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Abstract 

Cover systems increasingly rely on very low permeability barrier layers to reduce percolation into the 

underlying waste. During the cover system design phase the integrity of the liner and any anticipated tearing 

and defects are focused on as the main failure mechanism. However, it has become apparent that while liner 

defects may contribute relatively little to the failure to meet design objectives, the resultant alteration of the 

cover system water balance presents a greater challenge. Water that would otherwise contribute to net 

percolation is now partitioned toward lateral drainage and surface runoff, resulting in risks to cover system 

integrity due to geotechnical stability, seepage erosion, and water management issues. In addition, the 

above-liner processes that lead to failure cover system failure are poorly understood and are difficult to 

study at the typical 1-D bench scale, or the full-scale field trial. A meso-scale controlled facility is required 

to properly understand the cover system performance. The objective of this work was to demonstrate the 

consideration that is required when designing lateral drainage management systems in cover systems using 

low permeability barrier layers. Finally, the Centre for Reclaimed Mine Overlay Site Testing (CR-MOST) 

at the University of Saskatchewan is introduced.  

Introduction 

Cover systems are widely employed in the mining industry as a critical component of reclamation and 

closure activities. Often the goal of a cover system is to limit the interaction of water and oxygen with the 

underlying waste, thereby reducing the generation of metal leaching and acid rock drainage (ML/ARD) to 

the extent possible. In situations where the waste material is highly reactive and likely to be acid producing, 

the reduction in water reaching the waste through a monolithic soil cover system alone is insufficient. In 

these cases, the complexity of the cover system increases with additional layering or the inclusion of 

geosynthetics and low permeability barrier layers.  

Low permeability barrier layers, such as high density polyethylene (HDPE) liners are being 

increasingly relied upon as a means to reduce seepage through the cover system, also known as percolation, 

to the greatest extent possible. Furthermore, low permeability barrier layers are being deployed on 
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increasingly larger areas. However, it is a common perception that the primary failure mechanism in liner 

system is through degradation of the liner (Rowe et al., 2003), and in fact much of the experimental efforts 

being conducted focus on tears and other liner defects (el-Zein, 2008). While this may be true from the 

limited view of the liner, there is the possibility that from the landform perspective, the contribution of liner 

defects may be but a small contributor to the overall failure risk of a closure landform.  

As the surface area of waste covered by liners increases, the importance of minor liner defects 

becomes diminished. On the other hand, with increasing areas and in steeply sloping landscapes, the more 

pressing issue becomes one of landform water management. Liners by their very nature restrict the cover 

system water balance by effectively reducing the percolation term to zero. The corollary then requires that 

the water otherwise available for percolation must be partitioned to other water balance terms. While 

evaporation is largely a fixed quantity determined by climate, this means that runoff and interflow within 

the cover system must account for the remaining water. An increase in runoff and interflow brings with it 

a commensurate increase in the risk of cover system failure due to geotechnical instability, seepage erosion, 

and other water management issues.  

Even when accounting for the presence of liner defects, the greater issue of concern in reclamation 

cover systems using low permeability barrier layers is one of water management. If not dealt with through 

the proper design of cover and water management systems, such as the sizing of rock drains and coarse 

drainage layers, the movement of water above the liner presents a risk to cover system integrity. 

Unfortunately, there is very little research that examines the water management design considerations 

involved when implementing a cover system with a low permeability barrier layer. The most common 

current approaches to cover system design include laboratory testing of the physical and hydraulic 

properties of waste and cover materials, numerical model simulation, followed by pilot-scale cover system 

construction and monitoring (MEND 1.61.5c, 2012). This approach uses multiple pilot scale field trials to 

verify laboratory and computer simulated results, which in some cases can result in ad hoc designs, 

prohibitively long development periods, and cost over-runs. However, it has been shown that cover systems 

quickly evolve soon after construction and no longer bear any semblance to the laboratory conditions (Kelln 

et al., 2009; Hopp et al., 2011). Therefore, a meso-scale experimental system is required. The proposed 

Centre for Reclaimed Mine Overlay Site Testing (CR-MOST) at the University of Saskatchewan, with 

support from industrial partners, is an indoor, climate-controlled facility that aims to bridge the gap between 

the laboratory scale and large scale constructed hillslopes.  

The objective of this paper is to examine the water flow dynamics in sloping cover systems 

incorporating low permeability barrier layers. The effect of using high permeability drainage layers will be 

discussed, as well as outlining the design considerations that must be addressed. Finally, the novel CR-



3 

 

MOST meso-scale experimental hillslope joint project between university and industrial partners will be 

described. 

Methodology 

Incorporation of a low permeability barrier layer within a cover system must be considered within the wider 

context of the landform as a whole. Slope length, slope angle, surface area, and cover system thickness will 

all play a role in determining the partitioning of water into water balance components, and ultimately the 

transport of water on the landscape. A numerical analysis was conducted to examine the effect of drainage 

layer design within cover systems with low permeability barrier layers, and to outline example 

specifications for cover system design, including drainage layer thickness, minimum required saturated 

hydraulic conductivity of drainage layer materials, and drainage layer particle size distribution (PSD) 

envelope specification. 

Seepage Analysis 

Steady-state two-dimensional (2-D) numerical seepage analyses were carried out using SEEP/W 

(GeoStudio, Canada). The SEEP/W model is a finite element model that simulates groundwater flow and 

dissipation of excess porewater pressure, as well as unsaturated systems.   

Steady-state seepage analyses were conducted assuming a generic cover system typical of a 

mountainous area with a seasonally humid climate. Steady-state simulations were completed for a wide 

range of slope lengths and slope gradients incorporating a very low permeability geosynthetic barrier layer, 

with saturated hydraulic conductivities (ksat) less than 5 x 10-9 cm/s, a 0.5 m thick coarse-textured drainage 

material with an overlying 1.0 m topsoil layer. Initial model simulations used a 100 m slope length and an 

infiltration rate of 600 mm/yr. Changes in slope length, slope angle, and infiltration rate were addressed by 

running different configurations in a sensitivity analysis.  

Results 

Very Low Permeability Barrier Layer 

Water that is allowed to pond above low permeability layers in cover systems represent a potential failure 

mode. Steady-state numerical simulations were conducted to assess the degree of saturation in cover system 

materials that overlie a very low permeability layer of ksat less than 5 × 10-9 cm/s (Table 1). In general, three 

outcomes were predicted by the model; 1) Good drainage from coarse-textured material, no perched water 

table (WT) conditions in the topsoil material or to the cover system surface (green shading in Table 1); 2) 
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Fair drainage within system, WT mounding into the topsoil material (orange shading in Table 1); and 3) 

Poor drainage within system, WT mounding to cover system surface (red shading in Table 1). 

Table 1. Water table location in 100 m long cover system materials in response to coarse drainage 

layer permeabilities (cm/s) and slope gradient (m/m) 

 

In the 100 m slope length example given, the recommended minimum ksat for the 0.5 m thick 

drainage material is 5 x 10-2 cm/s for flatter slopes (1% to 5% gradient), 5 x 10-3 cm/s for moderate slopes 

(10% to 20% gradient) and 5 x 10-3 cm/s for steeper slopes (25% to 50% gradient). As slope lengths 

increase, the minimum design ksat for a 0.5 m coarse drainage layer increases (Table 2). 

Table 2. Recommended drainage layer minimum design ksat for varying slope lengths and angles 

Slope Length 
Flatter Gradient  

(1% to 5%) 

Moderate Gradient  

(10% to 20%) 

Steep Gradient  

(25% to 50%) 

Short Slopes  

(≤ 100 m) 
5 x 10-2 cm/s 5 x 10-3 cm/s 5 x 10-3 cm/s 

Moderate Slopes  

(100 m – 300 m) 
5 x 10-2 cm/s 1 x 10-2 cm/s 5 x 10-3 cm/s 

Long Slopes  

(≥ 300 m) 
5 x 10-1 cm/s 5 x 10-2 cm/s 5 x 10-2 cm/s 

 

Cover systems incorporating very low permeability layers, in this case taken to be less than 5 x 10-

9 cm/s, have the ability to alter landform water balances by increasing the amount of lateral interflow that 

needs to be managed. Lateral drainage is capable of increasing risk of cover system failure by decreasing 

geotechnical stability, and increasing the risk of seepage erosion. 

Moderate to Low Permeability Barrier Layer 

In some cases, a very low permeability layer may not be feasible to implement. In the situations where a 

geosynthetic liner is not feasible it may be possible to construct a moderate to lower permeability compacted 
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barrier layer. Similar steady-state simulations were completed on a 100 m slope length to examine 

compacted barrier materials with ksat ranging from 1 x 10-8 cm/s to 5 x 10-7 cm/s (Table 3). 

Table 3. Example decision matrix for drainage layer minimum design ksat with respect to varying 

slope length and angle. Squares shaded green represent acceptable slope and material combinations, 

and red shaded squares represent an example of unacceptable combinations. 

Barrier 
Layer ksat  

(cm/s) 

Acceptable Drainage Layer ksat  

1% Gradient 5% Gradient 15% Gradient 25% Gradient 50% Gradient 

1 x 10-8 
5 x 10-2 cm/s 

99% Int / 1% NP 
1 x 10-2 cm/s 

98% Int / 2% NP 
5 x 10-3 cm/s 

98% Int / 2% NP 
5 x 10-3 cm/s 

92% Int / 8% NP 
5 x 10-3 cm/s 

93% Int / 7% NP 

5 x 10-8 
5 x 10-2 cm/s 

92% Int / 8% NP 
5 x 10-3 cm/s 

90% Int / 10% NP 
5 x 10-3 cm/s 

92% Int / 8% NP 
5 x 10-3 cm/s 

93% Int / 7% NP 
5 x 10-3 cm/s 

95% Int / 5% NP 

1 x 10-7 
1 x 10-2 cm/s 

70% Int / 30% NP 
5 x 10-3 cm/s 

75% Int / 25% NP 
5 x 10-3 cm/s 

82% Int / 18% NP 
1 x 10-3 cm/s 

78% Int / 22% NP 
1 x 10-3 cm/s 

82% Int / 18% NP 

5 x 10-7 
1 x 10-3 cm/s 

3% Int / 97% NP 
5 x 10-4 cm/s 

5% Int / 95% NP 
5 x 10-4 cm/s 

10% Int / 90% NP 
5 x 10-4 cm/s 

15% Int / 85% NP 
5 x 10-4 cm/s 

20% Int / 80% NP 

 

In general, when the ksat of the compacted barrier layer was 1 x 10-8 cm/s approximately 1 – 3% of 

surface infiltration percolated through the barrier layer while 97 – 99% was diverted down the slope in the 

drainage layer.  For the 5 x 10-8 cm/s and 1 x 10-7 cm/s barrier layers, the deep drainage into the underlying 

waste increased to 7 – 10% and 18 – 30%, respectively. 

As the ksat of the compacted barrier increases, lateral interflow decreases, leading to a decrease in the 

capacity requirement of the drainage layer. However, as lateral interflow decreases, net percolation through 

a moderate to low permeability layer increases. The net result is that increasing volumes of water are 

transmitted into the underlying waste material rather than being diverted via interflow within the cover 

system. Decreased interflow will result in reduced water management issues, but will also have a substantial 

effect on achieving a low net percolation rate for the cover system on a total landform basis as opposed to 

a point scale basis. 

Following from the above discussion, if a compacted barrier is employed within a cover system, then it 

must be appreciated that as the saturated hydraulic conductivity is higher than a very low barrier layer type 

engineered product, some water will be diverted off the landform as interflow, and some will be lost to net 

percolation as the water moves down slope in the barrier layer. Barrier layers with higher permeability may 

lead to increased, undesirable amounts of net percolation. It should be noted that this analysis was 

completed for a short slope (100 m) and the proclivity for interflow waters to break through the barrier and 
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report as net percolation is greater for longer slopes. Therefore, the barrier layer configuration must be 

customized to the site. 

Specification of Drainage Layer Particle Size Distribution 

Empirical relationships between saturated hydraulic conductivity and material particle size 

distribution (PSD) are well documented in the literature. Hazen (1892, 1911)   developed an empirical 

formula for predicting the permeability or hydraulic conductivity of saturated sands based on an empirical 

factor and the diameter of soil particle size for which 10% of the material is finer. This relationship has 

been widely used but supplanted by the Kozeny – Carmen equation (Carrier, 2003), which is a semi-

empirical, semi-theoretical formula for predicting the permeability of porous media. Salarashayeri and 

Siosemarde (2012) developed the relationship between PSD and ksat for coarse-textured materials as would 

be expected for the drainage layer.   

This study attempted to back-calculate the PSD of the coarse-textured drainage material from a given 

ksat value. The range of particle size distribution was developed based on three zones of anticipated 

permeability: Zone 1 (ksat > 1 × 10-1 cm/s), Zone 2 (1 × 10-1 cm/s ≥ ksat ≥ 1 × 10-2 cm/s), and Zone 3 (1 × 

10-2 cm/s ≥ ksat ≥ 1 × 10-3 cm/s). The Salarashayeri and Siosemarde (2012) relationship as well as examples 

from material databases of laboratory measured ksat and PSD were used to develop the ranges in 

permeability.   

 

Figure 1. Range of material PSD specifications for an example coarse-textured drainage layer 
material. 

Design Parameters 

An example of a design configuration was examined during the 2-D steady-state seepage analysis. The 

following configurations and material properties were assumed: 

 Assumed drainage layer thickness of 0.5 m and the impact of decreasing the layer to 0.3 m; 
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 Assumed infiltration rate of 600 mm/yr (at cover system surface) and the effect of increasing the 

value to 750 mm/yr; and, 

 Simulations completed as steady-state analyses and effect on results if analyses changed to one-

year transient simulations. 

The majority of simulations were completed assuming a 0.5 m thick drainage layer placed above 

the low permeability barrier layer.  Figure 2 presents the results of the 100 m slope length comparison.  

Decreasing the thickness of the drainage layer has only a small effect on the recommended ksat of the 

drainage layer.  A general guideline would be to increase the required ksat of the drainage material by ½ 

order of magnitude from the 0.5 m drainage layer value if a thinner drainage layer is selected. 

 

Figure 2. Summary of results for 100 m slope with a very low permeability barrier layer (< 5 x 
10-9 cm/s) comparing drainage layers of 0.5 m and 0.3 m thickness (green shading 
denotes perched water table remained in the drainage layer; red shading denotes 

perched water table extended to surface of overlying topsoil layer; and orange 
shading denotes perched water table extended into overlying topsoil layer, but not to 

surface). 

A surface infiltration rate of 600 mm/yr was incorporated into the steady-state analyses.  The 

600 mm/yr rate was selected to represent approximately 40% of an average annual rainfall value of 

1,500 mm, which will infiltrate into the topsoil material and migrate downwards towards the low 

permeability barrier layer. Simulations were completed with 750 mm/yr to mimic the anticipated drainage 

conditions during the wetter parts of the year, when the short-term infiltration rate was expected to be 

greater than the one-year average infiltration rate.  Figure 3 presents the results of the two sets of simulations 

for the 100 m slope length. The results are fairly similar suggesting that the ksat of the drainage layer has a 

much larger influence on the performance of the cover system than increasing the infiltration rate by 25% 

from 600 mm/yr to 750 mm/yr. 
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Figure 3. Summary of results for 100 m slope with a very low permeability barrier layer (< 5 x 
10-9 cm/s) comparing infiltration rates of 600 mm/yr and 750 mm/yr (green shading 

denotes perched water table remained in the drainage layer; red shading denotes 
perched water table extended to surface of overlying topsoil layer; and orange 

shading denotes perched water table extended into overlying topsoil layer, but not to 
surface). 

The majority of simulations were evaluated under steady-state conditions to allow quick evaluation 

of numerous design alternatives. There was some concern that a steady-state model would not properly 

address the seasonality of infiltration rates that can be expected in climates with pronounced seasonality. 

Several one-year transient simulations for the 200 m slope length examined the drainage effects for a range 

of slope gradients and drainage material conductivities. The seasonality of infiltration was found to affect 

the function of the cover systems, particularly within the flatter slope range. As an example, steady-state 

modelling of the 200 m slope (750 mm/yr, ksat liner = 5 x 10-9 cm/s) with a 0.5 m drainage layer (ksat = 5 x 

10-2 cm/s) found adequate drainage and no issues with a perched water table within the overlying topsoil 

cover material. During a one-year transient simulation for the same input variables, perched water table 

conditions did occur during the wet season, the water table was within the topsoil material for approximately 

180 days and extended all the way to the topsoil surface for approximately 3 days of that period. While the 

steady state modelling exercise completed for this work is useful for providing initial estimates of interflow 

dynamics, it is recommended that future research incorporate a larger transient simulation component.  

Design Considerations 

The implications for the examples provided above must be viewed in the context of a landform as a whole. 

The steady-state numerical modelling exercise demonstrated the implications of implementing some 

manner of seepage barrier, ostensibly as a means of preventing percolation past the cover system into the 

underlying waste. While the aim of reducing net percolation is important, it can often be viewed to the 

exclusion of all other water balance components. It was demonstrated by Meiers et al. (2014) that 

incorporating a barrier layer without adequate drainage capacity resulted in serious seepage erosion and 

potential failure of the cover system.   

The volume of water contained in the example drainage layers given in the scenarios above must 

be managed in order to maintain geotechnical stability of the waste facility, and integrity of the cover 
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system. Consider that a coarse drainage layer will have a porosity on the average of 0.3, which is reasonable 

given the PSDs shown above and is in line with the specific yields found in Smith and Wheatcraft (1993). 

On a per hectare basis, a fully saturated 0.5 m thick drainage layer would contain 1,500 m3 of water. 

However, most existing and planned closure landforms are considerably larger than 1 ha in area. While 

very low permeability liners effectively limit the volume of water interacting with the underlying waste, 

the water is now partitioned to lateral drainage along the base of the cover system, or as saturation-induced 

runoff. Therefore, during peak periods, or under worst-case scenarios, the volume of water that must be 

managed could be catastrophically large. The closure planner must account for the anticipated lateral 

drainage volumes, and plan appropriately for drainage size, surface water management, slope length, as 

well as a range of other geotechnical considerations.  

Meso-scale Experimental Hillslope 

The behaviour of cover systems incorporating low permeability barrier layers is difficult to examine with 

current design strategies. Although the contribution of liner defects may be over-emphasized in preliminary 

design stages, it has been shown that lateral drainage may be the more pressing design concern. A 

collaborative research program between the University of Saskatchewan and industrial partners, including 

O’Kane Consultants, is proposed as a means to study the processes that will be present at the landform 

scale, while still maintaining practical levels of experimental control. The Centre for Reclaimed Mine 

Overlay Site Testing (CR-Most, will be a centre for mining companies to test various configurations of 

cover materials, layering, and slope angles prior to full-scale deployment.  

Artificial Hillslopes 

The initial proving phase of CR-MOST will be three individual artificial hillslopes measuring 3 × 6 m. The 

Phase 1 hillslopes will be deployed on modified dump trailers capable of tilting so as to study the effect of 

a wide range of slope angles. The artificial hillslopes will be housed in a climate controlled indoor facility, 

and will allow for quick rotation of cover design configurations using the potential borrow materials found 

on site. Given the smaller size of the Phase 1 hillslopes, they can be intensively instrumented, and monitored 

for seepage outflow, leading to unprecedented measurement resolution of cover systems (Figure 4).  
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Figure 4. Phase 1 hillslope measurement system 

The CR-MOST test facility will operate in a climate controlled facility that will allow for multiple 

cycles of freezing and thawing per year. The testing cycles are thus greatly increased, resulting in 

achievement of research objectives within a shorter period of time at a lower capital investments.  

The tilt trailiers will be loaded with potential borrow materials from the mine site undertaking the 

investigation. Each corner of the trailer will be instrumented with load cells, so as to monitor precise 

changes in weight during the experiment, which is due to the change in water storage. Such measurements 

are impossible in the field, but are key in estimating an accurate water balance for a particular cover system. 

Water moving through the test cover will be spiked with a suite of tracers, which will allow for a precise 

calculation of travel time and breakthrough. Furthermore, the contribution of liner defects can be accurately 

quantified, as the size, arrangement, and number of liner defects can be controlled. Experimental results 

can be compared to initial modelling estimates and will lead to better model formulations in the future.  

Research Questions 

Phase 1 of CR-MOST will feature three artificial hillslope trailers, two of which will be used for testing 

directed by industrial partners, and one for testing hypotheses and development of new conceptual models 

in cover system design. The ongoing research will address questions of importance to the mining sector, 

including: 

 How do cover systems evolve once constructed? 

 How do the hydrological processes in engineered cover systems compare to those in natural 

hillslopes? 

 How do the latest hydrological findings from natural hillslopes translate to improved 

understanding of the functioning and evolution of engineered cover systems? 

 How can we incorporate heterogeneity in cover systems to better mimic natural hillslope 

behaviour? 

Inflow reservoirs

Dump trailer box

Testing Geomembrane

Textured Geomembrane

Outflow reservoirs

Screened for water collection-separate 

for each soil lift
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 How can we control water content and ground from sufficiently to promote runoff? 

The results from research at the CR-MOST facility are expected to have far-reaching effects. The 

size, expansion rate, and economic importance of the minerals industry in Canada demands that Canada 

should be the world leader in understanding, monitoring, and minimizing the environmental effects of the 

minerals industry. 

Benefits 

Field-scale cover system design, construction, instrumentation, and experimentation represents a large 

investment of capital, labour, and resources. For example, for a hypothetical situation where a 15 ha waste 

facility were covered at a cost of $45 M, a 5% cover system failure rate represents a cost of $2.25 M, not 

accounting for inflation. The expense due to cover system failure could be avoided by a short term outlay 

at the CR-MOST facility. The high experiment cycle frequency also allows a mine site to collect results in 

a much shorter time period, which means a shorter delay between the end of operations and the beginning 

of closure and reclamation activities. Typically the initial evolution of a field-based cover system naturally 

occurs over a five year period. The CR-MOST facility will greatly accelerate the process by simulating 

natural conditions in a confined space, achieving similar results in a three to 12 month period with multiple 

freeze-thaw, and snowmelt periods over a single winter.  

Conclusion 

Liners and low permeability barrier layers are an important component of a well-functioning cover system. 

Too often, however, the focus of preliminary design efforts is on the potential risks associated with tears, 

holes, and defects in the liner. While liner defects are an important concern, their contribution to the failure 

of the entire closure landscape is often over-emphasized. The purpose of this paper was to outline some of 

the design concerns that must be considered when designing cover systems that incorporate very low 

permeability barriers.  

Barriers to flow into the underlying waste partition water away from the net percolation term into 

either lateral flow, increased storage, or runoff. Diverting water away from the waste in the form of lateral 

drainage is desirable, yet comes with a set of risks related to geotechnical stability, and seepage-induced 

erosion. As shown in the example case detailed above, very high volumes of water in the drainage may 

need to be dealt with, depending on the configuration of the cover system and the coarse drainage layer. 

The effects of slope length and slope angle are also important in determining whether water that is not 

allowed to pass through the low permeability layer is available to saturate the overlying layers of the cover 

system. Unless the risks to cover system integrity due geotechnical instability caused by saturated drainage 

layers is recognized, the success or failure of the entire system is affected. Excess volumes of water arising 
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when diverted by low permeability barrier layers must be properly managed in order to ensure a sustainable 

landform over the life of the system. 

Long-term sustainability of a cover system incorporating a low permebiliyt barrier layer depends 

on a number of factors related to the materials used, layering configuration, slope length, and slope angle. 

It is cost prohibitive to test all possible cover system configurations in the field prior to full-scale 

deployment across the entire landform. Although fast and easy to implement, bench scale tests do not 

provide information on the correct scale to accurately inform final cover system designs. The proposed CR-

MOST facility, a joint partnership between the University of Saskatchewan and industrial partners, 

including O’Kane Consultants, seeks to bridge the critical measurement gap between bench scale 1-D 

models, and full-scale field implementation. The facility will be fully climate controlled and will allow for 

testing of numerous cover system configurations using the actual borrow materials available on site. Fully 

instrumented experiments can be run through multiple climate cycles over a three to 12 month period, 

greatly reducing the time and cost associated with testing cover system alternatives. The artificial hillslopes 

studied as part of CR-MOST can be configured to study a range of slope angles. As was shown above, it is 

the total configuration of the cover system, viewed from the landform perspective that will ultimately 

determine the success of the closure operation. Properly considering lateral drainage during cover system 

design will lead to landforms that will have the highest probability of achieving design objectives. 
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