, and 45%. 

The corresponding amount of water savings at each percentage was calculated and is shown on 

Table C3. For example, increasing the solids percentage from 30% to 40% results in a 10.58% 

water savings, equivalent to 0.09 m3 (91.69 kg in weights) per 1 m3 of tailings slurry. The pressure 

loss at 40% solids could be maintained by adding 1.53% of polymer (the polymer percentage is 

obtained by dividing the polymer amount by the amount of water in the tailings slurry). The results 

demonstrated the potential for using the DRA to reduce the water percentage in the slurry at the 

testing site. To calculate the water saving percentages in Table C3, the solids concentration was 

defined as the weight of solids divided by the total weight of slurry (solids + water + polymer); 

therefore, 35% solids corresponds to 445.99 kg of solids, 821.39 kg of water, and 6.87 kg of 

polymer. Since the amount of water at 30% solids slurry (the baseline) was 866.94 kg, the water 

savings at 35% solids was calculated to be 5.25% as follows: (866.94 – 821.39)/866.94*100. 
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C3.3 CFD Simulations to Evaluate the Settling Velocity 

Flow velocities were investigated when solids concentration percentages were changed 

from the 30 % baseline case to 35%, 40%, and 45%. To evaluate the potential for solids particles 

to settle in the slurry, the field-scale CFD model shown in Figure C9 was used and flow velocities 

were compared with deposition velocities. Note that solids particles start to settle and form a 

moving bed (inducing clogging in pipelines) when the deposition velocity exceeds the flow 

velocity [11]. The deposition velocity equation proposed by Durand and Condolios (1952) was 

employed in this study and is shown in Equation C1 [21].  

𝑉𝐷 = 𝐹𝐿 × √2 × 𝑔 × 𝐷𝑖 × (
𝜌𝑠−𝜌𝐿

𝜌𝐿
)   (Equation C1) 

where VD is the deposition velocity (m/sec), FL is the Durand factor based on grain size and volume 

concentration (unitless), Di is the inner pipe diameter (m), g is the gravity acceleration constant 

(9.81m/sec), 𝜌𝑠 is the density of solids in a mixture (kg/m3), and 𝜌𝐿 is the density of the liquid 

carrier (kg/m3). For the Durand velocity factor, Equation C2 proposed by Schiller and Herbich 

(1991) was used [22]. Deposition velocities calculated using Equations C1 and C2 are shown in 

Table C4. 

𝐹𝐿 = (1.33 × 𝐶𝑣
0.125) × (1 − 𝑒(−6.9×𝑑50)   (Equation C2) 

where Cv is the solids volume concentration of slurry (fraction) and d50 is mean particle size (mm). 

Figure C9 shows the 3D computational mesh used for field-scale simulations. It features 

the same geometry used for the testing mine’s pipeline profile. The mesh consists of 2,075,865 

nodes and 1,596,691 elements. A hexahedral structured mesh was adapted to mesh the entire 

volume. The modeling distance ranged from 0+000 to 4+762 km, the peak elevation. Since the 
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flow velocity is controlled mainly by gravity once the slurry reaches the peak elevation, the 

simulations were designed to examine velocity changes under turbulent flow that originates mainly 

under high pressure from a pumping system.  

 

 

 

Figure C9. 3D computational mesh for field-scale simulations 

 

The same parameters listed in Table C2 were used for the simulations. In addition, a 

pressure inlet condition of 4.0 MPa and an inner (hydraulic) pipeline diameter of 452.42 mm were 

used as model inputs. Figure C10 shows flow velocities for four solids percentages—30%, 35%, 

40%, and 45%—before and after adding the polymer. Simulations for flow velocities were 

conducted for 35%, 40%, 45% solids before and after adding the polymer (6 cases) plus the 

baseline case (30% solids, with no polymer) as shown in Figure C10. To maintain the same 
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pressure loss as the baseline, polymers were added at concentrations of 0.83%, 1.53% and 2.18% 

for 35%, 40% and 45% solids, and peak flow velocities were changed from 7.99 m/sec, 7.61 m/sec, 

and 7.29 m/sec to 8.39 m/sec, 8.29 m/sec, 8.22 m/sec respectively. The peak flow velocity for the 

baseline condition was 8.44 m/sec.  

The simulation results showed that peak flow velocities decreased as solids percentages 

increased and that adding polymer increased these velocities by 5.0% (35% solids), 9.0% (40% 

solids), and 12.7% (45% solids). This demonstrates that the polymer effectively mitigates the 

decrease in flow velocity that occurs when solids concentrations are increased, which would 

otherwise increase the friction between the flow media and pipeline wall. Therefore, the DRA has 

the potential to reduce the amount of water in tailings slurry and improve TSF stability.                

 

 

 

Figure C10. Flow velocities at (a) 30% solids, (b) 35% solids, (c) 40% solids, 

 and (d) 45% solids in the pipeline 
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The potential for settling (and associated pipeline clogging) as the solids percentage 

increases was investigated by comparing deposition and flow velocities. The results of the studies 

are summarized in Table C4. For all solids percentage cases, the deposition velocities were 

definitively slower than the flow velocities; therefore, the potential for settling is minimal.   

 

Table C4. Summary of settling potential studies (deposition and flow velocities)  

Cw  

(%) 

Polymer 

Addition 

(%) 

Cv FL 

Deposition 

Velocity 

(VD, m/sec) 

Study Results  

(m/sec) 

Peak Flow 

velocity 

Average Flow 

Velocity 

30 0 0.18 0.453 1.34 8.44 6.33 

35 0.83 0.22 0.479 1.37 8.39 6.29 

40 1.53 0.26 0.488 1.40 8.29 6.23 

45 2.18 0.30 0.498 1.42 8.22 6.19 
a Mean Particle Size (D50): 0.083 mm 
b Pipe Inner Diameter (Di): 0.452 m 
c Gravity Acceleration (g): 9.81 m/sec2 
d Solid Density (ρs): 2,040 kg/m3 

e Liquid Density (ρL): 1,060 kg/m3 

 

 

The studies discussed above indicate that the polymer has the ability to mitigate concerns 

related to pipeline clogging and friction-induced wear when the solids concentration is increased. 

To further investigate the effects of increased friction, simulations were conducted to quantify the 

erosion rate of pipelines. 
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C3.4 CFD Simulations to Measure Erosion Rates of Pipelines 

ANSYS FLUENT was used to measure the erosion rates of pipelines when optimal 

polymer enhancement is applied to slurry. A 0+500 km area was selected since it is the most curved 

and would therefore induce the highest erosion rate [23]. Figure C11 shows the 3D computational 

mesh for the area used in the simulations. A hexahedral structured mesh was built with 128,763 

nodes and 120,320 elements. 

 

 

Figure C11. 3D computational mesh at 0+500 km area for erosion rate studies 

 

The simulations use a discrete phase model (DPM) for investigating particle movements 

and the realizable k-ε turbulence model for investigating slurry flows in the pipeline. Flow 

behaviors of the tailings slurry were investigated for 30%, 35%, 40%, and 45% solids 

concentrations enhanced with the optimal polymer concentrations (0%, 0.83%, 1.53%, and 2.18%, 

respectively). Solids particles were injected uniformly at the inlet area with the same fluid flow 

velocity. Note that the mean particle size was used rather than the actual particle size distribution 
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shown in Figure C2 to simplify the simulation for the purpose of examining the DRA’s effect. The 

wall boundaries were set with a scalable function as “reflect” and the outlet boundary was set as 

“escape.” The SIMPLEX algorithm was used to investigate pressures and velocities in the 

pipelines. Detailed simulation conditions are listed in Table C5. 

 

 

Table C5. Simulation conditions for erosion rate studies  

Numerical Model 

Slurry flow Realizable k- ε Turbulence Model 

Particle movement Discrete Phase Model (DPM) 

Wall functions Scalable 

Fluid 

Fluid Slurry 

Solids concentration (%) 30, 35, 40, 45 

Density(kg/m3) 1,238; 1,274; 1,312; 1,352 

Solids Particle 

Solids Tailings 

Density(kg/m3) 2,040 

Diameter (mm) 0.08278 (Dmean) 

Wall 
Material HDPE 

Density(kg/m3) 970 

Boundary Conditions 

Velocity Inlet (m/sec) 3 

Wall boundary Scalable 

Erosion model Generic 

Solving Condition 

Solver SIMPLEX algorithm 

divergence term the second-order upwind discretization schemes 

convergent criteria the residual ≤ 10-5 
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Figure C12 shows the results of the erosion rate simulations. The contours show erosion 

rates increasing proportionally with increased solids concentrations, regardless of whether 

polymer was added. The simulation results are detailed in Table C6. 

 

 

Figure C12. Erosion rate contours in the pipeline: (a) 30% solids / 0% polymer, (b) 35% solids / 

0.83% polymer, (c) 40% solids / 1.53% polymer, (d) 45% solids / 2.18% polymer 

 

Consequently, it was concluded that the polymer did not significantly improve the erosion 

rate and that this rate was instead driven by the solids concentration. Further studies to investigate 

pipeline erosion rates with the given tailings slurry were conducted based on the daily throughput 

at the testing site.   
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Table C6. Erosion rates with various solids percentages and optimal polymer concentrations  

Cw Polymer D50 Flow velocity Erosion Rate(generic) 

(%) (%) (mm) (m/sec) (kg/sec. m2) (mm/year) 

30 0 

0.08278 3 

1.02E-08 0.33 

35 0.83 1.19E-08 0.39 

40 1.53 1.77E-08 0.58 

45 2.18 2.37E-08 0.77 

 

Flow velocity varies in response to the automated operating system at the testing site. This 

system automatically manipulates the pump stroke and number of operating pumps based on the 

amount of tailings slurry in the tank. This study assumed that the tailings transportation system 

had a consistent flow velocity and that the operating time to transport the tailings slurry could 

represent the efficiency of transportation with the given daily throughput. Table C7 summarizes 

the study results. The daily throughput at the site was around 12,000 dry tonnes, and daily volumes 

of tailings slurry that required transport were 32,297 m3; 26,907 m3; 22,863 m3; and 19,719 m3 

when solids percentages were 30%, 35%, 40%, and 45% respectively. Average flow velocities 

were obtained from the studies shown in Table C4. Equivalent operating times were determined 

based on the average flow velocities and daily slurry volumes. Since the slurry volume decreased 

as the solids concentration increased for the given daily throughput, the operating times 

(hours/day) were decreased accordingly—from 8.83 hours to 7.41 hours (35% solids), 6.36 hours 

(40% solids), and 5.52 hours (45% solids).  

 

 

 



120 

 

Table C7. Erosion rates per day to transport daily slurry amounts with various solids 

concentrations  

Daily 

Throughputs 

Solids 

Concentration 
Slurry Volume 

Average Flow 

Velocity 

Equivalent 

Operating Time 
Total Erosion 

(dry tonnes) (%) (m3) (m/sec) (hour/day) (µm/day.m2) 

12,000 

30 32,297 6.33 8.83 0.334 

35 26,907 6.29 7.41 0.327 

40 22,863 6.23 6.36 0.418 

45 19,719 6.19 5.52 0.485 

 

These daily erosion rates were calculated, as shown in Table C7: 0.334 µm for 30% solids 

/ 0% polymer (baseline), 0.327 µm for 35% solids / 0.83% polymer, 0.418 µm for 40% solids / 

1.53% polymer, and 0.485 µm for 45% solids / 2.18% polymer. In the case of 35% solids, the 

erosion rate per year (Table C6) increased from 0.33 (baseline) to 0.39 but, due to the reduced 

operating time, the daily erosion rate with the given slurry volume decreased from 0.334 µm to 

0.327 µm.  

 

C3.5 Field Application – Potential Water Saving at the Test Mine 

About 9 Mm3 of tailings slurry was discharged at the testing mine in 2018, with about 7.7 

Mm3 of water being used for transportation. Figure C13 shows the monthly amounts of tailings 

slurry and water discharged at the site. Because of various conditions such as periodic maintenance 

and emergency shutdowns, these amounts varied. The average monthly slurry discharge was 0.91 

Mm3, which includes 0.773 Mm3 of water.   
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Figure C13. Monthly tailings slurry and water volumes discharged at the testing mine in 2018 

 

The potential water savings that could be achieved by adding polymer was estimated based 

on the simulations and the discharge record. The total discharge of tailings at the testing site was 

about 3.384 M dry tonnes in 2018. Note that the solids concentration at that time was 30%. 

As shown in Table C8, the amount of water required to transport 3.384 M dry tonnes of 

tailings at each solids percentage was calculated as 5.879 Mm3 (35% solids), 4.715 Mm3 (40% 

solids) and 3.816 Mm3 (45% solids). To maintain the same pressure loss, the required polymer 

amounts were 50,151 m3 (35% solids); 74,669 m3 (40% solids); and 86,689 m3 (45% solids). These 

increases in solids result in 1.852 Mm3, 3.016 Mm3 and 3.915 Mm3 of water savings per year, 

respectively. 
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Table C8. Potential water savings as solids percentage is increased  

Solids Concentration (%) 35 40 45 

Polymer Addition (%) 0.83 1.53 2.18 

Tailings (dry tonnes/year) 3,383,674 

Water usage (m3/year) 5,879,065 4,714,958 3,816,458 

Polymer addition (m3/year) 50,151 74,669 86,689 

Water savings (m3/year) 

1,852,374 3,016,481 3,914,982 

 

 

 

 

C4. CONCLUSIONS AND FUTURE WORKS 

This study investigated two major aspects of reducing the amount of water in the tailings 

slurry at the test mine: the effect of this reduction on the tailings transportation system and the use 

of a polymer as a new DRA to offset the effects of increasing the percent solids in the slurry.  

C4.1 Conclusions 

ᆞ The optimal polymer percentages were 0.83%, 1.53%, and 2.18% for 35%, 40%, and 45% 

solids, respectively. Note that these percentages are designed to maintain the same pressure 

loss as the baseline condition. 

ᆞ The average flow velocity in the pipeline was 6.33 m/sec under the baseline condition (30% 

solids / 0% polymer). When optimal polymer percentages were applied (0.83% for 35% 
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solids, 1.53% for 40% solids, and 2.18% for 45% solids), the expected flow velocities were 

6.29 m/sec, 6.23 m/sec, and 6.19 m/sec, respectively. As the solids percentage increased, 

flow velocities decreased slightly, regardless of the addition of polymer. The deposition 

velocity ranges of 1.34–1.42 m/sec were definitively lower than the flow velocities, 

indicating a minimal chance of pipeline clogging.  

ᆞ Erosion rates increased as solids concentrations increased, with one major exception—the 

35% solids case. For a daily tailings throughput of 12,000 dry tonnes, the erosion rate 

decreased from 0.334 μm/day (30% solids, baseline case) to 0.327 μm/day. For the cases 

simulated with 40% and 45% solids, erosion rates exceeded those of the baseline condition. 

ᆞ The potential water savings was calculated based on the mines’ daily throughput of 12,000 

dry tonnes and a solids percentage of 35%, which could likely be achieved without 

modifying the tailings transportation system. Increasing the solids to 35% would require 

applying polymer at the rate of 50,151 m3/year. This would not only result in water savings 

of 1.852 Mm3/year but it would also reduce the erosion rate of the pipeline walls, thereby 

reducing maintenance costs, and improve TSF stability, thereby reducing the risk of failure.  

ᆞ Currently in the international patenting process, the polymer used in this study also has 

another key benefit: controlling dust on dried tailings beach areas in upstream-type TSFs. 

If there are resident communities near a TSF, then these savings could justify the cost of 

the polymer.  

C4.2 Future Works 

The results of this investigation suggest that applying the polymer in the field is still 

premature. Further studies are needed to assess its potential negative effects on mill processing, 
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especially on the flotation process. Water from discharged tailings in TSFs is collected in a decant 

pond and recycled for mill processing. The authors tested the polymer’s effect on flotation at 

several copper mines, with varying results; some showed no effects but, in others, the recovery 

percentage decreased, indicating that this negative effect may be site specific. In addition, this 

study investigated various solids concentrations from 30% to 50%, in 5% increments. However, 

this increment should be reduced (for example, to 1%) in future studies to determine the optimal 

solids and polymer concentrations for maximizing water savings and minimizing total costs. 

Finally, detailed economic feasibility studies are required before the polymer can be used as a new 

DRA. These studies should consider both the polymer’s benefits (water savings, increased TSF 

stability, less pipeline erosion, and dust control) as well as its potential negative effects (clogging 

issues, cost, and impacts on mill processing). 
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