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THE FLOWABILITY OF IMPOUNDED COAL REFUSE 

 

A review of recent work and current ideas in the engineering profession 

 
By Peter Michael, Raul Murguia, and Lisa Kosareo 

 

 
Summary 

 

Following interviews and a literature review on the stability and potential flow 

characteristics of impounded coal refuse and tailings, we cannot assure that all (or even 

the majority of) existing refuse impoundments would avoid flows of fine refuse through 

breakthroughs into an underground mine.  The main basis for our concern is the influence 

of pore water pressure in the fine refuse and potentiality of static liquefaction; and the 

sense that at least some impoundments are not constructed to adequately allow drainage 

of excess water from the fines. 

 

Unfortunately, our review did not find any empirical data on the potential flow 

characteristics of coal-refuse.  It is apparent that the flow behavior, or rheology, of 

viscous fluids is influenced by a complex interrelationship among a number of factors.  

There is some indication that one particular flow model, called ―Bingham Plastic,‖ may 

be applicable to coal-refuse flow, but this needs to be verified.  Even if that or any other 

model is correct, it is only a relationship among constants and variables, i.e. it cannot tell 

us how refuse in a specific, existing impoundment might respond to an opening to an 

underground mine.  Consequently, field and lab testing, and perhaps modeling, of coal 

refuse rheology may be warranted. 

 

 

Purpose of Study  
 

The purpose of this study was to review current knowledge on--or applicable to-- the 

potential flow characteristics of impounded coal refuse.  The review explored two 

interrelated issues: (1) given the occurrence of a breakthrough event that would result in a 

potential flow conduit between an underground mine and an impoundment, should we 

expect coal refuse to flow into the mine? and (2) if the refuse would flow, what would be 

the nature (e.g. velocity and extent) of that flow? 

 

Sources employed in the review include: (1) interviews with the OSM impoundment 

oversight team; (2) interviews with geotechnical experts in coal-refuse and tailings 

impoundment construction from academia, other federal agencies, and the industry;      

(3) geotechnical articles obtained through literature searches provided by Nerac, Inc.
1
 and 

through direct contacts with the authors; and (4) various web sites on the Internet. 

                                                 
1
 Nerac, Inc. provides customized information services for clients across all industrial sectors. The 

company combines a powerful internet search engine with a computing environment staffed with technical 

information specialists who use a wide variety of databases and professional contacts to provide 
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This report includes modifications in response to solicited comments on the first draft 

completed in August 31, 2004.  Most of the comments were provided by geotechnical 

engineers and engineering geologists outside of OSM with expertise in mine waste 

impoundments or similar structures.  Input was also provided by the technical staff of the 

OSM Charleston, WV Field Office.  The reader can identify all comments by the 

referenced dates, 2004 or 2005.  

 

 

Statement of Problem  

 

Question 1:  What is the flow potential of impounded fine refuse? 

 

The answer to this question should vary site-specifically according to: the strength 

characteristics of the refuse; size of the impoundment (i.e. how much stress might bear on 

the material if a breakthrough occurs); and nature of a breakthrough into an underground 

mine (e.g. its position in the impoundment, and size, length, and inclination of the 

opening).  Our search has not encountered any study that has scrutinized the interaction 

of all three of those variables, either empirically or through modeling.  However, a 

considerable amount of work has been accomplished relating to the static, load-bearing 

strengths of coal refuse and tailings.  We have distinguished three general properties of 

this material that is assessed in the literature.  Most attention has been applied to 

consolidation strength, i.e. the development of shear strength in the fine refuse during the 

consolidation process.  Two other properties covered in the papers we reviewed, matric 

suction and thixotropic strength, were applied to tailings deposits.  We include these in 

this report, assuming they are potentially applicable to fine refuse
2
.  Two additional 

aspects that may have bearing on refuse stability are the potential effect of chemical 

additives, and the design and construction of the impoundments. 

 

Consolidation strength 

 

One of the properties that impact design, stability, and drainage of an impoundment is 

consolidation.  Consolidation of a soil is defined as a void-ratio reduction which takes 

place as a function of time.  Consolidation is a gradual process which involves slow 

drainage, compression (density increase, volume reduction, reduction in void space 

between particles), and stress transfer or gradual pressure adjustment.  The development 

of engineering strength in the soil during consolidation results from the effective-stress 

build up among the soil particles (by frictional contact and cohesion) and reduction of 

                                                                                                                                                 
information on request. Nerac services are delivered to OSM under contract and are managed by the 

WRCC Librarian.  
2
 We reviewed two references that compared the characteristics of sampled coal refuse and various tailings. 

For instance, Qui et al. (1998) reported that ―coal wash‖ void ratio decreases relatively rapidly with 

consolidation.  Coal wash is described as ―plastic cohesive‖ (due to the abundance of constituent clay 

minerals).  Composite tailings, in comparison are ―low plastic cohesive;‖ and copper and gold tailings are 

―non-plastic non-cohesive.‖ Qui et al. (2001) found that coal waste hydraulic conductivity was low relative 

to copper and gold tailings, even at much higher void ratios.  Also, coal refuse had much higher moisture 

content than the tailings at any void ratio. 
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positive pore-water pressure.  Consolidation is affected in part by particle size 

distribution and density or void ratio.   

 

The rate and degree of consolidation depends on the induced load on the soil and the 

soil’s ―coefficient of consolidation‖ (Cc).  The factors influencing Cc includes the soil’s 

compressibility and its permeability (or hydraulic conductivity).  Compressibility is a 

ratio of the strain of the material (specifically the rate of volume reduction) to induced 

stress and depends on particle shape, size distribution, and initial void ratio.  (Figure 1) 

With higher compressibility, the Cc is lower, and more strain is necessary for the build-

up of effective stress in the soil.  Permeability is the facility with which water is able to 

travel through the pores of the soil and is a function of the size, number, and 

interconnection of voids between the soil particles.  The higher the permeability, the 

higher is the Cc. 

 
Figure 1: Compressibility of mine tailings as a function of void ratio. 

(Qiu et al., 1998) 

 

The stability of impounded fine refuse and tailings depends in large part on the 

development of consolidation strength in the material.  Insufficient shear strength under 

static or dynamic load will result in deformation of the refuse.  Of major concern is that 

insufficient drainage during the consolidation process may result in liquefaction, i.e. 

excessive pore pressures under load and consequent material flow.  

 

The following comments from literature pertaining to coal-refuse consolidation strength 

are noted: 

 

 Permeability: Consolidation in impounded coal refuse and tailings is more 

influenced by permeability than compressibility.  The permeability of refuse is 

low and the length of the drainage path is long so that consolidation of the 

material can take a long time.  One should expect high excess pore pressure to 

exist in fine refuse for years after the initial placement, which would significantly 

reduce the shear strength of the material.  Even after the material is fully 

consolidated, the void ratio of fine refuse is still high (Zeng et al., 1998; Sweigard 

et al., 1997; Suthaker et al., 1994, 1996, 1997). 
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 Moisture content: Unless relatively dry, the undrained shear strength of even 

partially saturated fine coal refuse is very sensitive to moisture contents.  A 

change in moisture content of only one percent may cause a large change in the 

undrained strength (Huang et al., 1987). 

 

 Slow rate of consolidation: Suthaker et al. (1994, 1997) conducted large scale 

testing of oil sand fine tails, using a 2-meter and a 10-meter stand pipe.  Whereas 

sedimentation occurred from the bottom-up and was rapid (2.5 days), self-weight 

consolidation occurred from the top-down and was long-term (300 days).  Tang et 

al. (1997) examined mature fine tailings with scanning electron microscope and 

found that after a certain void ratio was reached (ratio of 6), the rate of 

consolidation slowed considerably.  Suthaker et al. (1997) also found that a 

decrease in void ratio resulted in a decrease of hydraulic conductivity, resulting in 

slower consolidation. 

 

 Consolidation rate and rate of impoundment construction: Huang et al. 

(1987) and Zeng et al. (1998) both recommended a rate of impoundment 

construction, particularly for upstream construction methods, slow enough to 

provide sufficient time for consolidation-strength development.  For instance, 

Zeng (1998), conducted centrifuge modeling of the response of coal waste dams 

to seismic loading
3
: Models 1, 2, and 3 corresponded to the downstream method, 

upstream method, and upstream method with induced consolidation, respectively. 

Model 1 resulted in a small amount of deformation but remained stable.  Model 2 

resulted in catastrophic failure. Model 3 had more deformation than Model 1 but 

was still stable after the simulated earthquake.  Zeng concluded that it is 

imperative that consolidation of in-place coal refuse should be monitored in the 

field during upstream impoundment construction.  

 

 Low shear strength of fine refuse and tailings in existing impoundments: 
Concern over consolidation strength in impoundments has been expressed by 

Busch et al. (1975), Zeng et al. (1998), Sweigard et al. (1997), and Suthaker et al. 

(1994, 1996, 1997).  Related observations include: high moisture contents (some 

that are above the liquid limit); increases in moisture content, void ratio, 

compressibility, and pore pressure with depth in the impoundment; and generally 

low shear strength even after years of consolidation.  Suthaker et al., in their 

large-scale consolidation test, found that there was no effective stress build-up 

after 14.4 years in the oil-sand tailings except in the bottom part of the stand pipe. 

 

                                                 
3
 Although this document is specifically concerned with the effect of an underground mine breakthrough, 

not an earthquake or other form of dynamic loading, we feel the referenced findings are pertinent.  Just as 

seismic activity may cause liquefaction, ―static liquefaction‖ from a load increase or loss of foundation 

support (e.g. from subsidence) can take place. The U.S. Mine Safety and Health Administration is also on 

record as identifying the potential influence of static liquefaction on the stability of coal refuse 

impoundments (Michalek, 2005). 
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 Uncertainty whether the consolidation process results in the development of 

shear strength in the impounded refuse: The foregoing points assume that 

shear strength in refuse will increase as a result of the consolidation process.  That 

is not the case if consolidation occurs without sufficient dewatering of the 

material.  Sweigard et al. (1997) attempted to address the long-term effect of 

consolidation of refuse at or above its liquid limit on its shear strength.  Their 

results were inconclusive. 

 

 Susceptibility of refuse and tailings to liquefaction: As previously stated, an 

important issue pertaining to development of consolidation strength in impounded 

fine refuse and tailings is the avoidance of liquefaction.  Most soils continue to 

behave in a solid state after they fail in shear, i.e. shear strength is not completely 

lost and the amount of strain that occurs depends on the duration of sufficient 

(―residual‖ or ―ultimate‖) shear stress.  The exception is when liquefaction takes 

place.  Liquefaction is a process by which soil structure collapses under shock or 

other type of loading and is associated with a sudden, temporary increase in pore 

water pressure.  The material then temporarily transforms into a liquid.  

Liquefaction can occur in response to dynamic forces such as earthquakes and 

mine blasting.  Static liquefaction can result from sudden shear stresses induced 

by mine-barrier breakthroughs, mine subsidence, or other kinds of single-cycle 

events. 

 

According to Terzaghi et al. (1996), soils most susceptible to liquefaction: (1) 

comprise clean sands and silty sands with minimal clay content; (2) are loose 

enough to be contractive; and (3) are of sufficiently low permeability to 

experience no significant drainage during static or dynamic loading.  The 

literature indicates that at least some impounded refuse and tailings deposits may 

be prone to liquefaction (Figure 2). 

 

Fourie (2004) emphasized the important role of liquefaction, referencing his 

studies of a tailings-dam failure in South Africa (2001).  He pointed out that the 

susceptibility of a material to liquefaction is governed by the relative values of the 

material in-situ density (or void ratio) and effective stress.  Liquefaction potential 

relates to the conditions under which deposition of tailings occurred and the inter-

grain 'fabric' that thus developed. For example, sub-aqueous deposition will result 

in a much lower density and effective stress than sub-aerial deposition, even when 

the deposit is fully consolidated.  Such material then behaves in a contractive 

fashion when loaded undrained, i.e. the solid content of the material contracts and 

induces excess pore-water pressures.  Recognition that fine coal refuse 

consolidated in up-stream impoundments is ―usually highly contractive‖ is 

documented by Genes et al. (2000).  Volpe (2004) cited conditions in fine refuse 

conducive to contractive behavior in reference to the tragic Buffalo Creek failure 

in 1972, i.e. very low density and a high void ratio. 
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Figure 2: Gradation curves defining limits of liquefiable and non-liquefiable soils and 

range of grain sizes for tailings dams with low resistance to liquefaction. 

(Terzaghi et al., 1996) 

 

Matric Suction 

 

References concerning the process of matric suction in tailings and soils in general 

include Nishimura et al. (2001), Pease et al. (1996), and Rassam et al. (1999).  The 

behavior of both unsaturated and saturated soils is affected by the pore-water pressure.  

Unsaturated soils have negative pore-water pressure (called matric or capillary suction).  

Matric suction results from surface tension across the boundary between air and water 

and also attraction between water molecules and soil minerals.  It can have a major 

positive effect on the shear strength of unsaturated soils; and can be interpreted as 

additional apparent cohesion.  Rassam et al. performed a numerical analysis of matric 

suction to predict the ultimate load bearing capacity of desiccated gold tailings.  A few of 

his comments are as follows: 

 

 Matric suction is a function of moisture content.  If the soil is saturated, the matric 

suction is zero.  As the moisture content decreases, the matric suction increases.  

The contribution of matric suction to the shear strength of tailings is more 

effective under evaporative vs. hydrostatic conditions. 

 

 Depth of the water table is important when considering matric suction and its 

influence on shear strength.  The lower the water table, the greater the overall 

effects of matric suction. 
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 Matric suction tends to be more effective in materials with lower hydraulic 

conductivity. 

 

Thixotropic strength 

 

Usui (1998) identified coal-water slurry as thixotropic in nature.  Since coal refuse slurry 

may have some engineering properties similar to coal-water mixtures, we include 

thixotropy in this report as a potential factor affecting the shear strength of impounded 

refuse. 

 

The term thixotropy was originally introduced to describe the well-known phenomenon 

of isothermal, reversible gel-sol (solid-liquid) transformation in colloidal suspensions due 

to mechanical agitation.  Thixotropy is the property of some substances to behave like a 

fluid when worked or agitated and settle to a semisolid state when at rest.  Thixotropy is 

also classified as a rheological process.  From this perspective it is described as a 

continuous decrease in apparent viscosity with time under shear, and subsequent recovery 

of viscosity after cessation of flow.  From a geotechnical point of view, thixotropy is a 

process of softening caused by remolding, followed by a time-dependent return to the 

original harder state at a constant water content and constant porosity (in contrast to 

consolidation).  For remolded clays, the mechanism of the softening is thought to include 

destruction of orderly arrangement of water molecules and ions in the adsorbed layers of 

the soil, damage to the structure acquired during sedimentation and consolidation, and 

realignment of clay plates (Terzaghi et al, 1996).  Thixotropic strength gain is measured 

as a ratio of the strength after an elapsed time to the strength immediately after remolding 

(or compaction) and is called thixotropic strength ratio.  Generally, the ratio is 

determined in terms of undrained shear strength, not effective (i.e. drained) shear 

strength.
4
 

 

We acquired information about thixotropy as it may pertain to the stability of coal refuse 

impoundments from the work of Suthaker et al., 1997 on oil-sand tailings.  Several of his 

comments and findings are as follows: 

 

 Factors affecting thixotropy: Several factors such as the mineralogy of the clay, 

water content, and rate of loading directly affect thixotropy of fine tailings.  Some 

clays exhibit high thixotropy naturally.  Kaolinite and illite of oil sands are not 

thixotropic.  However, because of the addition of a dispersing agent, organic 

matter in the form of bitumen, and organic acids in the pore water, fine tailings 

are thixotropic in nature.  Since thixotropic strength gain may affect 

consolidation, there is a need to understand the process for a comprehensive 

consolidation model. 

 

                                                 
4
 Greene (2004) suggested the April 1978 Rissa landslide in Norway as a dramatic example of thixotropic 

strength loss.  Five to 6 million cubic meters ―quick clay‖ flowed into a lake very quickly.  Quick clays are 

extra-sensitive to disturbance because of very loose soil structure. 
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 Duration of thixotropic strength gain: Using cavity-expansion, vane-shear
5
, and 

viscometer testing equipment, Suthaker et al. conducted three tests at different 

water contents up to 450 days.  Thixotropic strength increased quadratically and 

was still increasing at 450 days. 

 

 Effect of moisture content on thixotropy: The thixotropy of fine tailings is 

highly dependent on water content.  Substantial thixotropic strength increases 

were seen for fine tailings with water contents less than 150 percent.  (Figure 3)  

The lower the water content, the higher the thixotropic strength.  The thixotropic 

strength ratio for fine tailings is at a minimum at 150 percent water content. 

Generally, the thixotropic strength ratio increased with an increase in water 

content. 

 

 Relationship between thixotropy and consolidation:  Long-term strength 

development in slurries can be either thixotropic or a combination of thixotropic 

and consolidation strengths.  At low water content (<100 percent), there was no 

consolidation strength development, as the water content remained unchanged.  

At a higher water contents, water content changes were prominent, indicating the 

existence of consolidation effects. 

 

 Effect of self-weight consolidation on thixotropy.  Shearing strains resulting 

from consolidation impede the physicochemical bonding that produces thixotropic 

strength.  The higher the rate of consolidation, that is, the shearing rate, the 

smaller the thixotropic strength gain. 

 

 
Figure 3: Thixotropic strength with time for a number of water contents. 

(Suthaker et al., 1997) 

 

                                                 
5
 The vane-shear test is an in situ field test that measures the undrained shear strength of a soil.  The test 

consists of inserting a four-bladed vane into the soil and measuring the maximum torque required to rotate 

the vane and shear the soil.  The undrained shear strength can then be calculated using a standard equation. 
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Effect of additives on impounded refuse and tailings 

 

In our review, it became apparent that at least some of the existing impounded coal refuse 

may have been treated with additives for various purposes.  At this time we do not know 

how frequently such treatment takes place or how much of it is strictly experimental vs. 

standard practice.  Indications that additives are applied to coal-refuse slurry or tailings in 

some cases come from Puri et al. (1990), Tang et al. (1997), Suthaker et al. (1997), Liu 

(1999), and Heywood et al. (2003).  Potential objectives of the additives include 

accelerating consolidation and increasing shear strength of impounded refuse, and 

reduction of slurry viscosity for pipeline transport to the impoundment.  Michalek (2005) 

has stated that, in experience of the U.S. Mine Safety and Health Administration 

(MSHA), mining companies generally use additives to accelerate slurry particle 

sedimentation in order to decant clear water back into the mine operation.  We believe 

that an accurate analysis of the strength and stability of fine coal refuse will have to 

account for the extent and variety of additive use, irregardless of its purpose, and identify 

its effect(s) on the material. 

 

Design,  construction, and performance of impoundments 

 

It is apparent from the points listed above that one very important consideration in the 

design and construction of an impoundment should be the effective drainage of the 

impounded fine refuse or tailings.  This appears to receive support from the following 

papers: 

 

 Comparison of failed and stable impoundments: Mittal et al. (1977) compared 

the tailings dams of five large mines in Canada and listed the characteristics of 

failed and stable impoundments.  Failed impoundments had high phreatic 

surfaces, in addition to overly steep downstream slopes and weak foundation 

soils.  The qualities of stable impounding structures included pervious 

foundations, in addition to relatively course impounded fines and slow 

impoundment construction rates. 

 

 Wick drains: The use of wick drains to solve the design problem of slow 

consolidation of fine refuse and tailings was reported by Liu et al. (1999) and 

Thacker et al. (1988).  Wick drains are closely-spaced artificial drainage paths to 

which the pore water can flow, thus decreasing the consolidation time to ―a matter 

of months.‖  Wakeley et al. (2004) recommended that OSM further consider wick 

drains as an important tool for dewatering impoundments prone to liquefaction.  

Fourie (2004) also recognized their potential utility; but he also cautioned that 

their effectiveness requires excess pore pressures in the surrounding medium, 

which in turn necessitate an expensive surcharge (e.g. a sand fill).  Further 

information on this technology can be found on the following web sites (Wakeley 

et al., 2004):  

 

www.americandrainagesystems.com 

www.americanwick.com 
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www.geotechnics.com 

www.terrasystems-inc.com/wick.htm 

mceer.buffalo.edu/research/HighwayPrj/ 094/TaskStatements/Year3/E2-1.html 

 

Findings concerning the strength and stability of fine coal refuse 

 

Based on our review of published information on refuse and tailings shear strength, we 

are not confident that all or even the majority of existing impoundments (yet under 

construction or reclaimed) would avoid flows of the fine refuse through breakthroughs 

into underground mines.  There is significant uncertainty regarding the effectiveness of 

strength development through consolidation in the fine refuse.  Other reasons for our 

concern include the influence of pore water pressure in the refuse and potentiality of 

liquefaction--and the sense that at least some impoundments are not constructed to 

effectively drain water from the material.  The potentially positive influence of matric 

suction is mute under these conditions, even where it may have some effect in the upper 

elevations of the impoundment (i.e. if an underground mine is below a phreatic surface).  

Further, whereas in one sense the effect of thixotropy may temporarily supplement what 

consolidation strength may occur under conditions of high moisture content, its 

reversibility may only induce a ―false sense of security.‖  That is, wet, thixotropic refuse 

may appear to be stable under static conditions before changing to a liquid state when 

agitated.  

 

 

Question 2:  If the refuse of at least some impoundments does have flow potential, 

what would be the nature of its flow into an underground mine, following failure of 

a barrier? 
 

We were unable to find any documentation containing empirical data on the viscosity or 

any other flow properties of impounded fine coal refuse.  What we have found are:       

(1) qualitative indicators of refuse and tailings viscosity from several case histories of 

impoundment failure; (2) empirical and modeling studies of coal-water slurry flow in 

pipelines; and (3) prediction modeling of refuse or tailings flow following a hypothetical 

dam or embankment failure. The results of our search only give us a subjective account 

of what the potential flow characteristics of impounded coal refuse may be, and an 

appreciation of the general principles and variables that should affect its flow, if in fact 

flow takes place.
6
 

 

                                                 
6
Wakeley (2004) cautioned against applying specific flow models developed for coal-water slurries in 

pipelines or mineral mine tailings to coal refuse.  In the former case coal-water slurry has extremely high 

water content.  It is engineered to keep flowing, and keep solids in suspension by use flow-controlling 

admixtures.  Standard models for pipeline flow should not be applied to more dense coal refuse; and cannot 

account for the high variability of conditions in a waste impoundment.  In the latter case, Wakeley notes 

that the mineralogy, grain size, grain shape and other physical characteristics of mine waste are attributable 

to the geologic setting of the mined substance.  Coal refuse, derived from cyclothem sedimentary rock, is 

relatively rich in clay minerals and clay-sized particles.  In contrast, tailings from gold mining (for 

instance) in igneous and metamorphic rock are characterized by small but hard, angular particles.  The 

chemicals used to process gold are also different from those used in coal processing.  

http://www.terrasystems-inc.com/wick.htm
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Case histories of impoundment failures 

 

Most documented impoundment failure events entail failures of the dams or 

embankments of the impoundments.  Quite frequently these follow storm events that 

suddenly and drastically increase the load of the impounded material on the dam and, 

following the breach, lubricate the flow of the fine material.  In such cases the potential 

flow properties, or rheology, of the slurry may become considerably different from what 

they were prior to the storm event.  Such cases provide little information about the 

potential rheolology of impounded refuse that may flow into an underground mine.  Two 

possible exceptions follow. 

 

 The Martin County Coal Company, Big Branch surface impoundment 

breakthrough in Martin County, KY:  Several studies of this breakthrough 

event concluded that it resulted from water seeping through a thin barrier to an 

underground coal mine and weakening the barrier to where it could no longer 

withstand the stress exerted by the coal slurry {MSHA, 2001; National 

Academies of Science and Engineering (NASE), 2003}.  Under this scenario, it 

may be an open question as to whether the slurry itself flowed into the mine, or 

was piped into it by clear water.  Short an answer, we know nothing of the refuse 

rheology prior to the breakthrough.  However, two documents question the 

significance of the seepage effect (Thacker et al., 2002; Hagerty et al., 2004).  

Using finite-element seepage analyses, they attempt to demonstrate that the 

proposed sequence of seepage, barrier weakening, and breakthrough should not 

have occurred.  Their alternative conclusion is that the hydrostatic pressure from 

the impounded slurry and rainwater surcharge was sufficient to push through the 

barrier (i.e. without the assistance of seepage).  If that is correct, then the 

hydrodynamic pressures at the time of the breakthrough, size of the conduit to the 

mine, and initial slurry rheology were enough for the flow to begin. 

 

 Failure of the Los Frailes tailings dam: An example of tailings flow without the 

assistance of clear-water piping is available from the web site: 

http://www.antenna.nl/wise/uranium/mdaflf.html.  The failure of the Los Frailes 

tailings impoundment in Aznalcollar, Spain in 1998 involved a breach of the dam.  

However, the mechanism of the breach was a bearing failure in the dam 

foundation, composed of impervious Tertiary marl, in response to extra stress 

buildup from water above the fine tailings during a heavy rain.  The tailings flow 

is depicted as initially following the slide of the foundation material from 

underneath impoundment. 

 

Studies of coal refuse, tailings, and coal-water rheology 

 

Rheology is the study of the deformation and flow of matter.  Rheology of suspensions, 

such as coal-refuse, tailings, and coal-water slurries, depends upon several factors, such 

as solids content, grain-size distribution, temperature, mineralogy of the solids, and 

chemistry of the water.  Some related publications that we have acquired report 

technological developments in pipeline transport of coal-water slurry and slurry in 

http://www.antenna.nl/wise/uranium/mdaflf.html
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general.  The technological challenges in coal-water transport include: (1) a balance 

between greater slurry density (more coal solids per unit of slurry) and lower viscosity 

(for ease of pipeline flow); and (2) limiting sedimentation in the pipelines.  The chemical 

additives used to achieve those objectives and other differences between coal-water and 

coal-refuse slurries limit the applicability of specific rheological models of the former to 

the latter (see footnote 7).  However, the general principles and factors documented for 

coal-water flow behavior should be relevant to other viscous fluids, including coal refuse. 

 

We were unable to find papers specifically related to the pipeline transport of coal refuse, 

nor any work that provided data on the potential flow behavior of impounded coal refuse.  

Collected work on the rheology of refuse and tailings is limited to a few papers on the 

modeling of downstream slurry flow following an embankment failure.  The findings of 

our literature search follows: 

 

 Viscosity: Viscosity is the ratio of shear stress and shear rate during flow. 

Informally, viscosity is described as the quantity that represents a fluid’s 

resistance to flow.  Generally, the viscosity of liquids decreases with increasing 

temperature and increases under very high pressures.  Viscosity increases with 

solids percent and decreasing mean particle size (Atesok et al., 2002). 

 

 Newtonian vs. non-Newtonian fluids:  Viscosity is constant for all shear rates in 

a Newtonian fluid.  Thus, its flow curve in a graph is a straight line passing 

through the origin (Figure 4).  For non-Newtonian fluids, viscosity changes with 

shear rate and is called the apparent viscosity at any particular shear rate.  The 

apparent viscosity increases with shear rate for a dilatant fluid, and decreases 

shear rate for a pseudoplastic fluid.  Dilatant and pseudoplastic fluids are also 

called shear thickening and shear thinning fluids, respectively.  Bingham-Plastic 

fluids exhibit a yield stress, that is, they do not begin to flow until a critical shear 

stress is reached (Figures 4 and 5).  A yield stress can also be exhibited by a 

pseudoplastic fluid. 
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Figure 4: Basic types of rheological behavior. 

(Kawatra et al., 1995) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Apparent Viscosities for a Bingham-Plastic Fluid. 

 (Jayapalan et al., 1983) 
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The four most common flow models used in pipeline design for nonsettling 

slurries are: Newtonian, Power-Law, Bingham Plastic, and Generalized Bingham 

Plastic (or Herschel-Bulkley).  Their underlying equations are shown in Table 1. 

 

 

 

  Table 1:  Common rheological models used for slurry flows. 

                                  (Heywood et al., 1999) 

 

An example study in the Newtonian vs. non-Newtonian behavior of coal-water 

slurries is that of Kawatra et al. (1995).  They distinguished Newtonian vs. non-

Newtonian samples of coal-water mixtures with various properties with two 

different lab instruments that measure viscosity at small and large shear rates.  If 

the apparent viscosities from the two instruments were similar, the material was 

considered Newtonian, otherwise non-Newtonian.  Among all the parameters 

affecting slurry rheology, they found percent solids to be the most important.  At 

low percent solids (by weight) most samples exhibited Newtonian flow 

properties, but as solids content increased to greater than 20 percent, particle-to-

particle interaction became important and the slurry changed to non-Newtonian. 

 

Usui (1998) developed a thixotropic model for non-Newtonian flow of coal-water 

mixtures.  The Model is based on a multi-breakup of inter-particle bonding, 

assuming a particle cluster chain breaks into two parts under simple shear during 

flow.  The drag force exerted from shear is quantitatively compared with the 

bonding strength of the cluster, based on the estimated number of bonding-cluster 

chains crossing a break-up surface. 

 

 Laminar vs. turbulent flow: It is known that the characteristics of flow vary 

with velocity.  When the velocity is below a certain critical value, the flow is 

laminar, and when the velocity is above the critical value, the flow becomes 

turbulent.  Laminar flow is relatively smooth, i.e. the streamlines or fluid elements 

of the flow follow paths that are somewhat straight and parallel to channel walls.  
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Under this condition, head loss or frictional resistance to flow is inversely 

proportional to flow velocity.  By contrast the fluid elements in turbulent flow 

move randomly relative to the general direction of flow, and head loss is 

influenced by the roughness of the channel walls (Figure 6).  A Reynolds number 

{a dimensionless parameter that is the ratio of the inertial forces (product of the 

flow velocity and dimensions of the channel walls) divided by the viscosity of the 

fluid} between 2,000 and 4,000 is accepted as the critical value, above which the 

flow becomes turbulent, in the case of Newtonian fluids.  

 

Figure 6: Moody’s Diagram 

(Robertson et al., 1997) 

 

Vlasak et al. (1999), Turian et al. (1998), and Heywood (2003) have studied the 

transition between laminar and turbulent flow for coal-water slurry pipeline 

conveyance, and its effect on the relationship of either mean flow velocity or 

Reynolds number and frictional pressure loss in a pipe (Figure 7).  

Instrumentation used for measuring slurry flow characteristics have been 

described as: tube viscometers with three different pipe diameters (Vlasak et al.); 

and a capillary viscometer and Brookfield viscometer (Turian et al., 1998).  The 

authors also utilized or tested a variety of models representing non-Newtonian 

flow behavior.  Turian et al. and Vlasak et al. each applied separate models for 

laminar and turbulent flow.   
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Figure 7: Head loss vs. Reynolds number showing the change from laminar to turbulent 

flow. 

(Heywood et al., 2003) 

 

Hanks and Pratt (1967) made a detailed analysis of a large amount of published 

experimental data on tailings and proposed the chart shown in Figure 8 for 

determining the laminar-turbulent transition conditions for Bingham-Plastic 

fluids.  In this chart, the critical Reynolds number for transition from turbulent to 

laminar flow is expressed in terms of the ―Hedstrom number‖ (a ratio among 

various standard flow variables and Bingham-Plastic parameters). 
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Figure 8: Variation of Critical Reynolds Number for Bingham-Plastic Fluids. 

(Jeyapalan et al., 1983). 

 

 

 Prediction of down-stream coal-refuse and tailings flow following an 

impoundment failure: Noting the tendency of impounded mine refuse and 

tailings to liquefy and flow over substantial distances after a dam failure, 

Jeyapalan et al. (1983) cited the importance of predicting the velocity, depth, and 

extent of a hypothetical flow.  They developed a prediction system based on the 

Bingham-Plastic flow model.  Predictions based on the model were compared 

with flume experiments and field cases (including the 1972 Buffalo Creek disaster 

in West Virginia).  A similar (if not identical) model is available at the web site: 

http://www.antenna.nl/wise/uranium/ctfs.html. 

 

It is noteworthy that the Bingham-Plastic flow model was also applied to 

mudflows by Johnson (1970) and Vallejo, et al. (2003).  Techniques developed by 

Vallejo et al. for measuring yield stress (or undrained shear strength) and 

viscosity for mudflows were a cylinder-strength meter device and a transparent, 

plexiglass channel, respectively.  Whether this use of the model is validation for 

http://www.antenna.nl/wise/uranium/ctfs.html


OSM FINAL REPORT—August 2005 

 Page 18 of 25 

  

its application to fine coal refuse and tailings partly depends on certain property 

similarities between the two types of substances.  Bush et al., Greene, Wakeley, 

and Zeng have opined that it probably does apply (2004). Wakeley noted coal 

waste mineralogy, grain properties (size, shape etc.), and even the water content 

in some cases, would resemble flowing mud.  The only indication we found that 

some other fine-refuse flow behavior might occur are the references to contractive 

behavior leading to liquefaction (see discussion on p. 5).  Conceivably, if 

significant contraction continued to operate during flow, Pseudoplastic (or ―shear 

thinning‖) behavior might take place (Figure 8).   

 

Findings concerning the rheological properties of impounded coal refuse 

 

Our review did not find any empirical data on the rheology of impounded coal-refuse.  A 

few papers indicate that the Bingham-Plastic flow model may be applicable to refuse 

flow.  However, it is apparent that the rheology of viscous fluids is influenced by a 

complex interrelationship among a number of factors; it is possible that one model may 

not fit all impoundments--or even all locations within any one impoundment.  Further, a 

model is only a relationship among constants and variables, i.e. it cannot tell us how the 

refuse of a specific, existing impoundment might respond to an opening to an 

underground mine.  

 

 

Future Study 
 

All of the commenters have stated that further work needs to be done on the strength and 

rheological properties of impounded fine coal refuse.  Our description and assessment of 

their recommendations are organized into four categories, as follows: 

 

1. Review studies related to other materials: Our review to-date has focused on 

coal refuse (the subject material of our report), mineral tailings, and coal-water 

pipeline slurries—with the exception of two works on mudflow.  Greene 

recommended additional attention to studies on mudflow.  Drumm indicated that 

rheology studies in ceramics, refractory clays and pharmaceuticals might provide 

applicable insight into the strength and flow properties of refuse.  Finally Greene 

and Vallejo referenced books or papers on the properties of soils in general that 

they considered warranting our review.  All of these can be easily done by OSM 

staff, of course, given adequate time and prioritization.  However, we feel that 

little will be gained if the extra effort is not made in tandem with hands-on field 

and lab analyses of fine coal refuse.  The applicability of a prima-facie promising 

model for mudflows or ceramics cannot be determined without testing them on 

refuse. 

 

2. Conduct empirical analyses on the strength and flow properties of fine coal 

refuse: Most of the commenters have recommended lab and in situ testing of the 

consolidation, shear strength, liquefaction potential and rheology of fine coal 

refuse.  They posited that the scope of the testing should cover variations in water 
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content, mineralogy, and grain properties; and account for variable conditions 

among different impoundments and within the same impoundment.  Bush et al. 

indicated a need to assess some of the relevant testing techniques themselves by 

citing the pros and cons of using the in situ van shear test vs. the lab triaxial test 

for measuring refuse shear strength.  Finally, Zeng suggested the use of centrifuge 

or other small-scale devices to simulate refuse reaction to a mine breakthrough. 

 

We are aware of several other geotechnical techniques from the literature that 

would also be potentially useful to a follow-up study OSM might decide to 

undertake.  Given the aforementioned uncertainties pertaining to the strength and 

flow properties of impounded coal refuse, we support the concept of cost-

effective on-site and/or lab testing to determine the range of conditions of 

impounded fine refuse.  However, given the numerous optional approaches and 

tools available, the project would have to be carefully developed to maximize the 

utility of the results.  We suggest a Request for Proposals approach in order to 

procure the best expertise possible to carry out such a study. 

 

3. Model impounded fine coal refuse response to a breakthrough into an 

underground mine:  Drumm, Fourie, and Zeng recommended either a search for 

the most applicable model for coal refuse flow or development of a new one.  

They suggested that a model should account for differences in solid composition 

and water content.  Drumm recommended construction of a comprehensive model 

that incorporated both pre-flow shear strength and flow behavior, and 

encompassed not only fine refuse rheology but also stress state in the 

impoundment and the geometric constraints of a breakthrough.  He also suggested 

that probabilistic methods be employed to account for uncertainties such as the 

depth and configuration of the underground mine. 

 

We feel that the development or adaptation of a model to simulate coal refuse 

impoundment breakthrough scenarios would be useful as long as it ultimately 

provided: (1) a useful tool for ensuring impoundment stability; or (2) assisted in 

developing an effective emergency action plan in the case of a breakthrough.  We 

cannot be sure, at present, if those conditions would be satisfied.  Undertaking 

such a project would necessitate the first two recommended actions above, i.e. 

more extensive literature review and empirical data gathering.  We recommend 

that future work that may include modeling involve a phased approach in which 

the value of model development would be assessed from the results of test data 

analysis. 

 

4. Review refuse impoundment construction practices: Superfesky et al. (2005) 

have identified several issues with respect to current impoundment construction 

practices as they potentially affect structural stability.  Two of them, (1) upstream 

construction of the impoundment and (2) slow drainage of the fine refuse, have 

been identified in this report and have our endorsement.  Another concern is the 

building of excess spoil fills on top of old refuse impoundments.  This practice 

potentially jeopardizes the stability of both the impoundment and valley fill from 
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surcharge effects and potentially weak foundation conditions, respectively.  We 

agree that the extra load induced by a valley fill can significantly increase the 

likelihood of a breakthrough into an underground mine, if one underlies an 

impoundment.  The two remaining issues, (1) inadequate compaction of the 

course refuse embankments of slurry impoundments and (2) construction of 

impoundments on top of excess spoil fills, do not pertain to underground mine 

breakthroughs.  However, it should be kept in mind that the flow characteristics of 

refuse following an impoundment-embankment or foundation failure are every bit 

as important as those following a mine breakthrough. 
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