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ABSTRACT
This thesis examines the hydrology of the proposed cover system, under varying drainage layer conditions, for
the Central Manitoba Mine (CMM) site rehabilitation project located in Southeastern Manitoba. The proposed
1 m thick engineered soil cover included a 0.2 m thick highly permeable basal granular drainage layer, which
was ultimately replaced with a man-made synthetic drainage system (DRAINTUBE™). Four different levels of
potential clogging of the man-made drainage layer were analyzed, equivalent to 99%, 90%, 50% and 0% of the
original material. The purpose of the analyses was to observe the flow dynamics and change trends in the
hydrology of the engineered soil cover system located above the drainage layer, over a period of 10 years, and
from there, estimate future trends in the cover system hydrology and its impacts. The SVFlux finite element
modeling software was the main numerical tool used to model the hydrologic regime and complete the analyses.
The software results include, among other, net percolation, flux, and saturation in each of the layers within the
cover system. The plots were used for analysis and interpretation. Analyses took into consideration both external
(climatic) and internal (soil properties), and the numerical method including transient conditions.

The results of the analyses show increasing trends in the net percolation, flux, saturation in the top soil, and
decreasing trends in the sandy clay and drainage layer saturation as the drainage layer became more clogged.
Although a rather extreme condition simulation, at a 99% clogged drainage layer, the hydrologic trends displayed
a relatively significant increase (approximately 60% saturation) in the drainage layer implying potential risks
associated with a lack of drainage of the soil cover, increased levels of saturation in the soil layer and increase in
net percolation rates in the underlying tailings. Although an increased saturation helps limit oxygen diffusion
through the cover, other risks have been identified that relate to potential unstable soil cover along the slopes,
and negative potential impact of water–intolerable vegetation system that has the roots in the soil cover. The
results also show that the hydrology of the soil cover would perform with minimal associated risks up to an
equivalent 90% clogging of the drainage layer, which is due in part to the high capacity of the DRAINTUBE™
drainage system and conservative design levels in the soil cover.
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1.0

INTRODUCTION

1.1

BACKGROUND

During the late 1990s, Canadian and Provincial regulatory jurisdictions were becoming more aware that
abandoned mine sites represented significant amounts of unaccounted environmental and socio-economic
liabilities related to their clean-up (Priscu et al, 2010). In 1998, former Manitoba Department of Energy and
Mines, currently Manitoba Innovation, energy and Mines, Mines Branch, was appointed to develop a document
dealing with this issue. The document was developed to describe a proposed master program including roles,
responsibilities, and objectives of rehabilitating orphaned and abandoned mine sites. Under this program,
Manitoba developed a Mine Closure Regulation (MR67/99) which applied to all new mines, excluding
abandoned mines. The limitation of this regulation was that owners of abandoned mines (most of them being
very old sites) either were not known precisely, or were financially unable to carryout remediation procedures on
these sites (i.e., namely orphaned or abandoned mine sites). To address the issue of abandoned mine sites, an
Orphaned and Abandoned Mine Sites Program (OAMS) was developed by the Manitoba Mines Branch. Mines
Branch contracted AMEC to evaluate and classify approximately 149 out of 250 mine sites as abandoned. Due
to a high number of abandoned mine sites, AMEC further developed a hazard-based framework model which
ranked and prioritized the sites based on criteria established for public safety and human health. Based on this
model, 31 out of the 149 abandoned mine sites classified as high hazard (Priscu et al, 2010).
The site that is the subject of this thesis is the Central Manitoba Mine (CMM) site, located in Nopiming Provincial
Park, 220 km northeast of Winnipeg, Manitoba. The mine was in production from 1927 to 1937 generating
approximately 5,000 kg of gold (using cyanide) from 480,000 tons of ore (Richardson and Ostry, 1996).
In 2007, AMEC was appointed to conduct a hazard assessment on the CMM site and determined it to be one of
the 31 high hazard sites (Priscu, 2011). These findings prioritized the site for rehabilitation under the OAMS and
in 2008, AMEC commenced a site investigation program to propose rehabilitation methods for the abandoned
mine site.
Following the various investigation and assessment efforts, the rehabilitation project was divided into two
phases: i) highway reconstruction of existing provincial gravel surfaced highway built on top of the tailings
surface and completed in December 2012 (Phase 1); and ii) construction of an engineered soil cover system for
the existing tailings surface (Phase 2).
The results indicated that the tailings and waste rock material were acid generating and metal leaching into the
surrounding environment when unoxidized sulphide-bearing tailings were exposed to oxygen through erosion
processes. These were found to potentially impact the environment should the erosion process continue. Human
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health hazards were related only to direct contact and/or ingestion of soil or tailings. Consequently, a
rehabilitation plan for covering the tailings was proposed as Phase 2 of the project.
The objectives for Phase 2 at the CMM site included removal of public safety concerns, provisions of a good
medium for re-vegetation, implementation of erosional control measures to accelerate water collection away
from the site and limit water infiltration into the tailings, all based on the construction of an engineered soil cover
on top of the tailings.
This thesis will examine a specific hydrologic behavior of the selected soil cover that will be placed on top of the
tailings in 2013, and which includes a geosynthetic drainage layer in its structure. Analysis of the hydrologic
behavior under varying flow and slope parameters presented in this thesis is an extension to the previous
analyses completed by AMEC and will focus on the efficiency of the cover system in the long term.

1.2

PROJECT SCOPE AND OBJECTIVES

Based on the findings of the site investigation program, the results from the CMM SITE Phase 1 and Phase 2
ESA reports, and the closure options evaluated, construction of an engineered soil cover at the CMM site placed
over the tailings area was considered to be the most effective rehabilitation and closure option. Further
investigations and modeling by AMEC concluded that the most efficient soil cover system for the CMM site
would be composed of topsoil, overlying sandy clay, and a drainage layer in which crushed rock was replaced
with a synthetic drainage layer called DRAINTUBE™ with high drainage capacity (AMEC, 2011).
The main scope of work of this thesis research is to analyze the long term effectiveness of the soil cover. A
sensitivity analysis for the hydrology of the cover was undertaken to examine the behavior of the soil cover
system with changing drainage layer effectiveness, including constraints and complexities associated with both
the fill (natural) materials, but in particular the geosynthetic (man-made) materials that are part of the cover.
The objectives of this thesis include:


Evaluate the long-term effectiveness of the soil cover including impacts on the rate of infiltration, net
percolation, and flux along drainage boundary.



Analyze changes to cover hydrology due to modified performance capabilities of the geosynthetic
drainage layer.

This thesis does not re-evaluate or re-design the soil cover system, but rather analyze how its long-term
performance could be impacted by changes in the expected hydrological conditions and/or man-made material
properties or performance.
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1.3

THESIS OUTLINE

Section 1.0 – This section introduces the site and previous site background. The project scope and objectives of
the thesis are stated.

Section 2.0 – This section describes the site location, conditions, and description. The site conditions are divided
into subsections of climate, temperature, hydrology, and geology. The site description refers to the overall site
setting and main features, tailings deposits, and hydrogeology of tailings deposits.

Section 3.0 –This section explores various cover options for the site and analyzes the selected cover option.

Section 4.0 – This section models the selected cover option and displays the results.

Section 5.0 – This section examines the models and discusses the results from the analysis.
Section 6.0 – This section concludes the model results.

Section 7.0 – This section suggests recommendations for monitoring the drainage layer within the soil cover
system.
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2.0

PROJECT DESCRIPTION

2.1

SITE LOCATION

CMM site is located 220 km northeast of Winnipeg, Manitoba along Highway 304 near the northern entrance into
the Nopiming Provincial Park (50˚ 42.6’; N 95 ˚ 10.0’ W) as shown in Figure 1 (AMEC, 2012).
Figure 1: Approximate location of CMM Site (Google Maps, 2013)

CMM Site

2.2 SITE CONDITIONS
2.2.1 Climate
The climate of The CMM region is described by long, cold winters and short, warm summers. Meteorological
data was collected from four weather stations set up by Environment Canada (EC): Bissett (51°02’N, 95°42’W),
Pine Falls (50°34’N, 96°13’W), Pinawa (50°10’N, 96°03’W), and Beausejour (49°37’N, 95°12’W). The weather
stations recorded various measurements such as temperature, wind speed, relative humidity, evaporation, and
pan evaporation.
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The meteorological data utilized in this report was compiled by AMEC specifically for closure cover modeling,
and has slight differences to the average synthetic yearly data. The data presented is based on two types of
annual data:


numerous replications of a “typical” year model calibration



10-year span of the highest annual average precipitation

A “typical” year represents actual meteoric events and is defined as a meteorological record of an annual data
set for which the precipitation is similar to the long term annual average precipitation (Albright et al., 2012). The
10 year span of the highest annual average precipitation was utilized for analyzing the selected soil cover
performance.

2.2.2 Temperature
The temperature in the region varies significantly from the winter months to the summer months. Table 2.0 below
shows the average monthly temperatures recorded from the four EC weather stations (AMEC, 2011).
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Table 2.0 – Average Monthly Temperatures (AMEC, 2011)

Pine Falls
Weather
Station (1960
to 1995) (C°)

January

Bissett
Weather
Station
(1969 to
1997) (C°)
-16.3

Beausjour
Weather
Station
(1954 to
2004) (C°)
-19.0

Typical Year
(Bissett
1975) (C°)

-19.2

Pinawa
Weather
Station
(1968 to
2010) (C°)
-17.8

February

-17.3

-15.6

-14.4

-15.0

-17.3

March

-11.0

-7.7

-6.6

-7.2

-11.0

April

1.5

3.2

3.5

3.5

1.5

May

11.4

11.1

10.9

11.2

11.4

June

16.1

16.1

16.1

16.5

16.1

July

21.0

19.2

19.0

19.0

21.0

August

15.9

17.8

17.7

18.0

15.9

September

9.8

11.8

12.2

12.2

9.8

October

5.8

5.4

5.2

5.2

5.8

November

-2.8

-4.9

-4.4

-5.1

-2.8

December

-16.3

-14.9

-13.8

-14.8

-16.3

-16.3

2.2.3 Hydrology
Precipitation and evaporation are two hydrological components that have been monitored and used in the cover
design.
The calibration for the cover system was based on the average monthly precipitation which was obtained from
nearby weather stations. The site precipitation data proved to be limiting as the resulting sum of the rainfall and
snowfall was found to be greater than the nearby weather stations by an order of magnitude. The cover system
modeling performance was based on the average monthly precipitation data from a 10-year span with the
highest annual precipitation. The precipitation data is summarized in Table 2.1 below.
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Table 2.1 – Year Highest Annual Average Precipitation (AMEC, 2011)

Month

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

January

23.9

15.4

40.0

4.2

42.8

45.4

32.5

22.0

18.4

6.1

February

14.7

6.5

18.6

25.3

16.3

23.1

23.4

38.6

11.0

23.6

March

27.9

25.6

35.4

8.0

34.9

37.6

31.7

13.3

35.1

56.3

April

52.5

78.0

24.6

49.6

83.2

15.6

55.6

5.6

24.7

65.2

May

76.9

5.7

48.9

14.9

101.2

31.3

9.4

93.3

68.6

129.9

June

103.3

103.0

34.7

98.8

28.3

95.4

107.6

134.5

171.1

28.3

July

66.0

80.1

54.5

64.3

40.6

67.5

20.1

118.7

122.9

85.8

August

21.0

25.8

69.4

135.3

145.0

137.2

43.5

115.8

54.5

75.7

September

65.0

115.1

94.8

62.9

49.5

52.0

16.2

121.6

72.0

36.1

October

60.3

79.5

34.2

101.1

18.4

33.4

20.4

24.7

28.1

48.4

November

39.5

41.8

21.6

60.6

23.8

14.9

14.6

35.7

47.9

35.4

December

38.0

19.8

28.2

24.8

5.9

18.4

27.9

22.8

28.3

28.6

Yearly Total
(mm)

589.0

596.3

504.9

649.8

589.9

571.8

402.9

746.6

682.6

619.4

On site evaporation data is summarized in Table 2.2 below. The recorded solar radiation was approximately 20
MJ/m2/day with a reflection coefficient of 0.05 and sunshine ratio 0.65.
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Table 2.2 – Average Monthly Evaporation (AMEC, 2011)

Month

Monthly
Evaporation
(mm)

January

0

February

0

March

0

April

107

May

121

June

130

July

102

August

63

September

41

October

0

November

0

December

0

Yearly Total

564

2.2.4 Geology
The Tinney Lake Formation underlies the area and includes Wadhope gabbro flanked by mafic volcanic rocks.
The CMM site is located in the Dove formation comprised of eroded volcanics interlayered with greywacke and
intruded by Wadhape gabbro sill.

Along the contact between the sediments and sill, gold bearing veins

occurred. The gabbro on site is mafic to intermediate and is in contact with a 12 m thick unit of greywacke
containing certy and tuffaceious sedimentary rocks. There are two shear zones which define a trough shaped
block boundary. The block encloses a quartz bearing zone with dimensions 2.8 km long and 150 cm thick and
consist of chlorite-sericite schist with numerous small lenses of quartz and carbonate.
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2.2 SITE DESCRIPTION
2.2.1 Overall Site Setting and Main Features
The regional topography at CMM includes poorly drained areas of depression (i.e., wetlands and wetland types)
and bedrock outcrops covering approximately 25 percent of the land he eco-region is characterized through
broadly sloping uplands and lowlands from the underlain bedrock of the Canadian Shield with several lakes in
the project site vicinity including Lonely Lake, Dove Lake, and Wentworth Lake. An aerial view of CMM is shown
below in Figure 2. (AMEC, 2012)
Figure 2.0 – Aerial View of CMM (AMEC, 2012)

During mine operations the tailings were deposited by gravity in a low lying area adjacent to the mine from two
discharge points, and without any containment structures. They are currently occupying an area of
approximately 240,000 m2 and their volume is estimated at 327,640 m3.

Provincial Road 304 runs north-south and is constructed on top of the tailings, bisecting the site into eastern and
western portions. Two culverts will be installed at this location to allow drainage between the two portions. Within
the tailings, three different surface water drainages are present: Blue Pond surface water regime, Western
surface water regime and the Eastern surface water regime (Sherriff et al., 2009). The runoff water across the
site drains in east and west directions away from the road at average (overall) slopes of approximately 0.5% to
1.5% (AMEC, 2012).
The site also contains two small ponds of limited stagnant water at approximately 20 m in diameter each, low
lying rock outcrops abundant in the north and south sides, and marsh areas in the east and very far west of the
tailings.
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The main features of the abandoned CMM site are noted pertaining to the following environmental effects of the
site:



Erosion of channeling and the tailings exists on both sides, and erosion processes have exposed the
non-oxidized tailings;



Site contains healthy vegetation around it, but 85% of tailings area is without vegetation; and,



The drainage water does not show impacts from acid rock drainage (ARD), however potential for ARD
generation in the underlying un-oxidized tailings when exposed to the surface exists.

Figure 2.1 and 2.2 show environmental features at CMM. Figure 2.2 shows two an oxidized top tailings zone and
an un-oxidized bottom tailings zone.

Figure 2.1 - Erosion and Secondary Mineral Precipitates Near CE-SH8 (AMEC, 2009)
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Figure 2.2 - Tailings Stratigraphy, Erosion and Secondary
Mineral Precipitates Near CE SH9 (AMEC, 2009)

2.2.2 Tailings Deposits
Subsurface investigations have determined the stratigraphy of the site. The tailings were observed to a
maximum depth of 3.4 m and were underlain by intermittent layers of peat, silty sand and gravel, silty clay, and
lower sandy silt, up to a depth of 4.5 m where bedrock was found (AMEC, 2009).
Geochemical characterization of the tailings was undertaken to assess the ARD and metal leaching potential of
the mine wastes. Twenty five (25) oxidized tailings samples were collected at CMM during a drilling program in
2008. Lab results indicated that eight of these samples were in fact acid generating and will continue to oxidize
and generate acidity. Furthermore, metal leaching was identified near blue pond and in areas of deep erosion by
the two tailings discharge points. Areas with limited or no erosional activity did not exhibit any ARD/ML
generation.

2.2.3 Hydrogeology of the Tailings Deposit
The hydrogeological investigation measured depth of groundwater ranging from 0.03 m to 1.13 m below top of
casing on 23 October 2008. Groundwater elevations were determined to be between 93.44 m above sea level
(masl) and 99.41 masl.
Three main groundwater flow regimes exist on site: a shallow system within the tailings, an intermediate system
within the sand that may be perched overlying the clay layer (i.e., a potential aquitard), and a deep groundwater
system consisting of the fractured bedrock and lower sand unit.
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All three regimes show similar flow paths. A high groundwater table is found in the center of the tailings and
flows outwards to the west, north, and east. The lateral gradients for the surface, intermediate and deeper flow
systems of the eastern portion of the tailings deposits were found to be 0.003 m/m, 0.07 m/m, and 0.0015 m/m,
respectively. The vertical gradient was less than 0.1 m/m and the direction of flow variable.
The average hydraulic conductivity for the east portion of the tailings, within the intermediate flow system, and
within the deeper flow system was estimated to be 1.9E-06 m/sec, 8.68E-06 m/sec, and 1.63E-07 m/sec,
respectively.
The pH levels in the surface water are within neutral ranges however several minerals including iron, aluminum,
nickel, selenium, zinc, and mercury exceed CCME water quality guidelines.

3.0

TAILINGS COVER

3.1 GENERAL PURPOSE AND TYPES OF SOIL COVERS
A tailings cover is a material that conceals the surface of mining byproducts to assure that groundwater and
surface environment will not degrade in the future (Hart and Lassetter, 1999). In general, the purpose of a
tailings cover is to reduce and/or eliminate potential acid generation from the oxidation of residual sulphide
minerals at contact with air and water. The cover also provides a good environment for vegetation growth and
helps prevent erosion and exposure of underlying materials.
There are three main types of tailings covers used in mining and the environment which are listed below (DeVos
et al., 1999):
-

water-shedding;

-

oxygen barrier; and

-

aesthetic.

A water-shedding cover aims to maximize runoff and minimize infiltration and is very common in landfill cover
designs. The purpose of this cover is to lower the volume of water entering the acidic upper oxidized part of the
tailings and into the groundwater. The cover stratigraphy may include layers of compacted clay (or
geomembrane), gravel and vegetation. In some cases a filter such as a sand layer may be placed below the clay
layer to act as a capillary break.
The purpose of an oxygen barrier cover is to limit the amount of oxygen going into the tailings either through
water or multi-layer soil covers. The most effective oxygen barrier cover is the water type and is summarized in
Table 3.2. This type of cover can reduce the rate of acid generation by 99.7% and is achieved by maintaining the
tailings flooded (Payant et al., 1995). If flooding is not a feasible option on site, a multi-layer soil cover usually
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made up of a lower capillary break, overlain by clay or silt, and a layer of erosion protection can be used. Each
layer in the system serves a purpose. The purpose of the lower capillary break is to limit drainage of the middle
layer into the tailings and reduce metal uptake by vegetation. The surface layer helps prevent erosion and
desiccation of the middle layer. Maintaining high moisture content in the middle layer(s) ensures oxygen diffusion
into the lower layers and tailings deposit is minimized.
An aesthetic cover may be used where the reduction of loading to groundwater is not a significant factor. This
cover aims to improve tailings surface appearance, limit tailings and surface runoff contact and prevent surface
erosion. It is commonly used where there is limited acid generation or where interception and treatment takes
place down gradient on site.

3.2 CLOSURE OPTIONS AT CMM SITE
In 2010, AMEC completed a study based on the design criteria set through a site-specific risk assessment and
expected requirements for a Provincial park setting on various closure options for CMM site (AMEC, 2012). In
accordance with these requirements, a short list of four options were evaluated:
1. full soil cover;
2. partial soil cover, partial water cover;
3. full water cover; and
4. full soil cover with synthetic liner.
A summary of the four options evaluated including descriptions, advantages and disadvantages of each can be
found in Table 3.1 below.
The evaluation process for the various tailings covers was based on a numerical rating system developed by
AMEC in 2012. The system identified potential social, economic, and environmental factors influencing the
implementation of each rehabilitation option. The results were tabulated in a chart as shown in Table 3.2.
Option 1 received the highest rating and was recommended as the selected cover system for the CMM site. The
implementation of this option includes design of an engineered soil cover system and re-vegetation of the site to
promote the establishment of a new ecosystem.
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Table 3.0 – Tailings Cover Options (AMEC, 2012)

Option

Description

Advantages

Disadvantages

1. Full soil
cover

- regrading of tailings
from importing and
placing soil

- provides good growth
medium for vegetation

- periodic maintenance

- populate vegetation

- limits water ingress and
oxygen diffusion into
tailings
- reduces heavy metal
leaching and prevent
future erosion of tailings

2. Partial
soil cover,
partial water
cover

3. Full water
cover

- development of large borrow
area
- capital cost is high

- similar to option 1
except with flooding in
the east side of the
tailings containing the
water with bedrock and
clay dikes

- restricts water and
oxygen infiltration

- minimal erosion and cost

- increased risk on water
control structures and Road
PR304

- full flooding of east and
west sides of PR 304

- restricts oxygen diffusion

- constant inspection

- improves aesthetics
(artificial lake)

- increased risk with water
containment facilities

- moderate cost

- increased risk with
maintenance for the long term

- design water elevation
of 303.5 m ASL

- produces clean runoff to
western portion of tailings

- construction of 7
embankment dikes

4. Soil
cover with
synthetic
liner

- application of fertilizer may be
required occasionally

- similar to option 1
except with an additional
liner (geomembrane)

- periodic maintenance
- constant inspection

- high cost
- excellent water and
oxygen barrier

- limited growth medium for
vegetation

- clean overland runoff

- periodic maintenance with
complex monitoring system

- positive effect on
downstream surface water
quality
- minimizes public safety
and environmental hazards
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- increased quality assurance
- development of large borrow
area
- high capital cost

Table 3.1 – Tailings Cover Options Analysis Results (AMEC, 2012)
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3.3 SELECTED TAILINGS COVER OPTION
3.3.1 Design Criteria
AMEC has completed several studies for determining the most effective soil cover system at CMM (AMEC,
2012).
The key objectives for the soil cover at the site include:
-

Remove all public safety concerns, including derelict buildings, remnant old foundations
and scrap steel, and re-contouring the tailings to eliminate deep or sudden changes in
topography.

-

Provide growth medium and re-vegetate the site using native species, compatible with
the ones currently found in Nopiming Provincial Park.

-

Once the PR 304 is reconstructed as part of Phase I project at CMM site, construct an
engineered soil cover over the tailings area in order to limit or stop erosion
activity at the site, limit wind erosion of tailings, improve surface water quality and
prevent further exposure of unoxidized tailings.

-

Implement erosion control measures and limit water accumulation on top of the tailings

Based on the objectives listed above, an engineered soil cover was constructed in accordance with the following
key design criteria at the CMM site:
-

Soil cover to be designed to maximize moisture retention and promote re-vegetation;

-

Requirement for a minimum 0.55 m thickness for rooting of vegetation (based on vegetation species
selected);

-

Requirement for minimum 2% slopes for positive drainage (i.e. no ponding water);

-

Requirement for nominal compaction of soil cover layers to promote surface runoff; and,

-

Improve trafficability.

3.3.2 Expected Cover Performance
The soil cover is designed as a ‘store and release’ evapotranspiration cover (AMEC, 2011). It is based on the
principle that infiltration of water in the soil particles is stored in media with lower permeability and therefore due
to climatic conditions and vegetation, will be released by evapotranspiration.
This cover is most suitable for arid and semi-arid climates in which case evaporation exceeds the precipitation.
Although the main issue at CMM site is not oxygen diffusion, this type of cover would support good vegetation
growth while at the same time minimizing infiltration and shedding surface runoff away from the site..
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The long term performance of the soil cover was analyzed based on issues related to erosion, vegetation, and
durability. The soil cover is assumed to have a defined drainage system and pathways for runoff flow and
surface waters while maximizing vegetation growth and minimizing erosion. The surficial drainage system was
designed to safely convey meteoric water during extreme precipitation events while minimizing erosional activity
(AMEC, 2012).

3.3.3 Availability of Borrow Materials
A desktop investigation for potential borrow surfaces in south-eastern Manitoba was undertaken by AMEC with
support from Wildwood Geological Services. Results indicated an abundance of clay for aggregate fill, scattered
sand and gravel pits, and numerous peat bogs within a short drive of the southeast Manitoba sites (AMEC,
2012). All results are listed in Table 3.3 below.
Table 3.2 – Potential Borrow Sources close to CMM Site (AMEC, 2012)
Legal Land

Distance from CMM

Description

Material Type

(km)

Claim Holder

NE1/4-23-15 E

Blast Rock

39

None

SE1/4-21-16 E

Gravel

45

M.I.T.

22-16 E

Clay

9

Tembec

SE1/4-22 E

Clay

11

None

The soil materials described above were evaluated based on the soil cover design requirements including a 0.15
m suitable rooting medium for vegetation growth, and 0.60 m of suitable water retaining subsoil. Lab results
indicated that the peat may experience large temperature fluctuations and moisture content due to a relatively
low bulk density. Both parameters are essential for seedling establishment; therefore, implementation of peat by
tillage to approximately 25 cm depth after placement over the clay material could be a solution. The clay was
found to be a suitable material for construction if obtained from depths less than 1.5 m below ground level (bgl).
The granular fill material was found in limited quantities and too fine to be used as a drainage material.
Increasing costs would result from handling and preparing it on site therefore it not a feasible option for the
drainage cover system.
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3.3.4 Proposed Soil Cover System at CMM Site
Numerical simulations using software SVFlux and HELP assisted in evaluating the performance of several
alternative cover designs but following the same cover concept, under anticipated climatic conditions (AMEC,
2011). The cover model geometries are shown in Figure 3.0 below and include the following:
-

Soil Cover Variation 1 – 0.2 m of topsoil overlying 0.6 m of sandy clay and 0.2 m of gravel;

-

Soil Cover Variation 2 – 0.3 m of topsoil overlying 0.5 m of sandy clay and 0.2 m of gravel;

-

Soil Cover Variation 3 – 0.4 m of topsoil overlying 0.4 m of sandy clay and 0.2 m of gravel;

-

Soil Cover Variation 4 – 0.5 m of topsoil overlying 0.3 m of sandy clay and 0.2 m of gravel;

Figure 3.0 – Soil Cover Geometries (AMEC, 2011)

The variations assessed examined the effects of varying thickness of the lower permeability storage layer on
percolation in order to optimize the soil cover section. The results proved Soil Cover Variation 2 as the most
effective of the four, also surpassing the condition of a minimum cover thickness of 0.55 m for rooting vegetation
(AMEC, 2012).
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Soil Cover Variation 2 is composed of several layers and corresponding thicknesses that are optimal for CMM
site. The features of this cover help limit meteoric infiltration by shedding runoff flow and help limit water ingress
and oxygen diffusion into tailings. A 0.2 m gravel layer was proposed to be included at the base of the cover
section (see Figure 3.0), allowing percolation through the sandy silt layer to drain laterally rather than vertically
into the tailings mass to further reduce infiltration and act as a capillary break for the system. Given that
availability of quality crushed rock in the area at reasonable cost for the project was non-existent, it was decided
that the granular layer be replaced by a geosynthetic composite layer of equivalent or better hydraulic
conductivity. In this particular case, a product called DRAINTUBE™ was selected (Figures 3.1 and 3.2). This
product consists of a drainage layer and a filter layer comprised of short synthetic fibres of 100% polyester which
are needlepunched together (Altifex-Texel, 2012). The composite geosynthetic combines a perforated pipe
between a layer of polyethylene capillary medium and non woven filter as shown in Figure 3.1. The perforated
pipes from the DRAINTUBE™ are positioned at various intervals as shown below (e.g., 2 m, 1 m, 0.5 m, or 0.25
m intervals) and serve the purpose to efficiently drain the flow of water out of the cover system. The durability of
the geosynthetic is affected by several factors including particle size distribution of the soils and granular
angularity, acidity/alkalinity, sodium, lime hydration, concrete, metal ions present, presence of oxygen, moisture
content, organic content, temperature and microorganisms (Rollin, 2004). At higher loads (along steeper slopes,
in particular) the risk of stress rupture increases and can limit the lifetime of the geotextile. A flow chart for the
process of evaluation of durability of geosynthetics is currently under development at the European Standard
Committee; however, examples from the past 35 years have provided clear evidence of durability within the
geosynthetics with only minor losses in tensile strength of up to 30% after fifteen years.
Figure 3.1 – DRAINTUBE™ (AFITEX TEXEL, 2013)
Perforated
Pipe

Nonwoven
filter

Capillary
Medium
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Figure 3.2 – DRAINTUBE™ Geometry

4.0 MODELING
4.1 General Approach
One dimensional modeling using two separate software, Lymphea (Afitex-Texel Geosynthetics Inc, 2013) and
SVFlux (SoilVision, 2008) was performed to investigate the long term effectiveness of the cover. The following
model and critical parameters were used based on the available information from the various documents
available:



Cover system geometry;



Cover constituent properties including the Soil Water Characteristic Curve (SWCC) and
associated saturated/unsaturated material hydraulic conductivities;



Boundary conditions characterizing pore water initiation and migration;



Climatic conditions including precipitation, potential evaporation, temperatures, relative humidity,
wind speed, and solar radiation; and,



Vegetation impact including transpiration described by maximum rooting depth, leaf area index,
growing season duration, and the plant moisture limiting function.
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4.2 Lymphea
4.2.1 Model
Lymphea (Version 1.1) is a one-dimensional design software for geocomposites. The objective of this software
is to simulate drainage capacity for the DRAINTUBE™ performance. The user can evaluate hydraulic pressure
in the drainage layer (or backfill layer) and choose the appropriate diameter and space between the mini-pipes
such that excess pore water pressures do not build in the fill layer to cause separation or unwanted exfiltrations
at random locations across the cover. Lymphea provides two options to model: either gas or water drainage.
For the purpose of this thesis, the water option with non-saturated DRAINTUBE™ mini-pipes, and uniform flow
was used.

For the CMM site, a 1 m pipe spacing was chosen. A non-woven filter is placed on top of the pipes and a
capillary layer on the bottom (Figure 4.0a). The geometry of the system is very difficult to model by parts
therefore; a homogenous layer of equal transmissivity was simulated by the addition of pipe and geomembrane
transmissivities (Figure 4.0b).

Figure 4.0 – DRAINTUBE™ versus Simulated DRAINTUBE™

EQUAL TRANSMISSIVITY

a)

DRAINTUBE™

b) simulated DRAINTUBE™

The purpose of using Lymphea software was to evaluate and simulate a potential clogging of the
DRAINTUBE™ material, and its effects under the various scenarios. Analyses for a clogging DRAINTUBE™
were simulated in four different scenarios listed below:
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Case a) Assume the drainage layer would be a clean granular drainage layer: this simulation would be
equivalent to a 0% clogging of the pipes
Case b) Fine sand drainage layer – equivalent to 50% of the pipes clogged
Case c) Silt drainage layer – equivalent to 90% of the pipes clogged
Case d) Sandy clay drainage layer – equivalent to 100% of the pipes clogged

4.2.2 Parameters
The software is designed for the user to input data and select the desired output parameters. Based on the
objectives of the engineered cover and data collected from AMEC, this section of the thesis analyzes the
maximum pressure in the drainage layer with variations in the drainage layer transmissivity.

The parameters in Table 4.1 were used to model the hydrologic behavior of the cover layers for each selected
case. Case a) is the base case and most desirable for the site. It simulates the hydrology of the cover when no
clogging in the pipes occurs. The design pipe transmissivity for the base case is taken from a 1 m pipe
separation design criteria. The transmissivity of the geotextile is 1.0E-05 m/s2.



For the base case a), the transmissivity of the DRAINTUBE™ was selected as 1.0E-03 m/s2 which
accounts for friction loss from the pipes (as recommended by the manufacturer, DRAINTUBE™ 400P
FT1 D25).



For the least desirable case the transmissivity of the DRAINTUBE™ was selected to be 1.0E-05 m/s2
with the assumption that 99% of the pipes are clogged (i.e., transmissivity of drainage system is equal to
geotextile transmissivity). The fine sand and silt case transmissivities were obtained by applying a
clogging factor as listed in each case above.

The input and output parameters used and obtained from Lymphea are presented in Table 4.0 The base case
and DRAINTUBE™ transmissivities were used to back calculate the hydraulic conductivities of each drainage
layer case.
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Table 4.0 – DRAINTUBE™ and Clean Base Case Layer Parameters

Percent

Drainage Layer
Simulated
Case

DRAINTUBE™

Drainage Layer

Transmissivity

Transmissivity

2

2

(m /s)

Hydraulic
Conductivity

(m /s)

Maximum

Clogged in

Pressure in

Simulated

Cover (m)

Drainage

(m/s)

Layer

A

1.00E-03

2.00E-04

1.0E-03

2.00E-04

0

B

5.05E-04

1.01E-04

5.05E-04

3.96E-04

50

C

1.09E-04

2.18E-05

1.09E-04

1.83E-03

90

D

1.00E-05

2.00E-06

1.00E-05

2.00E-02

100

From investigations performed by AMEC, the design criteria for the base case drainage layer using
DRAINTUBE™, as simulated in Lymphea, is shown in Table 4.1 along with justifications for the chosen
parameters.
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Table 4.1 – Design Parameters for Base Case

Parameters

Value

Justification

Project area (m2)

240,000

CMM

rehabilitation

cover

placement area
Pipe diameter (mm)
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Design criteria

Flow type

Non saturated uniform flow

System is not saturated and
drainage assumed to be at
constant speed along the
constant area

Flow rate (m/s)

3.2E-7

Infiltration at CMM site

1.0E-5

Design criteria

Distance between mini-pipes (m)

1.0

Design criteria

Length of mini-pipes (m)

100

Longest drainage distance

Drainage layer transmissivity under
2

applied pressure (m /s)

of CMM site
Slope (%)

1.0

Minimum slope requirement
for positive drainage (i.e., no
ponding water)

Angle (degrees)

0.573

Minimum angle requirement
for positive drainage (i.e., no
ponding water)

Based on the inputs above, one of the following parameters can be chosen as the desired output:

-

Pressure and maximum length (m)

-

Slope (%)

-

Maximum pressure only (m)

-

Distance between mini-pipes (m)

-

Flow to drain (m/s)

-

Transmissivity (m /s)

2
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For the scope of this analysis, and since the geometry and type of the DRAINTUBE™ material are known, the
maximum pressure was selected as the output parameter. The sensitivity analysis was performed by varying the
transmissivity for each case, as noted above. The simulation scenarios are presented below.

4.2.3 Simulation Scenarios
The different cases simulated with Lymphea are presented below and depict the maximum water pressure in the
cover system with changing transmissivities. The purpose for these models is to analyze the effects of changing
transmissivities on the overall stability of the cover. For details on Lymphea please refer to Section 4.2.1 and for
a detailed approach to the model simulation Appendix A.

Case a) No clogging

Case b) 50% of pipes are clogged
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Case c) 90% of pipes are clogged

Case d) 99% of pipes clogged

4.2.4 Results
The results for evaluating the maximum water pressures in the cover were modeled in Lymphea and displayed in
Table 4.2. The trend shows increasing maximum pressures ranging from 0.2 mm in case a) to 20 mm in case d).
It can be seen that the maximum pressure is relatively small (< 5 mm) for the first three cases, and exhibits a
sudden jump in the case of 99% clogging as shown in Figure 4.3. This case is the most extreme case and
unlikely to happen but has been modeled for purposes of analysis. Based on the results, the maximum pressure
in the cover system would not be significant as the cover thickness is 0.8 m. A comparison between the
hydraulic uplifting force resulting from the water build-up in the drainage layer, and the resisting force, which is
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the pressure (total stress at that location) that keeps the soil cover in place, show that the uplifting water
pressures are far less than the total stress at the same location. This suggests that there is a very remote
chance that a clogged drainage layer would produce high enough water pressures that would displace the soil
cover, particularly in this project, where slope gradients are very small and steep slopes were purposely avoided
in the design.

Figure 4.3 – Percent Clogging Versus Maximum Pressure in Cover System
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4.3 SV Flux
4.3.1 Modeling
The modeling software, SVFlux Version 2.1.19 developed by Soil Vision Systems, Ltd was used to simulate flow
through the composite soil cover at CMM site by estimating percolation rates, assessing pore water pressures,
and evaluating saturation levels in a one dimensional system under steady-state conditions.

SV Flux Version 2.1.19 is a one, two or three dimensional analyses groundwater seepage modeling software
that simulates saturated and unsaturated flow regimes through porous media (SoilVision, 2006). The software is
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ideal for applications involving interactions between the atmosphere and soil as it implements complex
evaporative flux boundaries. The models can either be steady state (i.e., variables not changing in time) or
transient (i.e., velocity and pressure change over time), and can be chosen based on geometry and boundary
conditions, such as climatic environmental factors. Once the problem geometry has been established, the
software generates and refines the finite element mesh by identifying the model nonlinearity through FlexPDE,
its partial differential solver. Many of the applications near the ground surface and considering flat or near flat
surface or soil layering, are one dimensional (1D) and use the 1D version of SVFlux.

The original model developed by AMEC (AMEC, 2011) was analyzed using SVFlux, which solves the partial
differential equations describing the flow of water through the material. Once the problem was analyzed a
descriptor file was written and sent to the solver. Separate windows for each plot were then graphically
presented on the display describing various flow parameters including pore water pressure, head, storage, and
percolation.

4.3.2 Model Geometry
The selected soil cover geometry was analyzed in 1D and modeled with a unit area and a thickness of one
meter. The cover system geometry includes 0.3 m of topsoil overlying 0.5 m of sandy clay and 0.2 m of gravel. It
is noted that the hydraulic conductivity of the gravel layer used by AMEC in SVFlux is within the range of a clean
coarse sand according to Table 4.5, and therefore all values referenced to gravel are respective to clean sand.
As described in Section 3.3.2, the cover is composed of fine-grained sandy clay underlain by coarser gravel
which acts as a capillary break. The model takes into account a vegetative cover that will be developed over the
topsoil layer. From modeling developed by AMEC, the minimum root depth required was found to be 0.55 m
(AMEC, 2012).
The model uses an extensive number of nodes and cells to accurately produce a hydrological model.

4.3.3 Parameters
Three different layers of varying material properties were used in the cover modeling: topsoil, sandy clay, and
clean sand. To estimate the unsaturated soil property functions of each layer, borrow materials were sampled
and used as a basis for fitting soil water characteristic curves (SWCC). The SWCC is a graphical representation
between the suction of a soil (i.e., difference between pore air pressure and pore water pressure) and its
moisture content or degree of saturation (Fredlund and Rahardjo, 1993). The laboratory based curves were
compared to similar material values to ensure a representative fit.
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However, several limitations can be present in the lab tests. One of which includes a long duration period (of up
to two months) for the development of accurate moisture contents if the soil has significant plasticity. For this
reason, several empirical formulas have been developed as to accurately predict SWCC lab data.
This thesis uses the Fredlund and Xing (1994) empirical method to predict the SWCC and unsaturated hydraulic
conductivity function in terms of soil water retention parameters. The Fredlund and Xing fit provides a realistic
representation of the curve at high suctions (SVOffice 2008). The fit is based on the following formulas:

The above equations describe the existence of various parameters in the modeling. The saturated volumetric
content can be defined as the greatest amount of water storage while the residual volumetric constant is the
maximum soil suction without seepage occurring. Three different fitting parameters (af, nf, and mf) were
correlated with the SWCC for each material layer. A summary with the hydraulic parameters used in the
modeling can be seen in Table 4.4 below.
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In assessing flow through unsaturated media, a relationship between the relative hydraulic conductivity and soil
suction was drawn. The relative conductivity describes the unsaturated hydraulic conductivity at a particular soil
suction divided by the saturated hydraulic conductivity. The basis to seepage design within soil cover systems is
based on the relative conductivity versus soil suction and the associated SWCCs.
The model inputs consisted of varying hydraulic conductivities based on material properties to simulate the
effects of a clean sand layer replaced by the DRAINTUBE™ if clogging did occur. To simulate this effect, four
different materials with hydraulic conductivities varying from high to low were inputted. An average hydraulic
conductivity for each material was inputted as to simulate the most representative permeability of that layer.
Table 4.4 – Hydraulic Parameters for Soil Cover Model
Soil Parameter

Symbol

Gravel

Sand

Saturated
Volumetric
Moisture
Content

өs

0.43

0.41

Residual
Volumetric
Moisture
Content

өr

0.045

0.45
0.17

Fitting
Parameter

af

0.5943801
kPa

678.2763
kPa

300 kPa

1.221767
kPa

Fitting
Parameter

nf

2.9909

0.5340254

1.5

1.860016

Fitting
Parameter

mf

1.004734

2.604048

1

0.3838958

Residual
Moisture
Content
Hydraulic Head

hr

2.043 kPa

11876.3
kPa

3000 kPa

19.236 kPa

Saturated
Hydraulic
Conductivity

Ks

1E10-3
cm/sec

1E10-4
cm/sec

1E10-6
cm/sec

1E10-8
cm/sec
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Silt

Sandy Clay

0.45

to

0.45
0.17

0.39

to

0.17

Table 4.5 – Typical Values for Hydraulic Conductivity (Freeze and Cherry, 1979)

4.3.4 Boundary Conditions
Two boundary conditions or driving forces behind the finite element analysis were used in the model. The top
boundary condition consisted of an atmospheric boundary from climatic forces to simulate meteoric conditions
and the bottom boundary consisted of free drainage as to provide a conservative over estimation of percolation
(Bohnhoff et al., 2009; Ogorzalek et al., 2008).

The climatic flux consisted of specific environmental forces including temperature, wind speed, precipitation, pan
evaporation, relative humidity, wind speed, and solar radiation.
The model was composed of two climatic steps are described below.
1. Calibration precipitation – typical year (or annual data set with the total precipitation closest to the long
term annual average precipitation) repeated five times (or five years).
2. Performance precipitation – the wettest 10-year period on record is applied to the resulting pore water
distribution from the calibration step

The model inputs for a typical year and the wettest 10-year period (as described in Section 2.1.4) are shown
Tables 4.6 and 4.7 below (AMEC, 2011).
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Table 4.6 – Calibration Precipitation Model Input (AMEC, 2011)

Month

Bissett
Weather
Station
(1969 to
1997) (mm)

Pine Falls
Weather
Station
(1960 to
1995) (mm)

Pinawa
Weather
Station
(1968 to
2010) (mm)

Beausejour
Weather
Station (1954
to 2004) (mm)

Typical
Year
(Bissett
1975)
(mm)

January

24.2

23.6

24.1

25.3

45.4

February

17.6

16.6

17.7

18.7

23.1

March

27.2

18.5

26.6

26.0

27.6

April

32.9

30.2

33.8

34.5

15.6

May

54.4

60.8

68.8

64.2

31.3

June

91.5

87.7

98.8

85.9

95.4

July

75.3

78.7

82.4

82.4

67.5

August

81.3

78.3

75.8

74.7

137.2

September

70.7

69

67.6

61.0

52.0

October

48.5

41.2

47.1

41.4

33.4

November

31.3

23.1

30.0

32.1

14.9

December

22.2

22.2

27.5

27.5

18.4
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Table 4.7 – Performance Precipitation Model Input (AMEC, 2011)
Month

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

January

23.9

15.4

40.0

4.2

42.8

45.4

32.5

22.0

18.4

6.1

February

14.7

6.5

18.6

25.3

16.3

23.1

23.4

38.6

11.0

23.6

March

27.9

25.6

35.4

8.0

34.9

37.6

31.7

13.3

35.1

56.3

April

52.5

78.0

24.6

49.6

83.2

15.6

55.6

5.6

24.7

65.2

May

76.9

5.7

48.9

14.9

101.2

31.3

9.4

93.3

68.6

129.9

June

103.3

103.0

34.7

98.8

28.3

95.4

107.6

134.5

171.1

28.3

July

66.0

80.1

54.5

64.3

40.6

67.5

20.1

118.7

122.9

85.8

August

21.0

25.8

69.4

135.3

145.0

137.2

43.5

115.8

54.5

75.7

September

65.0

115.1

94.8

62.9

49.5

52.0

16.2

121.6

72.0

36.1

October

60.3

79.5

34.2

101.1

18.4

33.4

20.4

24.7

28.1

48.4

November

39.5

41.8

21.6

60.6

23.8

14.9

14.6

35.7

47.9

35.4

December

38.0

19.8

28.2

24.8

5.9

18.4

27.9

22.8

28.3

28.6

Yearly
Total
(mm)

589.0

596.3

504.9

649.8

589.9

571.8

402.9

746.6

682.6

619.4

4.3.5 Sensitivity Analysis
The method used in this sensitivity analysis was the finite element method (FEM). This method is an
approximation to the solution of the differential equation. It solves a problem of the interiors of the elements (i.e.,
grid cells) and for the grid points (or nodes). The formulation of the FEM equations requires that the field
quantities (stress and displacement) vary throughout each element using defined functions.
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The hydrology of the soil cover was simulated with four different flow systems in the DRAINTUBE™ layer as
shown in Figure 4.1. The sensitivity analysis was based on varying the hydraulic conductivity in the
DRAINTUBE™ layer to simulate a progressive clogging geotextile. The cases used in the sensitivity analysis are
shown below with topsoil, sandy clay and a changing drainage layer. The hydrology of each case is presented in
the following subsections.

Figure 4.1 – SVFlux Models with Varying Bottom Layer Hydraulic Conductivity

a) Gravel

b) Sand

c) Silt

d) Sandy Clay

To analyze the long term flow in the soil cover, the modeling was based on a 10 year performance simulation.
Hydrologic plots were formulated for each given case including a summary of the water balance, net percolation
into the soil cover, saturation in each layer, and flux along the soil boundaries.

The water balance depicts the slopes of various hydrological parameters in cubic meters per year. These
parameters are plotted as cumulative slopes and include precipitation, runoff, potential evaporation and
transpiration, actual evaporation, transpiration sink, flux, boundary flux, net percolation, water volume change,
water balance without boundary flux, water balance without flux, and maximum storage. The purpose of these
figures is to show the hydrologic change in the system over time.
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As stated above, the net percolation, saturation, and flux are the three parameters that will be examined in this
thesis. The net percolation is defined as the soil water released into the groundwater flow system and is
synonymous with recharge (Dobchuck et al, 2009). The CMM site has a high water table, located approximately
0.5 to 1.5 m below the top of the tailings.

Saturation and flux are both plotted for each layer. The saturation is defined as the extent of water filling voids in
the ground while the flux is defined as the “The rate of discharge of groundwater per unit area of a porous
medium measured at right angle to the direction of flow” (Lohman, 1972). The change in saturation levels is
displayed in the figures below where the gravel layer is depicted by different materials as stated by the various
cases. In terms of groundwater flow, Darcy describes flux as the discharge rate per unit of cross sectional area
of porous medium. The flux simulated in this model is equivalent to the sum of precipitation and actual
evaporation minus the runoff. Flux 2 is the main flux analyzed in this thesis.

Case a) Bottom layer as Gravel
The gravel case is the base case in this thesis and is therefore the reference for analysis on all three of the other
cases. The bottom gravel layer in Figure 4.1 a) represents an equivalent DRAINTUBE™ layer with no clogging
in the pipes. Highlights from the cumulative summary (Figure 4.2) include:

-

maximum storage of <1 m3 constant for ten years

-

linearly increasing runoff with a steeper slope increasing around the 6th year

-

little to no vertical percolation through the cover system

Figure 4.3 shows the saturation in each layer over time. The y axis represents the degree of saturation while the
x axis shows the time in days for a period of 10 years. Saturation in the top soil appears to fluctuate with climatic
conditions causing saturation levels to increase with seasonal precipitation. The saturation in the sandy clay
layer at time zero is approximately 58% and constantly increases to 84% after 10 years. In the drainage layer,
the saturation is constant at less than 10%, which is consistent with the expected performance of
DRAINTUBE™.
3

The cumulative flux along the sandy clay – gravel boundary increases from 0 to approximately 0.014 m in ten
years with the greatest increase in the first half of the first year (Figure 4.4). This shows that the sum of the
precipitation and actual evaporation was much greater than the runoff in the first year. This high flux indicates a
large positive flow into the drainage layer during the first half of the year. Subsequently, the trend increases at a
lower rate.
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The net percolation is presented in Figure 4.5 and shows an increase from 1.5E-6 to 4.5E-6 m3/day in the first
year, decreases to approximately 3.0E-6 m3/day after 2000 days and increases to 5E-7 m3/day after ten years.

Cumulative Summary (m^3)

Figure 4.2 – Cumulative Summary of Cover Hydrology

Figure 4.3 – Saturation versus Time in Cover layers
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Volume (m^3)

Figure 4.4 – Flux versus Time

Flux (m^3/day)

Figure 4.5 – Net Percolation versus Time
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Case b) Bottom Layer as Sand
The model geometry (Figure 4.1b) displays a bottom sand layer representing an equivalent DRAINTUBE™ layer
with 50% of the pipes clogged. Highlights from the cumulative summary (Figure 4.6) include:

-

maximum storage of < 1m3 constant for ten years

-

linearly increasing runoff with a steeper slope increasing around the eighth year

-

little to no vertical percolation through the cover system

-

an increase in water balance minus boundary flux starting in the fourth year

Top soil saturation displayed in Figure 4.7 appears to fluctuate with climatic conditions and increases irregularly
after the first year. The soil exhibits full saturation of periods lasting less than a month per year. Upon full
saturation, the top soil curves to a minimum and exhibits very little saturation (<20%) lasting approximately two
months. The sandy clay layer starts at a saturation level of an estimated 56% and drops down to 28% saturation
in the tenth year. The curve is represented by minor fluctuations that vary every year in 2% drops. In the
drainage layer simulated by sand material, the saturation level drops from 88% to 10% in approximately a year.
The saturation level remains constant at 8% for the next nine years.
The cumulative flux along the sandy clay – sand boundary increases linearly from 0 to approximately 0.02 m3 in
150 days as shown in Figure 4.8. After this time period the relationship between the flux in time is shown as
exponential function with a flat slope reaching 0.11 m3 in ten years.
The net percolation is presented in Figure 4.9 and shows an increase from 0 to 4.45E-5 m3/day after 500 days,
and becomes constant at 2.55E-5 m3/day after six years.
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Cumulative Summary (m^3)

Figure 4.6 – Cumulative Summary of Cover Hydrology

Figure 4.7 – Saturation versus Time in Cover Layers
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Volume (m^3)

Figure 4.8 – Flux versus Time

Flux (m^3/day)

Figure 4.9 – Net Percolation versus Time
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Case e) Bottom Layer as Silt
The model geometry (Figure 4.1c) displays a bottom silt layer representing an equivalent DRAINTUBE™ layer
with 90% of the pipes clogged. Highlights from the cumulative summary (Figure 4.10) include:

-

maximum storage of < 1m3 constant for ten years

-

linearly increasing runoff with a steeper slope increasing around the 9th year

-

little to no vertical percolation through the cover system

-

an increase in water balance minus boundary flux in the 9th year

Figure 4.11 shows the degree of saturation in each layer over ten years. Saturation in the top soil seems to
fluctuate with climatic conditions and increases irregularly after the first year. The soil varies in saturation levels
from fully saturated following little saturation several times a year after the first year. The sandy clay layer starts
at a saturation level of almost 60% and drops down to approximately 10% in the fourth year where it remains
constant for the next six years. In the drainage layer, the saturation level drops from 100% to 10% in
approximately a year. The saturation level remains constant at 12% for the next nine years.

The cumulative flux along the sandy clay – silt boundary increases linearly from 0 to approximately 0.3 m3 in ten
years as shown in Figure 4.12 The slope or flow at the boundary is 8.33E-5 m3/day which is a relatively high flux
indicating a large positive flow into the drainage layer.
The net percolation is presented in Figure 4.13 and shows an increase from 0 to approximately 1.0E-4 m3/day
after 500 days, and becomes a constant 8.0E-5 m3/day after four years.
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Cumulative Summary (m^3)

Figure 4.10 – Cumulative Summary of Cover Hydrology

Figure 4.11 – Saturation versus Time
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Volume (m^3)

Figure 4.12 – Flux versus Time

Flux (m^3/day)

Figure 4.13 – Net Percolation versus Time
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Case d) Bottom layer as Sandy Clay
The sandy clay case is the least desirable case and highly unlikely; however, it has been plotted for the purpose
of simulating a clogged drainage layer. The model geometry (Figure 4.1d) displays a bottom sandy clay layer
representing an equivalent DRAINTUBE™ layer with 99% of the pipes clogged. Highlights from the cumulative
summary (Figure 4.14) include:

-

maximum storage of approximately 0.2 m3 constant for ten years

-

linearly increasing runoff with a steeper slope increasing around the 6th year

-

little to no vertical percolation through the cover system

Figure 4.14 shows the saturation in each layer in time. The y axis represents the degree of saturation while the x
axis shows the time in days for a period of 10 years. Saturation in the top soil seems to fluctuate with climatic
conditions, starting at 34% at time zero to complete saturation after 100 days and down to 10% at 250 days. The
saturation in the sandy clay layer at time zero is approximately 60% and increases to 90% after 10 years. In the
drainage layer, the saturation starts at 50% and increases linearly to 60% after 10 years.

The cumulative flux along the sandy clay – sandy clay boundary increases exponentially from 0 to approximately
0.0015 m3 after the first year as shown in Figure 4.15, orange line, slope A. The slope decreases between 500
and 2000 days and starts to increase again thereafter. Slope A is the steepest out of the three as a result of the
initial climatic conditions. This means that the sum of the precipitation and actual evaporation is much greater
than the runoff in the first year. A high flux indicates a large positive flow into the drainage layer. The flatness in
slope B shows that the flux is much lower from the first half of the 2nd year to the end of the 6th. The graph shows
an increase in slope C from 0.005 m3/d to 0.0078 m3/d between year 6 and 10 respectively.
The net percolation is presented in Figure 4.16 and shows an increase from 0 to 3E-7 m3/day in the first year,
3

3

4.5E-7 m /day after 2500 days and 6E-7 m /day after 10 years.
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Figure 4.14 – Cumulative Flow Summary
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Figure 4.15 – Saturation versus Time
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Figure 4.16 – Net Percolation versus Time

Figure 4.17 – Flux versus Time
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4.3.6 Sensitivity Analysis Results
In order to evaluate the significance and sensitivity of various model parameters on the hydrology of the soil
cover and specifically the lower DRAINTUBE™ (drainage) layer, a sensitivity analysis was completed as
described in section 4.3.5. This section presents the results for the soil cover.
A 1D seepage model was used to evaluate the sensitivity of the hydraulic conductivity of drainage layer based
on 4 different material properties listed in section 4.3.3. A summary of the results obtained from the net
percolation and flux is tabulated in Table 4.8 below.
Table 4.8 – Summary of Results
10-yr Performance Simulation
Hydraulic
Conductivity
(cm/s)

Net Percolation (m3 /d)

Flux at Boundary between Sandy
Clay and drainage layer (m3 /d)

A

1E-3

-5.04E-6

5.50E-6

B

1E-4

-2.11E-5

2.08E-5

C

1E-6

-8.05E-5

-8.06E-5

D

1E-8

-6.06E-7

3.46E-6

Case

The saturation plots generated in SVFlux follow increasing or decreasing trends in flow through the cover. Table
4.9 below shows the trend for each of the layers in the four cases. Although case A and D have a similar
number of full saturation in the top soil, it must be noted that the duration of the saturation in Case D significantly
increase over the ten years while case A remains irregular.
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Table 4.9 – Degree of Saturation over 10 Years
Case

Top Soil

Sandy Clay

Drainage Layer

A

Increases (fully saturated 12
times)

Increases

Constant

B

Increases (fully saturated 20
times)

Decreases

Decreases

C

Increases (fully saturated 25
times)

Decreases

Decreases

D

Increases (fully saturated 12
times)

Increases

Increases

5.0

DISCUSSION

This thesis examines basic seepage theories developed by Darcian flow, Fick’s law, and conservation of mass
(SoilVision, 2008). SVFlux utilizes partial differential equations to help solve flow problems. For the purpose of
the numerical analysis, several assumptions include:

-

Pore-air and water vapour behaves like an ideal gas,

-

Local thermodynamics between the water vapor and liquid air exists at all times isotropically in the soil,

-

Pressure from the atmosphere is negligible.

With regards to these assumptions, below is a discussion for the base case versus the sand, silt, and sandy clay
options.

Case a (Base Case) - Gravel
As stated above, this case is the base case for this thesis and a reference case for discussion. It was chosen as
the base case as gravel is a highly permeable material and can simulate a DRAINTUBE™ layer with 0%
clogging. The high permeability of gravel transfers water out through the void spaces making this material an
ideal one for the site drainage hydrology.

Three different plots (saturation, net percolation and flux) generated in SVFlux show visible trends in cover
hydrology over a ten year period of modeling.
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The first trend is the increase of saturation in each layer of the cover (topsoil, sandy clay, and gravel) as shown
in Figure 4.7 and Table 4.9.

The increase in top soil saturation could be a result of both climatic conditions (such as precipitation and
evaporation) and saturation effects from the drainage layer. The top soil is directly exposed to the atmosphere
therefore the degree of saturation increases with the amount of rainfall. Vice versa, during periods of little
precipitation the top soil saturation is reduced and displays sinusoidal curve fluctuations for the ten year period.
The overall saturation trend in the top soil is irregular in the first two years and slowly increases in frequency and
duration between the second and tenth as the hydrologic system begins to stabilize.

The sandy clay layer also shows an overall increasing saturation period. This increase could be explained by
capillary forces. Capillarity occurs when there is surface tension between gas and liquid and preferential
attraction of water for glass (Beckie, EOSC 329, 2011). The small pores in the sandy clay layer help hold water
more strongly by the surface tension present. As the soil becomes increasingly saturated in a short amount of
time, the excess water does not have enough time to drain and therefore slowly builds up excess water in the
pores.
The constant 10% saturation level in the gravel layer results from the permeable nature of the material. The
hydraulic conductivity of this porous media is controlled by several factors including (Beckie, 2011):

-

Viscosity

-

Average grain size and

-

Fluid density

As the average grain size is increased, the hydraulic conductivity increases and therefore more water is able to
flow out of the system at a faster rate.

The cumulative flux between the sandy clay and gravel layer is demonstrated in Figure 4.4. The slope trends to
be increasing with slightly higher slopes in the first year attributable to the climatic conditions and hydrologic
system stabilization. The flux for the base case after ten years is 0.013 m3 which is very small.
The third plot, Figure 4.5, shows the net percolation into the system. The increase in net percolation follows the
change in flux over the ten years. The net percolation increases to approximately 4.5E-6 m3/d after the first year
3

3

and decreases to 3.0E-6 m /d after the sixth. After ten years the net percolation is at maximum of 5.0E-6 m /d.
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In summary the base case results from two key points:
1. Minimal saturation and
2. Good horizontal flow through the drainage layer

Case b and c – Sand and Silt Case

This section discusses the similarities and differences in hydrologic trends of the soil cover between the sand
and silt versus the base case.

The cumulative plot for the silt and sand case are similar to the base case with the exception of the boundary
flux. As the permeability decreases, the boundary flux shows to be increasing and is explained in the flux section
below.
Saturation
The saturation across the top soil layers follows an increasing trend as the permeability of the drainage layer
decreases. As the drainage material changes from gravel to sand to silt, the material is becoming increasingly
clogged, and the effects in the top soil include an increase in full saturation frequency. As seen in Table 4.9, full
saturation over the ten year period was only reached 12 times in the gravel (base case) whereas the sand and
silt cases reached 20 and 25 times, respectively.

Saturation in the sandy clay layer displays different trends in the sand and silt case versus the base case. The
base case displays an increase of saturation in the sandy clay whereas the sand and silt cases both display
decreasing trends over the first four years and becoming constant at 10% around the sixth year. A possible
explanation for the decreasing trend in the sand and silt cases could be due influences from the topsoil. As the
saturation in the top soil increases in frequency, the saturation in the sandy clay decreases as the water is
infiltrated into the drainage layer at a faster rate.

The saturation in the drainage layer as the material changes from gravel to sand and silt changes slightly at the
first rainfall. In the case of the gravel case, the saturation in the drainage layer starts at approximately 10% and
is kept constant throughout the ten years. For the sand drainage case, saturation starts at 85% and drops to
approximately 10% in the first month where it is kept constant for the ten years. In the silt case, the saturation
starts at almost 100% and drops down to approximately 12% after the second year where it is kept constant. A
potential factor for this constant trend could be the boundary flux that will be described below.
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Flux
The flux in the sand case compares to that of the gravel by a magnitude of ten. An increase in cumulative flux is
present in the first year for both cases while decreasing slightly between the second and tenth. After ten years,
the gravel and sand reached magnitudes of 0.014 m3 and 0.12 m3, respectively.

The flux in the silt case increases linearly and is almost double the magnitude of the gravel case after ten years
(e.g., 0.30 m3 in the silt verses 0.014 m3 in the gravel).
The overall trend for the flux between the sandy clay layer and the drainage layer increases with lower drainage
permeability. A good correlation between flux and saturation is seen in the sand and silt plots showing that the
increase in boundary flux reduces the saturation in the sandy clay layer. The initial increase in slope for the sand
and gravel case is due to initial wetting in the cover.
Net percolation
The net percolation is very minimal and almost negligible. The key point in this analysis is the trend of this
parameter. As the permeability of the drainage layer decreases, the magnitude of the stabilized net percolation
increases to 5.0E-6 m3/d, 2.3E-5 m3/d, and 8.0E-5 m3/d in the gravel, sand, and silt cases respectively. The net
percolation can be seen to be correlated with trends in flux. As the flux increases, the net percolation also
follows.
Case d) Sandy Clay
The sandy clay case is the least desirable scenario as the hydraulic conductivity is very low (8.64E-06 m/d)
allowing almost no water to flow through. This scenario was modeled to show a conservative estimate of a
clogged DRAINTUBE™ (i.e., no drainage) over a period of 10 years. Based on the model plots, this case does
not show similar trends with the sand and silt cases; therefore, this section will analyze this case in particular.

The saturation in the top soil and sandy clay layer follows the same trend as in the gravel case. The main
difference in this case versus all the rest is the trend in the drainage layer. The saturation in the drainage layer
varies from 50 to 60% in ten years and increases at a constant linear slope. The soil cover was modeled for ten
years therefore only limited data is available. If the trend were to continue, full saturation in the drainage layer
could eventually take place after 20 years.
The cumulative flux along the sandy clay – sandy clay boundary is similar to the gravel layer trend line as it
increases in time. The magnitude is slightly higher in the sandy clay case versus the base case.
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The net percolation over the ten years on average is less than 6E-8 m3/d. The major difference in this case is the
lack of a minimum deflection point after the first year. The net percolation seems to decrease linearly over the
ten year period with no potential significance for cover stability.

Stability Concerns
Several stability issues can arise if the DRAINTUBE™ becomes almost 100% clogged as simulated in SVFlux
with the sandy clay case. Such issues include: vegetation impacts, cover displacement and liquefaction.

Vegetation plays an important role in the stability of the soil cover. An effective cover system can reduce
instability and increase drainage cover functionality. Two main CMM site factors should be taken into
consideration after the soil cover is put in place:

1) Selection of site-specific species with complex rooting systems that are water-tolerant
2) Vegetation density

Stability associated with a vegetative cover is based on the transpiration process. Approximately 95% of the
water extracted from soil is transpired and flows through the soil-root-stem-leaves-atmosphere system with only
limited water transpired through the tissues of the stem (Kutilek and Nielsen 1994). The concept of soil-plantatmosphere-continuum is used to describe the water flux from the transpiration process. This process is
calculated based on the potential evapotranspiration, rooting depth, Leaf Area Index, effectiveness of root
system, and duration of plant water uptake (AMEC, 2012). Effective root development helps link the stored water
within the soil to the plants on the ground surface as to regulate the amount of transpiration that can occur. This
process not only helps reduce percolation but at the same time changes the water balance of the system
through transpiration given off by the roots and stems. This phenomenon helps reduce instability through
reduction of water volume in cover; decreasing cover weight, erosion from runoff, and ultimately increasing the
factor of safety (Gheorghe, 2013).

Infiltration is a potential trigger for instability in unsaturated slopes (McDougall and Pyrah, 1998). Although the
slope of the soil cover at CMM site is only 1%, reduced runoff could induce the potential for soil cover
displacement if no drainage layer is present. The consequence of little to no drainage increases saturation levels
in the soil cover, potentially causing water to percolate into the tailings through fissures and shear zones. When
initial hydraulic conditions give rise to non-uniform suctions along potential shear surfaces the impact of different
infiltration phenomena on unsaturated slopes may be complex. The pressure build up in the system could
expose the tailings to instability and environmental concerns such as acid mine drainage. Stability is controlled
by drainage system – water infiltrated can represent instability.
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6.0

CONCLUSIONS

Based on the results of the hydrological analysis presented in this thesis, the following conclusions can be
drawn:


The cover system is made up of two sub systems: a lithological system and a drainage system.



The drainage system is relatively sensitive to changes in the performance of the DRAINTUBE™ layer if
it would become clogged with time. The hydraulic conductivity ranges considered for a clogging drainage
layer included 1.0E-3, 1.0E-4, 1.0E-6, and 1.0E-8 cm/sec.



Hydraulic conductivity is directly correlated with saturation levels in the cover system:
- Generally, reduction of drainage layer permeability (i.e., more clogged) increases the saturation in the
top soil with the exception of the sandy clay case (99% clogged).
- Saturation in the sandy clay layer is decreased with a decrease in permeability; exception with sandy
clay case which the saturation is increased.



Net percolation was found to be minimal and increasing slightly with decreasing drainage permeability.



Water flux was found to be minimal and increasing slightly with decreasing drainage permeability.



The maximum water pressures developing in the drainage layer of the cover for each simulated case
were minimal, ranging from 0.2 to 20 mm equivalent water column, which implies very low uplifting water
pressure build-up, with minimal or no impact on the stability of the soil cover above the DRAINTUBE™
layer.

The modeling performed for each given case with SVFlux showed increasing flow trends over time as the
hydraulic conductivity was reduced. The least desirable case and most extreme case illustrates that if the
drainage system were to fail by becoming completely clogged in the long term; in such case, more than 50% of
the drainage layer would be saturated and an increasing trend over 20 years could increase water percolation
rates into the tailings. However, the system has some level of flexibility in terms of drainage layer clogging. Even
with a 50% clogging of the drainage layer, the cover system would still be performing as designed, with a minor
increase in saturation levels and limited increase in percolation rates. From this perspective, the system, as
designed, has a built-in safety factor that allows good long term performance and should perform according to
original requirements such as limiting erosion, limiting direct human exposure to tailings, shedding water away
and supporting the vegetative cover.
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7.0

RECOMMENDATIONS

Based on the seepage analysis results and the conclusions drawn in this thesis, several recommendations for
long term cover functionality include:


Installation of sensors within DRAINTUBE™ to monitor flow regime and hydrology of the cover system.
Installations of piezometers to measure water levels and lysimeters to monitor net percolation. If
clogging occurs in pipes, manually de-clogging techniques should be implemented (such as pressure or
vacuum cleaning).



Appropriate selection of vegetative cover species to maximize cover functionality



Monitoring of vegetative cover for maximum soil efficiency, moisture levels and growth rates. Review
vegetation growth in approximately 20 years and, if necessary re-plant species that are more suitable to
an increased moisture condition



Construction of appropriate drainage channels across the cover to connect under-drainage system and
allow drain water to runoff to the outflow



Periodic field monitoring of cover integrity including physical monitoring, and, if possible, evaluation of
any deformation, sloughing or slumping of the cover and if possible topographic surveying every five
years.



Inspection of the drainage channels to ensure cover integrity against erosion control.
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APPENDIX A
Model Simulations Using Lymphea™ Software

APPENDIX B
Soil-Water Characteristic Curves Used in SVFlux™ Software
Simulations
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