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Abstract
In the Peace River Region in northeast British Columbia, dugout reservoirs, which classify as
dams under the Water Sustainability Act, are used to store fresh water for oil and gas activities.
These dams are constructed using native silt and clay soils with low strength properties and
susceptibility to erosion and freeze-thaw.
Site visits were conducted in August 2018 and May 2019 at seven dams. Soil samples were
collected for laboratory testing to determine material properties for the soils used to construct the
dams. Aerial images were captured with drones for topographic analysis using photogrammetry
to determine as-built conditions. Numerical modelling was conducted to analyze seepage and
stability under steady-state conditions. Probabilistic and sensitivity analyses were used to assess
the impact of strength properties and dam geometry.
Observed as-built conditions were compared with designs and existing best practices for
construction. Where recommended best practices are not followed, the methods used were
evaluated. The objective is to make recommendations for best practices for design and
construction of dugout earth dams storing fresh water for oil and gas activities in northeast BC.
Seven key areas of dam performance were analyzed at each of the seven dams: embankment
stability,

hydrotechnical considerations,

internal seepage,

surface

erosion

protection,

construction, appurtenant structures, and maintenance.
Embankment slopes were typically designed to follow recommendations but were often
constructed steeper than designed. Erosion protection blankets are not as effective as riprap for
protection against wave action. The value of cohesion varies for similar soils, and embankment
stability is very sensitive to this parameter. Blanket drains are effective for managing seepage
and preventing piping. Existing guidelines for freeboard and spillways are typically followed and
are found to be appropriate. Lift thickness and compaction equipment varied, and dams should
be overbuilt to ensure that adequate freeboard is maintained after consolidation settlement.
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Lay Summary
In northeast British Columbia, fresh water is stored for the oil and gas sector in reservoirs
surrounded by earth embankments that are constructed using the native soils dug out to create
the reservoirs. Many of these embankments classify as dams. The design and construction of
these dams do not consistently follow existing standard best practices. Some deviations from
these best practices account for the unique challenges associated with the geological and climatic
conditions in northeast BC.
Based on analyses and observations at seven dams used as case studies, this research aims to
develop best practices for design and construction of earth dams used to store fresh water in
northeast BC. The objective is to improve consistency in design and construction, reduce the risk
of dam failure, and improve environmental and safety standards and water management in
Canada’s oil and gas industry.
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Preface
The research was performed under the supervision of Dr. Dwayne Tannant as part of a larger
research project supported by the British Columbia Oil and Gas Research and Innovation Society
(BC OGRIS) titled “Best Practices for Earth Dam Construction and Maintenance in NE BC.”
For the case study dams examined for the project, the design and construction information and
laboratory test results were provided by Higher Ground Consulting Inc., Nichols Environmental
Ltd., the British Columbia Ministry of Forests, Lands, Natural Resource Operations, and Rural
Development, and the City of Dawson Creek. Other laboratory experiments were conducted at
the University of British Columbia’s Okanagan campus and at AGAT Laboratories Ltd. in Calgary,
AB. Vector Geomatics Land Surveying Ltd. in Fort St. John, BC were hired to capture aerial
imagery with drones over some of the case study dams.
Ethics approval from the UBC Research Ethics Board was not required. The conference paper
publication related to this research is listed below:
Smith, K., Tannant, D., Martin, L., Ferris, W., Leece, A. 2019. Hydrotechnical and geotechnical
considerations for a fresh water storage dam in northeast BC. Canadian Dam Association 2019
Annual Conference, October 6-10, 2019, Calgary, AB.
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Chapter 1: Introduction
1.1

Background

In British Columbia (BC), there are over 1500 regulated dams that must meet the requirements
of the Dam Safety Regulation (DSR) and require licensing under the Water Sustainability Act
(WSA) (BC MFLNRO, 2015). In 2016 the WSA expanded the types of structures that qualify as
dams under the DSR and freshwater storage reservoirs that meet certain size and volume criteria
now require licensing under the WSA.
Increased oil and gas development activity in northeastern BC has led to an increase in the
demand for fresh water. In 2017, 8.8 million cubic meters (m3) of fresh water were used for
hydraulic fracturing operations in the Montney resource formation (Canadian Association of
Petroleum Producers, 2018). Water used for hydraulic fracturing is typically surface water as it is
the most easily accessed source of fresh water. This has led to an increase in the construction of
dugout earth dam reservoirs to store fresh water for the oil and gas industry, which is expected to
increase as energy demands increase (Canadian Association of Petroleum Producers, 2018).
In the oil and gas industry, earth dams are often used to retain water needed for resource recovery
activities, such as hydraulic fracturing (Alberta Energy Regulator, 2018). Earth dams are
embankment structures used to impound water or other fluids by means of their own self-weight
(Mitchell, 1983). Earth dams can be homogeneous or constructed from one material; they can
also be zoned or constructed from several materials. They provide a cost-effective means of
impounding water for several purposes, including recreation, domestic storage, irrigation and
agriculture, hydroelectric power production, and waste storage.
It is important that industries be held accountable for ensuring that their dams are designed,
constructed, and monitored so that the public and the environment are protected from potential
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consequences of dam failure. These vary depending on the size of the dam and reservoir but can
include flooding, loss of habitat, damage to structures and property, and loss of life.
Several earth embankments have been constructed in recent years to hold fresh and flowback
water for the oil and gas industry and for other purposes in the Peace River Regional District in
northeast BC. Before changes made to the WSA in 2016, these were approved for short-term
water permits, but they now qualify as dams and therefore require water licenses and dam
authorization. Unauthorized dams must therefore undergo the necessary assessments and
applications to comply with the WSA (BCOGC, 2018). These structures are homogeneous earth
dams constructed using locally available silt and clay soils, which have low shear strength and
are susceptible to shrinking and swelling behavior in response to changes in exposure to water.
Stability and proper function of these dams are dependent on the material properties of the soils
used to build the embankments, the foundation soils, construction methods and quality control,
climate, and hydrotechnical aspects. Exposure to cold climates and the inherent properties of the
available soils used to construct the dams contribute to uncertainty and increased risk for
embankment cracking, slumping, and piping failure (Milligan, 2003).
The Peace River Region experiences a cold, humid continental climate similar to that of the
Canadian Prairies because of its location east of the Rocky Mountains. This region is within the
Boreal White and Black Spruce biogeoclimatic zone (Hilton, 2013). The climate of northeast BC
potentially introduces adverse effects of freeze-thaw cycles on the soil properties, including
permeability, state of compaction, and settlement, among others. It has been shown that ice-lens
formation and frost-heave can contribute to and accelerate some of the deficiencies observed in
dams, including slumping, cracking, erosion, and excessive seepage (Konrad 1988, Jantzer and
Knutsson 2007).
The soil sediments and stratigraphy vary throughout the area but are generally characterized as
glaciolacustrine soils and till (Levson, 2008). Glacial tills are often widely graded in western
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Canada and the prairies. The clay in the till is composed of fine particles with high plasticity, which
further contribute to uncertainty and risk in dam construction (Milligan, 2003). Fine-grained soils
are classified as either clays or silts. The clay particles are below 2 microns in size while silt
particles are greater than 2 microns (USSD, 2011).
While fine-grained soil behavior is affected by microscale, physico-chemical characteristics such
as mineralogy, soil chemistry, and particle bonding, these are not routinely determined for
geotechnical engineering purposes (USSD, 2011). More often, soil gradation and plasticity are
determined, and index tests such as Atterberg Limits are used to specify material characteristics.
Fine-grained soils have lower permeability than coarse-grained soils, which makes them desirable
core materials for earth dams so that seepage through the embankment is limited. Homogeneous
dams constructed with clayey materials have been shown to be highly resistant to ground motion
caused by seismic activity (USCOLD, 2000). However, they also have lower shear strength and
higher compressibility than coarse-grained soils. For these reasons, use of fine-grained, highly
plastic soils in earth dams is strongly correlated with embankment slope failure.
It is generally widely understood which soil conditions are beneficial for earth dam construction.
However, because of the inherent risks associated with the available soils and climate conditions
in the Peace River Region, the increasing demands for fresh water storage, and the number of
dams which must undergo a variety of modifications to meet the requirements for dam licensure
and authorization, there is a need for consistent standard best practices for design and
construction of these dams in northeast BC.
There are several useful resources providing recommendations for dam design and construction.
For example, the Canadian Dam Association published dam safety guidelines in 2007, including
more specific technical bulletins for hydrotechnical considerations, geotechnical considerations,
and seismic hazards (CDA, 2007). The BC MFLNRORD has also published requirements for
construction and rehabilitation of small earth dams as part of their Dam Safety Program (BC
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MFLNRORD, 2018). The US Army Corps of Engineers has published specific best practices for
aspects including spillway design, upstream erosion protection, protection against piping and
internal erosion, and filter criteria. The International Commission on Large Dams (ICOLD) has
published over 100 technical bulletins also pertaining to specific dam features and issues. Most
of the available resources regarding best practices for earth dam design and construction come
from either technical societies or various governmental or regulatory bodies, and no single
resource adequately addresses the unique challenges currently seen in northeast BC.

1.2

Scope and Purpose

The scope of the project is limited to dams having an embankment height between 7.5 and 15
meters (m) or a storage volume between 10,000 and 3 million m3, meaning they are not classified
as “large dams,” but they are large enough that DSR requirements apply. The types of dams
examined and discussed are limited to those constructed as embankments surrounding dugout
reservoirs, as opposed to dams blocking streams.
The research scope is limited to best practices for designing and constructing these types of
dams. The analysis of best practices pertains to the following seven aspects: embankment
stability,

hydrotechnical considerations,

internal seepage,

surface

erosion

protection,

construction, appurtenant structures, and maintenance. While best practices guidelines and
documents from around the world were examined in the literature review, recommendations will
be focused on embankments in northeast BC or areas with similar climates and soil conditions.
Seven case study dams are used to link observations with current guidelines to suggest
recommendations for best practices.
Discussion of dam owner responsibilities, emergency preparedness plans, operation,
maintenance, and surveillance (OMS), and dam safety reviews, inspections, or audits are outside
the project scope as the focus is on dam design and construction. While some of the seven key
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areas examined for best practices may overlap with the requirements of a dam safety review, this
thesis is not intended to influence dam safety reviews.
The purpose of the research is to recommend best practices for the design and construction of
dugout earth dams in northeast BC. Inspections of some earth dams in the Peace River Region
over the last five years have identified cracking, slumping, erosion, and excess seepage that have
raised safety concerns. Therefore, identification and assessment of factors that contribute to
these deficiences and other common issues in earth dams in northeast BC is necessary, as is
knowledge of features and methods that contribute to the long term sustainability and successful
performance of these dams. Researching best practices for designing and constructing these
dams will improve dam safety, protect against environmental and economic losses, and improve
fresh water management and use for the Canadian oil and gas industry.

1.3

Case Study Dams

Representatives of Progress Energy Canada Ltd. (now Petronas Energy Canada Ltd.) and
Encana Corporation were contacted in July 2018 and invited to participate in the study. Petronas
and Encana provided a total of four dams to be used as case studies for the research. Each of
these dams is regulated by the BCOGC and is used to store fresh water for oil and gas activities.
The dams are referred to as Dam 1, 2, 3, and 4.
To have a greater variety of dams and to be able to make comparisons between dams that are
used for oil and gas purposes and those which are not, three additional case study dams were
added in March 2019. Two are reservoirs that store water being transferred to the City of Dawson
Creek water treatment plant to provide water supply to the municipality. One is a reservoir that is
privately owned and was built on private land with the intent to sell the water to oil and gas
companies. These dams are regulated by the BC MFLNRORD and are referred to as Dams 5, 6,
and 7.
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Dams 1, 2, and 6 were not designed or engineered as dams as they were constructed before
2016 and did not meet the criteria of a dam once the WSA was updated. Dams 1 and 2 are not
in operation currently and will not be operated as dams until modifications and upgrades are
completed to ensure they meet the requirements of a dam. Dams 3, 4, and 5 were constructed
after the WSA and were designed to meet those requirements and to function as dams. Dam 7
was originally constructed before the WSA, but the necessary modifications have since been
made for the dam to comply with regulations.
Each of these water storage reservoirs is partially a “dam” in the sense that the embankment itself
is retaining the water, and partly they are excavated dug-out ponds. A select portion of the
excavated material is then used to construct the embankments. The locations of the dams are
shown in Figure 1. General dam information is provided in Table 1. More detailed information on
each of the case study dams can be found in Appendix A – Case Study Dam Information.
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Figure 1 Dam Locations (modified from Atlas of Canada, 2019, open source)
Table 1 Dam Information
Dam

Year
Constructed

Classification

Filter

Max.
Height (m)

Live storage (m3)

1

2012

Significant

None

9.1

64,060

2

2012

Significant

None

7.7

75,517

3

2018

High

Horizontal blanket
drain with geotextile

6

200,000

4

2016

High

Horizontal blanket
drain with geotextile

5.3

161,800

5

2017

High

Horizontal blanket
drain with geotextile

11.3

1.03x106

6

1975

High

Horizontal blanket
drain

12

379,000 (189,500
for each cell)

7

2015,
expanded
2018

Significant

None

9.6

107,000
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1.4

Research Objective

The primary objective of the research is to develop consistent best practices for the design and
construction of dugout earth dams used to store fresh water in northeast BC. Other objectives
include: conducting site visits to each of the case study dams, obtaining embankment and
reservoir geometry and material properties, performing seepage and slope stability analysis under
various loading conditions, evaluating current guidelines and requirements and assessing their
applicability to each of the case study dams, and using collected data to infer design and
construction methods that should apply to future, similar dams.
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Chapter 2: Methodology
The project started with a literature review to determine the causes and preventative measures
for common issues and deficiencies in earth dam embankments. This is found in Chapter 3. The
objective of the literature review was to identify key areas on which to focus the analysis of best
practices and guidelines, and areas to target for recommendations for future dams. The following
seven areas were identified: embankment stability, hydrotechnical considerations, internal
seepage, surface erosion protection, construction, appurtenant structures, and maintenance.
Data collection involved identifying case study dams for the project and organizing and conducting
site visits to each of the dams. The topographic analysis was done with aerial imagery,
photogrammetry software, construction plans, contours, profiles, and drawings provided by dam
owners or consultants. Material properties were obtained from a combination of laboratory testing
done at UBC, laboratory testing results and geotechnical investigation reports provided by dam
consultants or owners, and the literature review. Details of the fieldwork are described in Section
4.1, and the procedures for determining the dam geometry and material property inputs for
seepage and slope stability analysis are described in Sections 4.2 and 4.3, respectively.
The purpose of conducting seepage and slope stability analysis for Dams 1, 2, 3, and 4 was to
analyze finite element seepage and limit equilibrium slope stability under three main loading
conditions specified in the Canadian Dam Association’s technical dam safety guidelines (2007):
steady-state (long-term), pseudo-static seismic loading, and rapid reservoir drawdown. The
analyses are not meant to be a focal point of the study; they are intended to supplement
observations from site visits and support recommendations for best practices if necessary. The
analyses are outlined in Section 4.4.
Once a greater understanding of earth dams and their various components and features was
obtained from the literature review, research was then conducted to compile current best
practices, guidelines, and recommendations for earth dam embankments, and specifically
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embankments around a dugout reservoir and for the seven key areas identified. A variety of
sources were consulted, including various provincial government agencies in BC, Alberta, and
Ontario, the Canadian Dam Association (CDA), the United States Society on Dams (USSD), the
United States Army Corps of Engineers (USACE), the United States Bureau of Reclamation
(USBR), the United Nations Food and Agriculture Organization (FAO), the International
Commission on Large Dams (ICOLD), and government documents from Australia. The existing
best practice summaries for the seven key areas can be found in the first sections of Chapters 5
to 11, respectively.
Aside from collecting soil samples and aerial imagery, the main purpose of the site visits was to
document observations, take photographs, and discuss design and construction methods and
differences between design specifications and as-built conditions with dam owners and
regulators. These observations for the seven key areas are summarized in the second sections
of Chapter 5 to 11, respectively. The observations were compared with the numerical modelling
results and current best practices and guidelines for the seven key areas identified. The goal is
not to examine each case study dam in detail with respect to all seven key areas for analysis of
best practices. The goal is to use the observations at the case study dams to give insight as to
whether current best practices are being followed and whether they are appropriate.
For each key area, observations from the seven case study dams were used to discuss whether
best practices are being followed. If they are being followed, it was assessed whether they are
appropriate, and if not, whether the design and construction techniques that were used are
working. This information was used to evaluate whether current best practices should be followed
or if recommendations should be changed to reflect what is being observed. Recommendations
for the seven key areas are provided in the third sections of Chapters 5 to 11, respectively.
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Chapter 3: Literature Review
This section provides a review of literature to gain a better understanding of the causes of
common deficiencies in dams and associated remedial measures. Additional review was
undertaken to understand the specific challenges associated with dam construction in northeast
BC, including special considerations for similar cold climates and geological conditions. Finally,
material properties used in dam design and sensitivity of dam performance to these parameters
are examined. Components of a typical dugout dam embankment similar to the case study dams
examined are shown in Figure 2.
crest
Full supply level

Freeboard (1 m)
Dam Height (H)

1
3

Key trench

1
2.5

Filter/blanket drain

toe

Foundation

Figure 2 Components of a typical dugout dam embankment

3.1

Deficiencies in Earth Dams

A variety of deficiencies can occur in homogeneous earth dams due to the properties of the soil
used to construct the dam or its foundation, climate conditions, embankment geometry,
construction methods, and operation and maintenance practices, among other factors. This
section discusses deficiencies that are common in earth dam embankments and possible causes.
Some of these deficiencies are depicted in Figure 3.
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Figure 3 Common deficiencies in earth dams (© 2019 theconstructor.org, by permission)

3.1.1

Cracking

In general, three different types of cracking can occur in either the slopes or crest of an earth
dam. Longitudinal cracks form roughly parallel to the length of the dam. Transverse cracks are
approximately perpendicular to the dam length. Desiccation cracks typically develop in a random,
honeycomb-like pattern (Indiana DNR, 2007). Different types of cracking at different locations on
the dam embankment can have different causes and potential consequences and yield different
remedial measures.
Longitudinal cracking can result from differential settlement or foundation settlement and can
indicate localized instabilities such as a slide developing in the embankment (Province of BC,
2016). It can be caused by inadequate compaction during construction, and usually is an early
sign of a slide or slough. Longitudinal cracks allow stormwater and reservoir water into the
embankment, and therefore usually get worse with time as increased rainfall and seepage
accelerate the sliding mechanisms. Because saturated soil is heavier, the risk of soil moving
downward is increased (Indiana DNR, 2007).
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Transverse cracking can also be caused by differential settlement or movement between adjacent
sections of the embankment (Province of BC, 2016). If the depth of a transverse crack extends
below the reservoir water surface elevation, this crack would provide a hydraulic pathway through
the embankment, which would contribute to internal erosion and eventually result in piping failure.
Transverse cracking often occurs when the foundation material is compressible, erosive, soft or
weathered rock formations. Materials that dissolve in groundwater, such as gypsum and
limestone, are also hazardous (Indiana DNR, 2007).
Desiccation cracking occurs when highly plastic, clayey soils dry and shrink, resulting in volume
change in the embankment. It is most common in hot, dry climates where the reservoir becomes
low or empty for long periods of time. Desiccation cracking is not an immediate threat, but if
surface runoff fills up the cracks and causes erosion it can lead to instabilities and slides. It most
often occurs in the crest or downstream slope and results from the combination of hot, dry climate
and highly plastic and clay-rich soils (Veesaert, 2017).

3.1.2

Slumping

Slumps, also referred to as sloughs, occur when there is a downward movement of embankment
material (Stephens, 2010). Slumps can occur in the form of slides, where an entire section of the
embankment slides along a slip surface. These can start as a longitudinal crack, and then
progress as the material is weakened or the soil below the crack becomes saturated from seepage
or surface runoff, both of which increase the tendency for the soil mass to shift downward. Shallow
slides may not immediately affect the structural integrity of the dam but can block water
conveyance outlets and lead to seepage problems in the dam. Deep slides are immediately
threatening as they could lead to an overturning or breaching of the dam.
Slumping does not always happen in the form of a slide. Sometimes, the side slopes of the
embankment will bulge outward, causing lateral spreading of the bottom of the embankment and
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settlement at the crest. Bulging itself is not an immediate threat, as some settlement of the
embankment is expected. However, if it is accompanied by slides or cracking, or if the vertical
settlement of the crest causes significant loss of freeboard, the threat could be imminent (Indiana
DNR, 2007). This type of slumping can result from construction methods, such as non-uniform
grading practices and excess porewater pressures developing from rapid construction.
Additional loads on the embankment, including vehicles, snow, or trees can increase the risk of
slumping, as can wave action on the upstream side (Saluja et al., 2018). It is important that the
embankment slopes be kept clear of debris and that vegetation be managed so that early signs
of slumping and other instabilities can be identified, measured, and monitored (Washington State
Department of Ecology, 1993).

3.1.3

Depressions

Depressions are topographic lows in the dam embankment surface and can range from localized,
differential settlement to sinkholes (Veersaert, 2017). Improper grading can give the appearance
of a depression, which is not in itself a serious threat but could result in water ponding and
associated saturation and stability problems. Excessive settlement on the crest results in loss of
freeboard and creates potential for overtopping and failure during storm events (Indiana DNR,
2007). In some regions, excessive settlement of the embankment may be attributed to vibration
from seismic activity (Washington State Department of Ecology, 1993). During construction, if the
core is compacted more than the side slopes in a zoned earth dam, differential settlement
problems and associated cracking can result (Stephens, 2010).
Sinkholes occur when subsurface embankment material has been removed, creating a void for
overlying material to collapse into (Hughes, 2014). Erosion from wave action on the upstream
slope, piping, decomposition of vegetation in the embankment, and burrows formed by animals
can result in depressions or sinkholes on the dam embankment. Another cause of depressions,
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particularly in earth dams in cold or permafrost regions, is the thawing of either permafrost or ice
lenses in or below the dam (Alaska DNR, 2017).

3.1.4

Weathering and Erosion

Weathering occurs from natural processes including rainfall, snowmelt, wave action, wind, and
surface runoff. Weathering causes surface degradation and erosion of the crest and slopes of the
embankment. Surface erosion over time can result in beaching, scarping, and degradation of
slope protection measures, such as riprap. Beaching occurs when wave action removes portions
of the material on the upstream slope. Scarps form when a flat beach area forms with a steep
back slope (Indiana DNR, 2007). These issues can lead to seepage and instability problems if
not addressed. Livestock, pedestrian or vehicle traffic can accelerate erosion at the crest.
In the most severe cases of surface erosion, gullies can form on the slopes, which can cause
piping, shortened seepage paths, or breaching of the dam crest. If the crest is not graded or
sloped properly, this can cause gullies to form as surface water will collect on the crest and runoff
at low points along the side slopes. This effectively reduces the cross-sectional area of the dam
(Veersaert, 2017).
Erosion can also occur internally in the dam embankment or through the dam foundation when
pipes or other internal erosion mechanisms form. Void spaces effectively reduce permeability and
enable fines to migrate as water flows through, initiating internal erosion. When a concentrated
path for seepage is formed, internal erosion progresses and eventually forms pipes. When ice
lenses melt, void spaces can be left behind and contribute to internal erosion (Alaska DNR, 2017).
The use of materials with smaller particle size and wider grain size distribution can help prevent
internal erosion (USBR, 2015).
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3.1.5 Excessive Seepage
Seepage occurs through every earth dam embankment and increases with an increase in
reservoir depth as there is greater hydraulic pressure upstream. Seepage through both the
embankment and foundation must be controlled to maintain the stability of the dam. Excessive or
uncontrolled seepage often results from embankment soils being weakened due to saturation, or
excessive hydraulic pressure upstream caused by a rise in reservoir water levels (Indiana DNR,
2007). If seepage forces within the dam are too large, internal erosion will occur in the dam.
Seepage flow with increased turbidity can indicate piping problems (Alaska DNR, 2017). Another
indicator is whirlpools upstream (Province of BC, 2016).
When seepage is concentrated through cohesionless materials, these materials will be removed,
and erosion will progress, which is why cohesive materials are recommended for dam cores
(Hughes, 2014). Seepage issues are not always related to piping. If water conveyance structures
through the dam become blocked and there is no spillway, uncontrolled seepage can occur
beneath or around the conveyance structures. Increased downstream water levels, high water
content, and increased vegetation on the downstream slope, particularly at the toe, can be
indicators of seepage problems (Hughes, 2014).

3.2

Preventative Measures in Design and Construction

Most of the deficiencies described above can be prevented or mitigated in the design and
construction stages of the dam. Designs and construction practices must be assessed based on
available materials and climate and hydrotechnical conditions of the site. Some common
measures are described below pertaining to glacial deposits in cold regions.
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3.2.1

Filters and Drains

A filter is a zone of graded, granular material with the purpose of controlling seepage through the
dam without allowing the fill material to migrate through the embankment (Fuss & O’Neill, 2001).
Filters are usually comprised of sand or a combination of sand and fine gravel and are usually
placed as a blanket on the downstream foundation area, sometimes connected to a toe drain in
a modified homogeneous dam. Incorporating a filter into the design of a dam is an effective way
to counteract uncontrolled seepage issues, piping and internal erosion, and slumping on the
downstream slope caused by the removal of material from within the dam embankment
(Stephens, 2010).
Filters effectively intercept cracks in the base soil and prevent erosion caused by soil particles
migrating with flowing water. The filter material is graded such that water can pass through the
voids, but soil particles cannot. Therefore, any cracks in the embankment are prevented from
developing into hydraulic pathways that eventually form pipes. Filters are often connected to
drains to lower the phreatic surface, as this will prevent uncontrolled seepage from occurring on
the downstream slope of the embankment, which prevents erosion and slides on that slope.
(Washington State Department of Ecology, 1993). In a study published by Foster et al. (2000),
the percentage of failure cases was reduced from 32% for homogeneous earth dams to 4% for
earth dams with filters.
Drains are similar to filters and are often used in combination with a filter. They also consist of
sand, gravel, or a combination of both, with the purpose of reducing seepage pressure, and
intercepting and directing seepage to a safe outlet (Washington State Department of Ecology,
1993). There are different types of drains depending on where in the embankment they are placed
and intercept the phreatic surface.
Toe drains are a common type of internal drain. They are either placed within the toe or laid in a
trench beneath the toe of the dam. The toe drain collects water and carries it either to a perforated
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outfall pipe or a spillway. Recommendations for the design and maintenance of toe drains and
appropriate materials have been developed by the US Army Corps of Engineers (USBR, 2011).
Another common type of drain is the chimney drain. Chimney drains are often used as transition
zones between impervious cores and rockfill shell materials commonly used in the western United
States. They protect against internal erosion and piping like a filter and effectively direct the
phreatic surface (USBR, 2011).

3.2.2

Geotextile

The purpose of using geotextile materials in earth dams is two-fold. They provide seepage control
and filtration to prevent internal erosion and piping, but they also provide structural reinforcement
to the embankment, which can prevent issues of slumping, cracking, and deformation (USBR,
2011). The use of geotextiles in place of filters is more common in Europe and South Africa than
in North America. It is recommended they be used in addition to a filter because they are
susceptible to being clogged with fines. The type of geotextile and how it is placed play a large
role in their long-term function (USSD, 2011).
Although their use is not widespread in North America, there are many examples of dams
constructed with geotextiles that perform successfully. Degoutte (1987) provided four different
examples of geotextiles being incorporated into small earth dams for drainage functions.
Radchenko and Semenkov (2005) discussed examples of successful implementation of
geotextiles in earth dams up to 100 m in height, for both seepage and structural applications.
They emphasized the importance of the type of geotextile used and how it is placed for different
functions. The Federal Emergency Management Agency (2008) provides guidelines on dam
design and construction with different types of geotextiles, and when the use of each type is
appropriate.
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3.2.3

Spillways

Spillways are structures that allow floodwaters to bypass the dam in a controlled manner to
maintain acceptable freeboard and prevent overtopping of the dam (USBR, 2011). Spillways are
critical to preventing erosion and seepage and structural problems. In larger dams, emergency
spillways are commonly required in case the primary spillway fails, reaches capacity, or is not in
commission. Grass spillways are appropriate for small dams with small reservoirs, but typically
concrete or riprap spillways are preferred for large flows with high velocities to prevent erosion.
Designs of spillways are directly related to catchment size and peak flood data (Stephens, 2010).
Spillways can be controlled by mechanical gates, but the failure of these gates can cause spillway
failure. Other causes of spillway failure include inadequate sizing and blockage with debris, such
as beaver dams.
Spillway inspection and maintenance is crucial, as a dry spillway with a high water level can be
indicative of internal seepage problems (Fuss and O’Neill, 2001). Chanson (2009) provides
several examples where earth dams failed by overtopping due to either a lack of spillway or an
insufficient spillway.

3.2.4

Cutoffs and Key Trenches

A cutoff is an impervious barrier built into the dam foundation with the purpose of minimizing
seepage through the foundation or directing flow around the cutoff (Fuss & O’Neill, 2001). There
are many different forms of cutoffs, including steel or concrete walls, or trenches. For dugouts,
compacted soil cutoffs are typically an extension of the impervious core as a trench along the
dam length (USSD, 2011). These also help to prevent lateral movement of smaller embankments.
Rice and Duncan (2010) examined the long-term performance of several earth dams with cutoffs
and performed finite element seepage and deformation analyses. Their findings concluded that
cutoffs most often improve the reliability of dams, but if not designed properly, cutoffs can increase
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hydraulic pressure on the barrier and initiate internal erosion. Cutoff design guidelines can be
found in Earth Structures Engineering (Mitchell, 1983).

3.2.5

Embankment Geometry

Structural instability is one of the primary causes of dam embankment failures. Both upstream
and downstream slopes must be designed for multiple factors of safety, and 2D modelling for
embankment slope stability is common practice (Foster et al., 2000). Additionally, upstream and
downstream slopes carry different risks and require different protective measures. The Alaska
dam safety program suggests checking earth dam embankment slopes against 4 factors of safety:
steady-state seepage, end of construction, rapid drawdown, and seismic loading (Alaska DNR,
2017). Dam crests are typically sloped and not flat to prevent erosion or issues associated with
water ponding in low spots. Employing staged construction techniques or using geotextiles in the
slope stability design may improve the tolerance for steeper slopes.

3.2.6

Compaction

The method and degree of compacting the embankment soil can have long term effects on both
seepage and stability of the dam. Uniform compaction can reduce risk of uncontrolled seepage
and prevent slumps and slides. The Washington State Department of Ecology (1993)
recommends compacting core materials either at optimum or slightly wet of optimum moisture
content since compacting dry of optimum results in a more brittle soil structure, which is more
susceptible to cracking and settlement with changes in stress. Some materials can settle or even
collapse if placed at low initial moisture, and increased compaction increases resistance against
seismic activity (USSD, 2011). However, in zoned earth dams, different materials may have
different recommendations for compaction, especially if there are pipes or conduits in the dam.
In western Canada, using a sheepsfoot or pad foot roller is a common method for compacting
clayey moraine soils (USSD, 2011). Caution must be taken with silty soils, as these are sensitive
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to changes in water. Proctor tests are important to carry out as the lift thickness and maximum
particle size are dependent on soil type (Stephens, 2010). The study by Foster et al. (2000)
showed that dams with no formal compaction of core materials are seven times more likely to
experience slides than dams with formal compaction.

3.3

Special Considerations for Cold Regions

Cracking of an embankment dam can occur due to desiccation and freeze-thaw action.
Desiccation cracks can occur during the construction of a homogeneous clay embankment dam
if the construction is halted during hot, dry weather. With the continuation of the construction, the
cracks can become hidden and covered by subsequent lifts of soil. When the dam is put into
service, the small cracks allow an initially very small amount of water to flow through the dam and
if the clays are dispersive, internal erosion can lead to piping failure. This form of piping often
initiates at the upstream side of the dam and propagates downstream along the cracks. This often
precludes visual identification of piping until it is too late when a pipe becomes exposed on the
downstream slope of the dam. A similar mechanism for dam failure can occur in a dispersive clay
foundation for a dam if desiccation cracks are not noticed and are buried under the embankment
(Andersland and Ladanyi, 2004).
Soils having a higher silt fraction are particularly susceptible to movement and volume change
resulting from freeze-thaw cycles (USFHWA, 2017). It has been shown that after just three
freeze-thaw cycles, clayey silts can undergo permanent vertical strain and permanent heave,
accompanied by increases in hydraulic conductivity (Konrad, 1988). The impact of freeze-thaw
cycles on homogenous silty clay dams accelerates growth of ice lenses until eventually there is
frost heave at the surface due to the change in volume. This causes cracks to form along the top
of the dam embankment. Frost heave reduces shear strength and bearing capacity and increases
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hydraulic conductivity (Jantzer and Knutsson, 2007). Processes of internal erosion and piping
failure are accelerated by these mechanisms.
Design and construction practices for earth dams in Canada can be modified to account for the
impacts of freeze-thaw and ice lensing (Andersland and Ladanyi, 2004). For example, in the
design of White Lake Dam, frost penetration into the core was reduced by terminating the core 3
m below the crest and installing an impervious liner between the core and a gravel shell. Charlot
River Dam was constructed similarly, but the core was enriched with non-frost susceptible
material to restrict seepage in the core (Solymar and Nunn, 1983).
There are uncertainties associated with constructing earth dam embankments with glacial
deposits and in cold regions during construction, after construction, and in the life of the dam
(Milligan, 2003). Flatter slopes and wider crests can provide increased thickness and restrict frost
penetration. There are methods to contribute to core insulation, involving types of filter and
embankment materials used, and level of compaction.
Regions with permafrost require additional analysis. If the proposed site for a dam is in a
permafrost region, the analysis must consider the impact of constructing the dam and impounding
water on the permafrost itself. Thawing of permafrost can lead to loss of bearing capacity,
excessive settlement, or increased seepage (Alaska DNR, 2017). When selecting materials, the
effect of freezing on those materials should be considered, as well as geomembranes or pipes to
be incorporated into the construction of the embankment. Snow increases ice loading during the
winter, runoff in the spring, and can potentially jam spillways. In fine-grained or highly plastic soils,
the impact of ice lensing and frost heave must be especially accounted for. Permafrost regions
can also affect appropriate placement and compaction methods (Alaska DNR, 2017).
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3.4

Soil Strength and Loading Conditions

Terzaghi’s Principle states that when stress is applied to a soil or rock mass, it is opposed by the
water in the soil or rock mass (Hall, 2000). The applied stress is referred to as total stress, but the
remaining stress experienced within the soil mass accounting for the opposition from water, or
pore pressure, is the effective stress. This is represented by Equation 3-1 as follows:
σ′ = σ − μ

(3-1)

where µ is porewater pressure, σ is total stress, and σ’ is effective stress.
Total and effective stresses are both used for different types of analyses for earth dams to
represent different types of loading conditions (USSD, 2007). For a long-term, steady-state
analysis where enough time has passed to allow for consolidation within the embankment and
excess pore pressures built up from construction have had enough time to dissipate as the water
in the embankment slowly drains, effective stress analysis is used. However, for immediately postconstruction, seismic, or rapid drawdown analyses, the embankment has not necessarily had
enough time to consolidate, and therefore there is still excess pore pressure in the embankment
that has not had time to drain, so there is a difference between total and effective stress in this
case. Therefore, total stress analysis is used (USSD, 2007).
Mohr-Coulomb theory is used in geotechnical engineering to relate normal stresses to shear
stresses in a soil or rock sample (Juvinal and Kurt, 1991). The relationship is shown in Equation
3-2:
τ = c + 𝜎 tan 𝜙

(3-2)

where 𝜏 is shear strength and σ is normal (total) stress. The parameters c and 𝜙 refer to soil
cohesion and friction angle, which are soil strength parameters. Because the Mohr-Coulomb
relationship is linear, c represents the intercept, or the shear strength when no normal stress is
applied, and 𝜙 is the slope angle of the curve, also known as the failure envelope.
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In an effective stress analysis, c and 𝜙 are represented by c’ and 𝜙’, and are usually different than
the total stress parameters, even for the same soil.
There are different laboratory test methods to obtain the values of c and 𝜙, or c’ and 𝜙’, depending
on the test, and different test methods will give results that are representative of different loading
conditions. The direct shear test involves placing the soil in a shear box, which has upper and
lower halves which are in contact midway through the sample. The halves of the box are then
pulled in opposite directions under a known applied normal stress. This test must be conducted
multiple times under different normal stresses to establish a shear strength curve but can be
conducted on any soil type and is relatively quick and inexpensive to perform (Bardet, 1997).
However, the direct shear test is typically only reflective of consolidated, drained soil conditions,
unless the soil is loaded quickly enough that excess pore pressures do not have time to dissipate
from the sample. However, pore pressures cannot be measured during the test, so the data
representing drained conditions is much more useful to establish an effective stress envelope
(Bardet, 1997).
Triaxial testing, while more time-consuming and expensive than direct shear testing, is known to
produce more reliable results and can be conducted to represent a variety of loading conditions.
In a triaxial test, a cylindrical soil sample is placed in the triaxial cell and loaded to a desired
confining pressure. The sample is then loaded axially until it fails in shear (Bardet, 1997). Because
the confining pressure and applied load are known and controlled, and because the valve can
either be left open or closed to represent drained or undrained conditions, a variety of loading
conditions can be simulated. Additionally, pore pressure can be measured (Bardet, 1997).
Typically, the triaxial test can be performed in three ways: Unconsolidated-Undrained (UU),
Consolidated-Undrained (CU), and Consolidated-Drained (CD). In the UU test, the confining
pressure and applied stress are loaded so quickly that the soil does not have time to consolidate.
The valve remains closed, so the soil does not drain. The UU test results represent total stress
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conditions and short-term shear strength for cohesive soils (Bardet, 1997). The resulting failure
envelope is horizontal, having a friction angle of zero. This is because the water in the pore spaces
creates excess pore pressure under loading, and therefore particle to particle contact within the
sample is not possible, and this is where the friction angle strength parameter generates.
Regardless of applied stress, the shear stress is equal to the cohesion, referred to as the
undrained strength Su (Bardet, 1997).
In the CU test, the confining pressure is applied and enough time is allowed for the soil to
consolidate. Once the soil has consolidated, the valve is closed, and the water is no longer
permitted to drain from the soil, then the axial load is applied until the sample fails in shear. The
intention is to reflect in-situ conditions or to load the soil to its pre-consolidation stress. Because
pore pressure is measured, both effective and total stress envelopes can be established,
representing both long-term and short-term conditions (Bardet, 1997). The c and c’ values are
both lower than Su, and 𝜙 is lower than 𝜙’.
The CD test represents the long-term shear strength of soils. The valve is left open and water
allowed to drain during both the pre-consolidation loading and axial loading phases. Because the
sample is completely drained before loading and the loading is applied at such a slow rate that
excess pore pressures cannot build in the sample, effective stress is equal to total stress. This
test typically gives zero or low cohesion and a higher friction angle than the CU test (Bardet,
1997).

3.5

Soils in Northeast British Columbia

Material properties that are important to earth dam embankment stability include hydraulic
conductivity, friction angle and cohesion, unit weight, and compaction characteristics. Conducting
laboratory tests on multiple samples for each of these parameters is time-consuming and
expensive, and therefore empirical relationships and field measurement techniques are often
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used to infer these properties. Understanding the geology and clay mineralogy of the soils used
to construct the dams can give insight into the expected behavior of these soils once constructed
into an embankment. For modelling purposes, material properties for saturated soil conditions are
used to provide a more conservative result.

3.5.1

Geology

The surficial and bedrock geology in the Peace River Region is influenced by the location within
the Alcan-Donnelly plain (Hickin and Fournier, 2011). The bedrock is estimated between 650 and
750 m above sea level and as shallow as 10 m below the ground surface (Hickin, 2011). The
Alcan soils have accumulated gypsum approximately 2 m below the ground surface, and Donnelly
soils have carbonates and quartz in low horizons (Lord and Green, 1986). Alcan soils, while acidic,
are uniform and form a moderately pervious, compact mass. Donnelly soils can have severe
surface erosion due to precipitation and runoff, even on gentle slopes (Farstad et al., 1965).
The surficial geology is mostly glacial deposits which are predominantly clays and silts, but also
containing thin discontinuous layers of sands, gravels, and occasionally cobbles (Allred, 2000).
Due to the former glacial loads, most clays in western North America are over-consolidated,
meaning that once constructed into embankments their time-dependent settlement will be minimal
(Allred, 2000). The underlying bedrock in the northeast Peace Region is part of the Upper
Cretaceous Dunvegan Formation, as mapped by the BC Geological Survey (Hickin, 2011). The
Fort St. John group, consisting of mudstone, siltstone, and shale, underlies this formation.
Clay species and mineralogy present in the soils can affect the macro-scale behavior of an
embankment. Jarosite is formed by oxidation of iron sulfides and is a hydrous sulfate with iron
and potassium in its most common form (Cogram, 2018). The presence of such iron oxides is
beneficial for erosion resistance. In contrast, the presence of smectite can increase rates of
erosion (Wan and Fell, 2004). Carbonates are typically susceptible to weathering, which could
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have implications for surface erosion from precipitation, runoff, and waves. However, calcite and
dolomite typically have low solubility in freshwater or other environments with relatively neutral
pH (Doner and Lynn, 1989).
While quartz and feldspar content is typically associated with higher silt fractions, these soils have
a higher shear strength that is independent of grain size compared to clay minerals (MullerVonmoos and Loken, 1989). Kaolinite content is associated with higher shear strength than other
clay minerals because of intergranular friction due to the relatively large and flat particles. The
shear strength of illite is largely dependent on the dominant cation; If the cation is calcium, the
clay has shear strength comparable to kaolinite, but as calcium ions are exchanged for sodium
ions it significantly weakens. Minerals that are highly correlated with shrink-swell potential, such
as chlorite, can cause embankments to be more susceptible to future cracking (Muller-Vonmoos
and Loken, 1989). Additionally, if montmorillonite is present in the soil, then this could suggest
the soil has dispersive characteristics.
There is little to no relevant information on the occurrence or distribution of dispersive clays in
northeast BC. For example, the detailed Quaternary mapping of the area (Lord and Green, 1986)
does not differentiate between different clay mineralogy. The geological characteristics of the
source rocks for the predominantly glacial related soils in this area are Cretaceous-age
sedimentary rocks deposited in a marine environment, and these contain interbeds of volcanic
ash. This geological environment should be conducive to the generation of dispersive
montmorillonite clay with sodium cations. The tendency for dispersive erosion in clay depends
primarily on the mineralogy and chemistry of the clay. Soils with montmorillonite as the
predominant clay mineral tend to be more dispersive than those containing kaolinite, illite, or
chlorite. Testing conducted by Barbour and Yang (1993) on calcium-montmorillonite glacial clays
found in western Canada examined their behavior in concentrated sodium-chloride solutions.
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Dispersive soils are very erodible. Using dispersive clay soils in embankment dams can cause
serious engineering problems if these soils are not identified and used appropriately.
Greater uncertainties exist if dispersive clays are present in the embankment soil. Dispersive
clays differ from other clays in that they contain sodium as the predominant cation in the pore
water whereas nondispersive clays contain calcium and magnesium. The presence of the
dominant sodium ions increases the thickness of the diffused double water layer surrounding the
individual clay alumino-silicate sheets, as sodium cations are larger ions having a weaker charge.
As the sodium ions hydrate by attracting water, this leads to a deflocculated structure in which
the repulsive forces exceed the attractive forces so that the individual clay particles are pushed
apart and easily go into suspension in the presence of water (Belarbi et al., 2013). Although the
presence of water also causes clays having a predominant cation other than sodium to swell, the
forces binding the particles are much stronger, and the soil does not disperse.
Activity, defined as the ratio of plasticity index (PI) to clay fraction (%) of soil, is directly related to
clay mineralogy. From Skempton (1953), montmorillonite with sodium as its dominant cation has
an activity of 7.2, whereas when calcium is its dominant cation, its activity is only 1.5. This is still
high relative to illite and kaolinite, which have activity values of 0.9 and 0.3-0.5, respectively.
Higher activity values are related to higher shrink-swell potential and sensitivity to changes in
water. However, studies have also shown a correlation between higher activity values and a
higher contribution of cohesion to shear strength (Skempton, 1953).

3.5.2

Hydraulic Conductivity

When an embankment is homogeneous, the seepage exiting at the dam toe can be estimated
using either the Dupuit equation, the Casagrande equation, or Pavlovsky’s equation (Akyüz and
Merdun, 2003). Each of these methods assumes that one equation can be used to determine the
phreatic surface through the homogeneous embankment based on a ratio of the height of tailwater
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to the height of headwater and the embankment geometry. Over time, as the material deposits
consolidate under the self-weight of the overlying soil, the hydraulic conductivity of the
homogeneous embankment decreases, which increases pore pressures in the embankment (Pak
and Nabipour, 2017).
Incorporating a granular filter into a low permeability embankment lowers the phreatic surface
within the dam, reduces pore pressures throughout the embankment, and helps to control the
seepage quantity and exit location at the toe of the dam. The result is an improvement in stability
by up to two times (Pak and Nabipour, 2017). However, it also increases the overall permeability
of the composite embankment and therefore increases the amount of seepage at the toe.
In cohesive soils, the permeability can be difficult to estimate because not all water is free to flow
through the soil voids. Depending on the characteristics of the clay, a certain amount of water
becomes absorbed by the particles, causing them to swell, which then decreases the soil void
ratio (Chapuis, 2012). However, in cohesionless soils, such as sands, clay chemistry and bonding
do not affect the void ratio or grain size distribution and therefore several analytical methods have
been developed to estimate the permeability of cohesionless soils. These methods are
summarized and tested in Chapuis (2012) and are found to only apply to certain hydraulic
conductivity ranges. For example, the Hazen-Taylor method only applies to sands, and the
Chapuis (2004) method applies only to non-plastic, natural soils.
One of the methods to determine the permeability of cohesionless soils is the Carman-Kozeny
equation. Several variations of the Carman-Kozeny equation have been proposed, but the version
presented by Carrier (2003) uses the complete grain size distribution of the cohesionless soil and
works for a range of permeability values between 10-2 and 10-12 cm/s (Chapuis, 2012). This
version of the Carman-Kozeny equation (Carrier, 2003) is shown in the Equation 3-3:
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where f is the fraction of particles between two sieve sizes, Dli (larger) and Dsi (smaller) in cm, and
SF is a particle shape factor such that 6.0 would be most rounded and 8.4 would be most angular.
The soil void ratio is represented by e.
There are many analytical and empirical methods to determine the soil void ratio for cohesionless
soils. The method used in this study is by relating void ratio to friction angle, relative density, and
dry unit weight using the following chart from Nimeri et al. (2017) in Figure 4.

Figure 4 Estimation of cohesionless soil void ratio (© 2017 Nimeri et al., by permission)

Vannobel et al. (2013) recommend compacting granular filters in earth dams to at least 70%
relative density, which is also a common practice. Therefore, knowing either the friction angle or
the USCS classification of the cohesionless soil, the dry unit weight and void ratio can be
determined, and can provide a useful estimate of permeability when used in combination with the
Carman-Kozeny equation.
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Other studies on similar soils in the northern Canadian prairies have been consulted. For
example, Rivard and Goodwin (1978) suggest that for Canadian glacial tills, k = 5 x 10-9 to 5 x 1010

m/s is a common range based on pore dissipation tests, and that permeability for these types

of soils does not have an established relationship with Atterberg Limits. Laboratory tests for glacial
clays in Saskatchewan found the range of k was 5.4 x 10-11 and 2.3 x 10-12 m/s (Shaw and Hendry,
1998). Keller et al. (1986) reported an average hydraulic conductivity of 3.5 x 10 -11 m/s for glacial
till samples near Saskatoon. McKay et al. (1993) investigated glacial till hydraulic conductivity
near Sarnia, Ontario and found non-fractured samples to have an average hydraulic conductivity
of 2 x 10-10 m/s. Allred (2000) proposes that 10 -10 m/s is an appropriate value to use for smooth,
continuous, isotropic, undisturbed glacial tills in the western United States. Embankment stability
has been shown to be sensitive to hydraulic conductivity in the short term (Prasad et al., 2010).

3.5.3

Strength Properties

Rivard and Goodwin (1978) attempted to establish relationships between Atterberg Limits and
strength properties using data from a variety of sources, all of which were glacial tills in the
northwestern Canadian prairies. The correlations between liquid limit and friction angle and
between liquid limit and cohesion were too weak to establish a relationship for consolidated
drained test data on compacted clays. However, for consolidated undrained tests, best-fit lines
correlate liquid limit to effective cohesion and friction angle for alluvial and glacial clays. The
consolidated-undrained conditions would be more likely to reflect those of a low permeability
embankment for short-term loading conditions than the consolidated drained conditions.
Like Rivard and Goodwin (1978), Peters and Lamb (1979) have taken consolidated-undrained
triaxial test data for alluvial clays to correlate liquid limit to effective cohesion and friction angle.
Unlike the best-fit lines drawn by Rivard and Goodwin, the relationship between liquid limit and
friction angle is found to be non-linear. Peters and Lamb (1979) also provide ranges for effective
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friction angle and effective cohesion of 27-33° and 9-13 kilopascals (kPa) respectively, with mean
values of 29° and 10 kPa, respectively. In general, when comparing alluvial clay properties with
glacial properties from both the Rivard and Goodwin (1978) and Peters and Lamb (1979) data,
the glacial clays tend to have higher cohesion and lower friction angle than alluvial clays for the
same liquid limit.
Cao et al. (2015) established relationships between field data and strength properties for glacial
tills in the Greater Toronto Area. A relationship was found between water content and bulk unit
weight for silty clay and clayey silt tills. A relationship was also established between SPT N value
and effective friction angle, though a similar relationship could not be established for cohesion.
Eighty-one consolidated undrained triaxial tests provided ranges for friction angle and cohesion
for silty clay till and clayey silt till samples. The range of effective friction angle was from 31° to
41°, with a mean of 34.5°. The range for effective cohesion was much greater, from 0 to 50 kPa.
While the Prasad et al. (2010) study was conducted to assess sensitivity of embankment stability
with changes in hydraulic conductivity of the dam core, the blanket drain was assumed to have
zero cohesion and a friction angle of 40°, while the dam core was given a cohesion of 31 kPa and
a friction angle of 26°. Cao et al. (2013) used a core cohesion of 39.5 kPa and friction angle of
24.2°, with foundation cohesion of 20 kPa and friction angle of 32°. While the relationship between
cohesion and friction angle is widely known to be a negative correlation, a reliable relationship
between the two has not been established. For example, in Guo et al. (2019), the embankment
effective cohesion and friction angle are 8.9 kPa and 34.8°, respectively, however for the
foundation (which is the same native material as the embankment), the foundation was given an
effective cohesion of 100 kPa and friction angle of 34.1°.
Phoon and Kulhawy (1999) provide a range of friction angles for clays and silts of 9-33° with a
mean of 15.3°. For sands, the range is 35-41°, with a mean of 37.6°. The undrained shear strength
from a consolidated-undrained triaxial test was found to range from 130-713 kPa with a mean
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value of 405 kPa for clays. The study attempted to quantify the variability of strength properties
for a variety of soil types by using statistical analyses to determine the Coefficient of Variance
(COV) for each parameter, which is given as a percentage and is the ratio between the standard
deviation and mean of any given parameter. The COV for friction angle is 21% for silts and clays,
but only 9% for sands. Also, the COV for friction angles is higher when considering direct shear
tests than triaxial tests, at 23% vs. 20%. The undrained strength has a COV of 32% for clays
having undergone consolidated-undrained triaxial testing, which would suggest that the COV is
high for cohesions for silts and clays.
Other numerical modelling studies have incorporated reliability analysis or probabilistic analysis
methods in embankment stability models. Guo et al. (2018) established COV’s for effective
cohesion and friction angle of 34.2% and 2.4%, respectively, for the dam core. Guo et al. (2019)
established embankment COV’s of 30% for cohesion and 15% for friction angle based on lognormal distributions.
If the friction angle is unknown for a cohesionless material, such as the granular filter, the chart in
Figure 4 can be used to approximate it if other information is known. Vannobel et al. (2013)
recommend a minimum design friction angle of 36° for filters.

3.5.4

Unit Weight

The unit weight of the embankment soil is influenced by the level and method of compaction.
Embankments are typically compacted at 95-100% of Standard Proctor Maximum Dry Density
(SPMDD) and at or slightly above optimum water content to improve stability (Rivard and
Goodwin, 1978). Rivard and Goodwin (1978) have also provided curves relating both liquid limit
and natural water content to compression index, and compression index to dry density. These are
helpful in the absence of a chart such as the one in Nimeri et al. (2017), which only applies to
cohesionless soils, but can be used to determine the unit weight for compacted granular filters.
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Peters and Lamb (1979) have also established empirical correlations relating water content to
compression index, and compression index to dry density. Unlike the Rivard and Goodwin (1978)
best-fit lines, the curves are non-linear, though the relationships yield similar results for water
contents up to 40% and dry densities above 90 pounds per cubic foot, or 14 kilonewtons per cubic
meter (kN/m3). In both papers, the glacial clays have lower water contents and higher dry densities
in comparison to alluvial clays. Peters and Lamb (1979) also provide a range of saturated unit
weight for alluvial clays of 13.7 to 20.6 kN/m 3, with a mean value of 17.7 kN/m 3. This wide variation
can be attributed in part to the wide variation in the compression index (0.1 to 1.1), which could
be linked to a wide variety in water contents (10-68%) and liquid limits (28-86%). However, when
compacting an embankment constructed in stages there is control over water content, and
therefore this variation would be reduced, and the embankment would likely be compacted at
near optimum water content and therefore maximum dry density.
Cao et al. (2015) have established equations for the upper and lower bounds of bulk unit weight
for silty clay and clayey silt glacial tills based on empirical relationships with water content.
However, no meaningful relationship was derived between SPT N value and unit weight for
cohesive soils. They provide a range for the bulk unit weight from 19.9 to 24.0 kN/m 3, with an
average value of 22.7 kN/m 3 for silty clay and clayey silt tills.
Unit weights of embankments and foundations are close to one another, as non-uniformity in
compaction can result in instability, and increased risk of internal erosion, piping, and differential
settlement (USSD, 2011). The analysis in Guo et al. (2019) used a unit weight of 20 kN/m 3 for the
embankment and 18 kN/m 3 for the foundation, which was of the same native material as the
embankment. Cao et al. (2013) used 20.4 kN/m 3 for the embankment core and 20.6 kN/m 3 for the
foundation, even though the materials were different. Prasad et al. (2010) assigned a saturated
unit weight of 18.75 kN/m 3 to the dam core and 20 kN/m 3 to the blanket drain.
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Though there is more control over unit weight through compaction and construction methods than
inherent properties such as cohesion or friction angle, some studies have still incorporated
probabilistic analyses for unit weight. Guo et al. (2018) used a COV of 3.3% for dry unit weight.
Phoon and Kulhawy (1999) give a range for bulk unit weight of 14 to 20 kN/m 3 with a mean of
17.5 kN/m3, and for dry unit weight a range of 13 to 18 kN/m 3 with a mean of 15.7 kN/m 3. The
COV is slightly higher for bulk unit weight than dry unit weight, at 9% compared to 7%. However,
this is likely attributed to variance in water content. The water content range provided in this study
is 13 to 105%, with a mean of 29% and COV of 18%. The liquid limit range is 27 to 89%, with a
mean of 51% and COV of 18%, which is similar to the range provided by Peters and Lamb (1979).
Vannobel et al. (2013) verified that increased gradation increases density, as does increased
gravel content, whereas higher void ratios are associated with lower density. To determine in-situ
density, tests were conducted in a large compaction box to compare results obtained using a
nuclear densometer and using the water replacement method. The results found that the degree
of compaction or relative density determined with the water replacement method is higher than
that determined by the nuclear method. The water replacement method is thought to overestimate
compaction by about 3%, where the nuclear method gives more realistic results as they are not
affected by the coarseness of the material. More compaction is recommended for areas with a
history of higher seismic activity (Vannobel et al., 2013).
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Chapter 4: Collection and Analysis of Data
This chapter describes the fieldwork, topographic analysis, and laboratory testing conducted for
the case study dams. How this information was used in numerical models to supplement field
observations for best practices analysis is discussed. Results of numerical modelling and
sensitivity analyses are presented.

4.1

Fieldwork

Two trips to the Peace Region were undertaken for field work. At least one site visit was conducted
at each dam. The purpose of visiting the dams was to document observations on dam
performance and deviations between the original designs and how the dams were constructed.
These observations would later be compared to current best practices and guidelines to assess
whether they are being followed and, if not, to evaluate applied methods and how they compare
with best practices and impact dam performance. Information was obtained from conversations
with dam owners and operators regarding how and when each dam was constructed.
During the first trip in August 2018, Dams 1, 2, 3, and 4 were visited. Soil samples were collected
from the dams for laboratory testing, and a survey company was hired to obtain aerial imagery
for topographic analysis of Dams 3 and 4. Aerial imagery was provided by consultants and owners
for Dams 1 and 2. Dams 3, 4, 5, 6, and 7 were visited during the second trip in May 2019.
Geotechnical investigation reports were provided for all dams except for Dam 6 by consultants or
owners. The material properties to be used in the numerical models of Dams 1, 2, 3, and 4 were
inferred from a combination of literature review, laboratory testing at UBC Okanagan, and
provided geotechnical reports. These properties are detailed in Section 4.3. The dates of site
visits and sources of information are summarized in Table 2.
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Table 2 Summary of fieldwork and data collection for case study dams
Dam

Date(s)
visited

Soil samples
collected for
laboratory
testing?

Laboratory test
results provided by
consultants or
owners?

Source of
Aerial
Imagery

Numerical
Modelling
Performed?

1

August 2018

Yes

Yes

Higher Ground
Consulting

Yes

2

August 2018

Yes

Yes

Higher Ground
Consulting

Yes

3

August 2018,
May 2019

Yes

Yes

Vector (hired
by UBC)

Yes

4

August 2018,
May 2019

Yes

Yes

Vector (hired
by UBC)

Yes

5

May 2019

No

Yes

City of
Dawson Creek

No

6

May 2019

No

No

None

No

7

May 2019

No

Yes

None

No

Seepage and slope stability were analyzed for Dams 1-4 because these were the original four
case study dams for which site visits were conducted in the first trip and for which sufficient data
was collected to perform the numerical modelling. Dams 5-7 were added to the study later and
were visited in the second trip to analyze dam performance and compare designs with as-built
conditions to support recommendations for best practices. Stability analyses for Dams 5 and 7
were provided by owners and regulators. This information was not available for Dam 6.

4.2

Topographic Analysis

This section describes the collection of aerial imagery and its use with structure-from-motion
software for photogrammetric analysis to determine as-built conditions of dams.

4.2.1

Drone and Aerial Imagery

Vector Geomatics Land Surveying Ltd. was hired to fly a small drone over Dams 3 and 4 to
capture series of aerial photographs to be used for topographic analysis. The drone is a DJI
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Phantom 4 Pro. It is a small, relatively low-cost drone that is rapidly deployed. PixCapture software
can be used to pre-configure the flight path, altitude, and speed of the flights. The Phantom 4 Pro
is shown in Figure 5.

Figure 5 DJI Phantom 4 Pro (DJI, 2018)

The drone was set in a pre-configured flight path, and the camera was set to take photographs
with 80% overlap. The drone was flown at an altitude of 55 m for Dam 3 and 40 m for Dam 4, and
at an average speed of 3 m/s for both dams.

4.2.2

Photogrammetry

The aerial images taken by Vector were loaded into Pix4D Mapper. Pix4D is a photogrammetry
software tool that uses matching features in a series of images to create a 3D point cloud.
Originally, for Dams 3 and 4, all photos taken by Vector were loaded into Pix4D to create the point
clouds. Problems arose due to the lack of matching features in photographs taken directly over
the water surfaces that have no other features other than water because the software cannot
identify enough matching features in these photographs when the water surface is not still. The
resulting point clouds had variations in water surface elevation exceeding 50 m.
The models were rerun, but photographs having more than 50% water surface in the frame were
omitted from the point cloud. While this does leave a blank space over the water surface in the
orthophotograph, the resulting water surface elevations were improved, but still ranged by 10 m.
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The closer to shore the points were, the less variation in elevation was observed between the
points over the water surface. Therefore, the average water surface elevation was determined for
each dam by taking the average elevation from 10 points around the perimeter of the reservoir at
the point of contact between the water surface and the upstream slope of the embankment.
In Pix4D, 10 manual ground control points were placed around the perimeter of the reservoir,
where the water surface contacts the upstream embankment slope. The average water elevation
was assigned to each of these points, and the model was run again with the drone GPS turned
off. Contour lines were generated at 0.2 m intervals for comparisons of the water surface
elevations of these versions of the models. The resulting variations in water surface elevation
were about 0.2 m, which was tolerated given that the amount of wind on the day of the site visits
caused wave action. The resulting outputs from Pix4D were the 3D point clouds, digital surface
models (DSM’s), orthophotographs, and contour lines at 0.2 m and 1 m intervals. Contours
generated for Dam 3 at 0.2 m intervals are shown in Figure 6. Labelled contours at 1 m intervals
over Dam 3 are shown in Figure 7. Contours at 1 m intervals over Dam 4 are provided in Appendix
B – Topographic Output.
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Figure 6 Dam 3 0.2 m contours generated in Pix4D
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Figure 7 Dam 3 labelled 1 m contours generated in Pix4D

For Dams 1 and 2, DSMs were provided by Higher Ground Consulting, from which contours at 1
m intervals were generated. Orthomosaics were also provided.

4.2.3

Cross-sections

The DSMs were loaded into Global Mapper (version 18), where cross-sections can be taken with
a specified number of points. The purpose of taking cross-sections is to obtain as-built
embankment geometry to be used in seepage and slope stability analyses. The cross-sections in
Global Mapper were specified to have 1000 points. However, the embankment topography used
for analysis was a simplified version of the actual cross-section generated from the DSM. The asbuilt and simplified cross-sections for Dam 3 are shown in Figure 8. The subsurface design
geometry is shown in dashed lines and the full supply reservoir level is also shown to the left of
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the embankment. The as-built is black and the simplified geometry is brown. A similar comparison
for Dams 1, 2, and 4 is provided in Appendix B – Topographic Output.
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Figure 8 Dam 3 as-built vs. simplified cross-section 2 used for numerical modelling

The cross-section used for the numerical modelling was taken at the location that was presumed
to be the critical cross-section. While there is not a precise method to determine the critical crosssections, several cross-sections were generated around the perimeter or each reservoir, and
where the downstream slope was highest and steepest was taken to be the critical cross-section
for analysis of seismic and steady-state loading conditions. Where the upstream slope was
highest and steepest was taken to be the critical cross-section for analysis under a rapid
drawdown condition. Critical cross-sections are shown over the orthophotographs of Dams 1-4 in
Figure 9 to Figure 12, respectively. For Dam 3, where due to the sloped reservoir bottom the
critical cross-sections upstream and downstream are different, cross-section 1 is the critical
upstream section, and cross-section 2 is the critical downstream section.
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Figure 9 Location of the critical cross-section at Dam 1 (© 2016 Higher Ground Consulting,
adapted with permission)
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Figure 10 Location of the critical cross-section at Dam 2 (© 2016, Higher Ground Consulting,
adapted with permission)
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2
1

Figure 11 Location of critical cross-sections 1 and 2 for upstream and downstream, respectively,
at Dam 3
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Figure 12 Location of the critical cross-section at Dam 4

While this method was useful to determine the existing surface topography of the embankment,
it was more challenging to determine the subsurface material boundary between the constructed
embankment and native foundation soils existing at the site before construction of the dam. The
spatial data in Google Earth Pro for the conditions before the dam was constructed was obtained
and used as a loose measure of original topography, since an unknown amount of material is
typically stripped from the surface prior to construction. Therefore, a combination of preconstruction Google Earth spatial data and plans, contours, profiles, and drawings from
consultants who designed the dams were used to approximate this boundary. These sources
were also used to correct the elevations in the models, as the drone GPS elevations can be
inaccurate by 50 m or more.
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4.3

Material Properties

Laboratory testing was conducted to determine the soil grain size distribution, specific gravity,
and Atterberg Limits. Three samples thought to be in representative locations on each
embankment were tested. The samples were obtained from between 0.5 m and 1 m deep into
the embankment from the surface. Visual descriptions of samples from Dams 1-4 can be found
in Table 3.
Table 3 Visual descriptions of soil samples
Dam

Sample
type

Description

1

embankment

CLAY, silty, some sand, some gravel, moist, firm, medium plastic, light brown;
fine to coarse sand; fine gravel

2

embankment

CLAY, silty, some sand, some gravel, damp, firm, medium plastic, brown; fine to
coarse sand; fine gravel

3

embankment

CLAY, silty, some sand, trace gravel, moist, firm to stiff, medium plastic, dark
brown; fine sand; fine gravel

3

filter

SAND, trace gravel, damp, compact, brown; medium sand; fine gravel

4

embankment

CLAY, some silt, trace sand, trace gravel, moist, stiff, medium plastic, brown;
fine sand; fine gravel

4

filter

SAND, some gravel, dry, compact, brown; medium sand; fine gravel

4.3.1

Laboratory Testing for Index Properties

Laboratory testing was conducted at UBC’s Okanagan campus to determine grain size
distribution, specific gravity, and Atterberg Limits. The purpose of the laboratory testing was to
compare these results to existing literature to help determine the material properties to be used
as inputs in the numerical models. Both sieve and hydrometer analyses were carried out
according to ASTM C136 and D7928-17, respectively (ASTM, 2018). The results of the sieve
analysis on the filter sands are shown in Figure 13.
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Figure 13 Grain size distributions for Dam 3 and 4 filters

Because the soils used to construct the embankments are primarily fine-grained, their grain size
distributions were determined by hydrometer analysis. To interpret the hydrometer test results,
the specific gravity is required, which was determined using ASTM 54-14 (ASTM, 2018). The
results of the hydrometer analysis for the embankments are shown in Figure 14. The grain size
distributions for the dam embankments are also summarized in Table 4.
Table 4 Grain size distributions for Dam 1-4 embankments
Dam

% gravel
(>2 mm)

% sand
(0.06 to 2 mm)

% silt
(0.002 to 0.06 mm)

% clay
(<0.002mm)

Specific Gravity

1

22.1

15.6

40.8

21.5

2.76

2

15.3

17.0

43.6

24.1

2.56

3

3.5

11.0

50.4

35.1

2.80

4

5.8

8.1

29.5

56.6

2.55

48

100
90

Dam 4

80

Percent Finer

70

Dam 3

60
50
Dam 2

40
30

Dam 1

20
10
0
0.001

0.010

0.100

Particle Diameter (mm)
Figure 14 Grain size distributions for Dam 1-4 embankments

Atterberg Limits were tested under ASTM D4318 (ASTM, 2018). The natural water content was
measured for the filters and the embankments, and liquid limits and plastic limits were measured
for the embankment. The natural water contents, Atterberg Limits, and USCS classifications are
summarized in Table 5. The Atterberg Limits are plotted on the A-line chart in Figure 15.
Table 5 Water content, Atterberg Limits, and USCS classifications for Dams 1-4
Sample

Natural Water
Content (%)

Liquid Limit
(%)

Plastic Limit
(%)

Plasticity
Index (%)

Activity

USCS
symbol

Dam 1

21.3

37.0

22.1

14.9

0.69

CL

Dam 2

18.2

32.3

19.0

13.3

0.55

CL

Dam 3

15.2

36.5

18.6

17.9

0.51

CL

Dam 4

18.4

53.1

25.2

27.9

0.49

CH

Dam 3
Filter

5.7

-

-

-

SP

Dam 4
Filter

2.0

-

-

-

SP

49

50

40

Plasticity Index (%)

CH

30

Dam 4
CL
MH

20

Dam 3
Dam 1
Dam 2

10

ML

CL-ML

0
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Figure 15 Atterberg Limits plotted above the A-line for Dam 1-4 embankments

One sample from each of the four dam embankments weighing about 15 g was sent to AGAT
Laboratories in Calgary for bulk x-ray diffraction and clay speciation testing. The purpose of this
testing is to determine the specific types of clay in each of the embankment cores. The results of
the x-ray diffraction testing are provided in Table 6. Dam 4 has about 10% more clay content than
the other three dams, which is consistent with the higher LL and PI for this soil. Dams 3 and 4
have 11% and 9% carbonates, respectively, while Dams 1 and 2 do not have any carbonates.
This may be due to the difference in location between Dams 1 and 2 and Dams 3 and 4.
Additionally, only the soil from Dam 1 contained jarosite and no chlorites. The asterisk for the
illite/mica notes that there are mixed layers which are difficult to quantify. Spectral characterization
plots provided with the test data can be found in Appendix C – X-ray Diffraction Spectral Plots.
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Table 6 Bulk x-ray diffraction and clay speciation test data (%)
Dam

1

2

3

4

Minerals

Quartz

47.9

53.9

46.6

35.3

Feldspar

Albite

3.6

3.2

4.0

4.4

K-feldspar

1.8

2.4

2.0

3.0

Calcite

0.0

0.0

6.1

6.0

Dolomite

0.0

0.0

4.6

2.6

Illite/Mica*

26.6

27.3

24.2

33.1

Mixed-layers

1.7

2.0

0.6

1.3

Chlorite

0.0

1.9

3.5

4.8

Kaolinite

9.2

8.3

6.2

7.1

Gypsum

2.9

1.0

2.1

2.3

Jarosite

6.2

0.0

0.0

0.0

Total Feldspar

5.4

5.6

6.0

7.4

Total Carbonates

0.0

0.0

10.7

8.6

Total Clays

37.5

39.5

34.5

46.3

Carbonates

Clays

Sulfates

Based on results from the four test samples on which the bulk x-ray diffraction and clay speciation
testing were conducted, there is no evidence to suggest that dispersive soils were used to
construct these dams.
In addition to laboratory testing undertaken at UBC, borehole logs and laboratory test data were
provided by Higher Ground Consulting and Nichols Environmental for Dams 1, 2, 3, and 4. More
information was available for some dams than others. Table 7 summarizes the amount of data
provided by third parties for Dams 1-4.
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Table 7 Laboratory test data provided by consultants
Dam

Borehole
logs

Natural
Water
Content

Atterberg
Limits

Grain Size
Distribution

Permeability

Standard
Proctor
Compaction
curves

Direct
Shear

1

1

3

3

2

0

0

1

2

3

18

9

5

0

0

3

3

20

17

17

17

6

2

2

4

15

11

11

11

5

3

2

The Atterberg limits, grain size distributions, and water contents determined at UBC were found
to fit within the ranges of the test data provided by the consultants. Because the samples tested
at UBC were taken at a maximum 1 m depth from the embankment surface, the borehole logs
provided useful information for samples taken deeper than the constructed embankment, which
helped to infer information about changing soil conditions and material boundaries with depth.

4.3.2

Material Property Inputs for Numerical Models

For the filters at Dams 3 and 4, the Nimeri et al. (2017) chart was used to approximate the dry
unit weight and void ratio, assuming the filters were compacted to approximately 70% relative
density and knowing that they are both of SP USCS classification. The dry unit weight is then
converted to bulk unit weight using the in-situ water content. This chart also gives the effective
friction angle (𝜙’) and the filters are assumed to have no cohesion (c’ = 0). The Carman-Kozeny
equation (Carrier, 2003) was used to estimate the hydraulic conductivities of the filters. A shape
factor of 6.4 was taken based on the values suggested by Carrier (2003), and the void ratios given
from the Nimeri et al. (2017) chart were used as inputs in the equation.
For the long-term, steady-state analyses of Dams 1-4, the Mohr-Coulomb effective strength
parameters cohesion (c’) and friction angle (𝜙’) were obtained by examining available direct shear
test data and empirical relationships with Atterberg limits provided in Rivard and Goodwin (1978).
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While the direct shear test can overestimate strength parameters compared to triaxial testing, and
even though direct shear tests only represent consolidated-drained (CD) conditions with reliability
since pore pressure cannot be measured during the test, for soils with hydraulic conductivity as
low as the soils used to construct these dams, the results given by the direct shear test are more
representative of CU conditions, since sufficient time is not allowed for the water to drain and
excess pore pressure to dissipate, and so these test results were consulted for a loose measure
of strength parameters in the absence of triaxial test data.
The c’ is typically lower for CD conditions than CU, often approaching zero (USSD, 2007), which
would not give a realistic failure envelope since it is known that the soils used to construct the
dams have strength from cohesion under undrained conditions, as they are over-consolidated.
CD conditions would represent embankment materials above the phreatic surface (USSD, 2007).
Because cohesion values can vary so widely depending on test method and conditions, the
empirical relationships in Rivard and Goodwin (1978) and Peters and Lamb (1979) were
consulted to supplement those obtained from laboratory test data. For example, only one direct
shear test was provided for Dam 1, and provided a c’ of 53.5 kPa at a sample depth of 3.5 m.
However, given a liquid limit of 37%, the c’ (CU) in Rivard and Goodwin (1978) gives a cohesion
of 40 kPa, and in Peters and Lamb (1979) gives a c’ as low as 20 kPa. Applying judgment from
experience with similar materials, 35 kPa was used in the numerical model. For Dam 3, the two
direct shear tests on samples obtained at similar depths gave c’ values of 7 and 24 kPa but based
on a liquid limit of 34% the Rivard and Goodwin (1978) correlation gives a c’ of 15 kPa, as does
the chart in Peters and Lamb (1979). Therefore 15 kPa was used in the model.
Similarly, 𝜙’ is taken as a conservative value considering direct shear test data and empirical
relationships provided by Rivard and Goodwin (1978), Peters and Lamb (1979), and Cao et al.
(2015). For example, 𝜙’ from the 3 direct shear tests for Dam 2 range from 23.5° to 26.7° and are
all from samples from the top 5 m of the embankment, and the soil description is consistent
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throughout the borehole depths. However, the liquid limit decreases from 33% near surface to
approximately 23% at 6.6 m depth, and the SPT N value increases from approximately 20 in the
first 5 m to above 30 approximately 9 m below the crest. Therefore, based on the 3 sources of
empirical relationships conducted, it is justified to take an embankment 𝜙’ of 25° and a foundation
𝜙’ of 32°.
The input for unit weight into Slide is a total unit weight since the program will account for the
location of the phreatic surface and determine stability based on effective unit weight depending
on depth below water. To determine bulk unit weights, in the absence of compaction curves or insitu unit weight testing for Dams 1 and 2, the three sources of empirical relationships stated above
were used to extract unit weights based on in-situ water content and liquid limit. However, for
Dams 3 and 4, compaction test data were provided. Knowing the optimum water content (OMC)
at which the SPMDD is obtained, it was assumed that the embankments were compacted to 95%
SPMDD and then the in-situ water contents were used to convert dry density to bulk unit weight,
though the empirical relationships were still consulted and found to be in good agreement with
these values for unit weight.
A similar approach was taken to approximate hydraulic conductivity. If permeability test data were
available then they were used, but since the empirical relationships are only for strength and not
hydraulic properties, values were taken using best judgment based on the literature review and
the values in the data provided for other dams, since the level of compaction influences the
permeability, which would be similar for Dams 1 to 4. The selected permeability values agree with
those suggested by Rivard and Goodwin (1978) and Savage et al. (2000). In all cases, the
foundation materials were assigned a hydraulic conductivity one order of magnitude larger than
the compacted embankment, as is consistent with the studies mentioned in the literature review.
The same permeability values were used for effective and total stress analyses.
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This type of engineering judgement was applied to approximate the material properties to input
into the numerical models making the most use of available data in consultation with empirical
relationships and literature. Hydraulic conductivities were typically taken as a lower bound to be
conservative in the stability analyses, since Rocscience Slide does not measure the sensitivity of
hydraulic conductivity, nor can variance or probabilistic analysis be applied to this parameter.
The embankments and the filters were assumed to have isotropic hydraulic conductivity. For the
underlying foundation soils of Dams 3 and 4, the ratio of horizontal to vertical permeability was
assumed to be 5:1 due to observed seams of silt and sand and layered stratigraphy mentioned
in the borehole logs. The input parameters used in the numerical models are summarized in Table
8. The embankments were not modelled to reflect unsaturated soil conditions, and so the
minimum pore pressure is set to be 0 kPa.
Table 8 Deterministic material properties for steady-state numerical models
Embankment
Dam

ϕ’ (°)

c’ (kPa)

Foundation
γ (kN/m3)

ϕ’ (°)

c’ (kPa)

γ (kN/m3)

k (m/s)

-10

30

25

21

10-9

k (m/s)

1

25

35

20

10

2

25

25

20

10-10

32

20

21.5

10-9

3

20

15

20

10-10

18

15

22

10-9

4

23

5

20

10-11

30

3

21

10-10

For Dam 3 and 4 filters, friction angles were 36°, cohesions were 0 kPa, bulk unit weights were
19 kN/m3, and hydraulic conductivities were rounded up to 10 -3 m/s. Dam 1 has an additional
material beneath the dam foundation at approximately 9.5 m depth from the crest surface which
is described in the borehole log as weak, very weathered shale. In the absence of other
information, material properties for clay shale in the Site C Reservoir were assigned as follows
(Van Esch, 2012): 𝜙’ = 15°, c’ = 20 MPa, γ = 19 kN/m3, and k = 2 x 10-8 m/s.
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This approach was used to establish deterministic properties for seepage and slope stability
analysis of Dams 1-4 under steady-state, because this is most representative of the conditions at
these dams as they currently exist. For pseudo-static seismic and rapid drawdown conditions,
total stress (UU) conditions are needed, meaning friction angle is set to zero, but the S u are
unknown. While shear vane test results were provided in the borehole logs for Dams 1 and 2, the
results varied widely even within the same soil strata from 25 to 125 kPa.
Since these loading conditions are not currently present at the dams, a deterministic analysis was
not carried out for these loading conditions. Instead, a probabilistic analysis was carried out where
1000 simulations were run while the value of S u was set to vary under uniform distribution between
0 and 50 kPa to determine the value of Su at which the CDA prescribed minimum factors of safety
for these loading conditions are met for each of these dams. It is reasonable to apply total stress
analysis to seismic and rapid drawdown loading cases, because total stress analysis is used to
reflect short-term loading conditions, and these types of failure modes typically happen within the
first 5 years after dam construction (Foster, 2000). Given the low permeability of these
embankments and the fact that the soils are over-consolidated, it is highly unlikely that sufficient
time would have passed for the water to drain or excess pore pressures to dissipate in this time,
or that the soil has been loaded to pre-consolidation conditions. The same values for total unit
weight and hydraulic conductivity were used as in the steady-state models. Though the
distribution used to find Su is uniform, a deterministic input is required, and therefore 20 kPa was
arbitrarily chosen.

4.3.3

Material Property Uncertainties

The input parameters in Table 8 are mean values for a deterministic analysis used to model
representative, steady-state conditions of these dams. To incorporate uncertainty and reliability
into the numerical model, a probabilistic analysis was undertaken. The parameters c’, 𝜙’ and γ

56

were set to vary according to a normal distribution, and 1000 simulations were run for each loading
condition where these parameters are randomly assigned according to their normal distributions.
The standard deviations for each parameter were determined based on typical coefficients of
variance (COV’s) from the literature review. With the probabilistic analysis, the software output
includes a probability of failure based on the number of simulations, which produced a safety
factor below 1.0. The COV used for each parameter are as follows: 25% for c’, 10% for 𝜙’, and
5% for γ. The exception is that c’ for filters was kept at 0. While actual variance in strength
properties likely varies for the different materials in the embankment and potentially with depth,
these values are thought to capture the necessary amount of uncertainty in each case.

4.4

Seepage and Slope Stability Analysis

Rocscience Slide was used to model seepage and slope stability in 2D. Seepage is modelled
using finite element discretization for both steady-state and transient conditions. Analyzing
seepage involves examining the phreatic surface in the embankment and ensuring that there is
no build-up of excess pore water pressures. Discharge is calculated at the downstream toe per
meter of embankment length, which can be compared to field observations to assess seepage
location and quantity. Slope stability analysis is based on limit equilibrium methods such as
Bishop’s, GLE/Morgenstern-Price, and Janbu Simplified. Factors of safety are calculated as the
ratio of resisting to disturbing elements. The GLE/Morgenstern Price method was used for the
analysis as factor of safety is determined based on resisting and disturbing moments and forces.
There are inherent limitations with any software modelling for geotechnical engineering purposes.
As the models are in 2D, 3D effects are not considered, and spatial variability of material
properties within a single material boundary are not considered. Material properties are
considered uniform and isotropic within the 2D cross section unless specified otherwise.
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4.4.1

Seepage

An example of a model input showing the finite element mesh and steady-state groundwater
boundary conditions is shown in Figure 16 of Dam 3. The constructed clay embankment is shown
in yellow, the foundation in green, and the blanket drain in orange. The upstream slope is on the
left and downstream on the right. The total head boundary condition is applied over the reservoir
based on full supply level conditions. Total head boundary conditions are also applied at the sides
so vertical flow at these boundaries is restricted. An unknown boundary condition is placed on the
rest of the embankment and downstream surfaces.

Figure 16 Finite element mesh and steady-state groundwater boundary conditions for Dam 3

The seepage quantity is computed at a specified discharge section at the downstream toe.
Because the model is in 2D, the discharge output sections are in units of m 3/day per meter length
of the embankment. The seepage output at Dams 1-4 is summarized in Table 9. For Dams 3 and
4, the seepage analysis was run both with the filters as-built and without the presence of any filter
to compare the discharge quantity outputs with and without the blanket drains. As shown in Table
9, the seepage quantity is drastically reduced without the filter.
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Table 9 Seepage quantity outputs for Dams 1-4
Dam

Seepage without filter
(L/day/m)

Seepage (L/day/m) with filter

1

0.332

-

2

0.020

-

3

0.015

0.054

4

0.00021

0.005

Figure 17 shows the difference in the phreatic surface with and without the filter at Dam 3. It is
apparent that the filter does lower the phreatic surface in the embankment and directs seepage
along the drain to the downstream toe.

Full Supply Level

Figure 17 Comparison of the phreatic surface at Dam 3 with and without filter

The pressure head distribution through the Dam 3 embankment is shown in Figure 18 with the
phreatic surface and seepage quantity. The analyses were set to have a minimum pore pressure
of 0 kPa, meaning that the soils are assumed to be saturated and the impacts of negative pore
pressure or unsaturated soil conditions are not considered. This results in a more conservative
analysis as negative pore pressures contribute to shear strength and therefore slope stability.
Similar outputs for Dams 1, 2, and 4 are provided in Appendix D – Numerical Modelling Output.
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Figure 18 Pressure head distribution through Dam 3 embankment

4.4.2

Steady-state Condition at Full Supply Level

The stability of the downstream slope when the reservoir is at full supply level under steady-state
conditions was analyzed for Dams 1-4. At full supply level, the freeboard is at the minimum design
value. A comparison was made of the slope stability with and without the granular filters for Dams
3 and 4. The minimum factor of safety prescribed by the CDA for the steady-state loading
condition is 1.5 (CDA, 2007). The factors of safety for Dams 3 and 4 reduce slightly without the
filters. The critical slip surface for the steady-state condition under full supply level for Dam 3 is
shown in Figure 19. Similar outputs for Dams 1, 2, and 4 are provided in Appendix D – Numerical
Modelling Output. A summary of the results of the steady-state stability analysis for Dams 1-4 is
shown in Table 10.
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Figure 19 Critical slip surface for Dam 3 with filter under full supply level
Table 10 Factors of safety under steady-state loading condition at full supply level for Dams 1-4
Dam

Factor of Safety without filter

Factor of Safety with filter

1

1.98

-

2

2.69

-

3

1.98

2.07

4

2.12

2.40

The slope stability charts for Spencer’s solution and Michalowski’s solution, which relate
embankment geometry and material properties with factor of safety under steady-state seepage,
were used to validate the results in Table 10 (Das, 2013).

4.4.3

Material Properties Sensitivity

A sensitivity analysis can be run in Rocscience Slide that compares the sensitivity of the model
results to each parameter considered in the sensitivity analysis. The sensitivity analysis involves
varying individual variables within the specified input range and is performed on one variable at a
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time. For Dam 1, the three parameters with the greatest sensitivity, from most to least sensitive,
were foundation cohesion, embankment cohesion, and embankment unit weight. For Dam 4, the
three most sensitive parameters from most to least sensitive were foundation friction angle,
embankment unit weight, and foundation cohesion. For Dams 2 and 3, the three parameters with
the greatest sensitivity, from most to least, were foundation cohesion, foundation friction angle,
and embankment unit weight.
For dams with filters, the stability analyses were minimally sensitive to strength properties and
unit weight of the filter materials. This is likely because the critical slip surfaces do not pass
through the filter. However, the filters do improve overall embankment stability as seen in the
differences in factor of safety. Therefore, the embankment stability is likely more sensitive to the
filter hydraulic conductivity than its unit weight and strength parameters, though this cannot be
measured using the sensitivity analysis in Rocscience Slide Interpret. Hence, strength properties
for filters are rarely specified, but grain size distribution is, and compaction is to be as uniform
with the rest of the embankment as possible.
Figure 20 shows the sensitivity plot for Dam 3 under steady-state loading conditions. Similar
outputs for Dams 1, 2, and 4 are provided in Appendix D – Numerical Modelling Output.
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Figure 20 Sensitivity plot for Dam 3 under steady-state condition

4.4.4

Probabilistic Analysis

The results of the probabilistic analysis are summarized in Table 11. The simulation type was
Monte-Carlo, which samples random numbers from the input probability distribution. This
technique is commonly used for problems involving random behavior in geotechnical engineering
(Rocscience, 2019). For Dams 1-4 under steady-state loading conditions, 1000 simulations were
run. The Deterministic FS is the factor of safety using the input values for each parameter. The
Mean FS is the mean factor of safety from the 1000 simulations that were run with variance
applied to the strength parameters. The probability of failure is the percentage of those 1000
simulations that resulted in a FS below 1.0.
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Table 11 Summary of probabilistic analysis results for Dams 1-4 under steady-state condition
Dam

Deterministic FS

Mean FS

POF (%)

1

1.98

1.98

0.0

2

2.68

2.60

0.0

3

2.07

2.01

0.0

4

2.40

2.38

0.0

Dams 1-4 meet the minimum factor of safety requirements as prescribed by the CDA (2007) for
steady-state conditions and all had probabilities of failure of 0.0%.
The effective cohesion (c’) and effective friction angle (𝜙’) are plotted against the factor of safety
for Dam 3 under steady-state conditions in Figure 21 and Figure 22, respectively. These plots for
Dams 1, 2, and 4 are provided in Appendix D – Numerical Modelling Output.

Figure 21 Effective cohesion vs. factor of safety for Dam 3 under steady-state condition
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Figure 22 Effective friction angle vs. factor of safety for Dam 3 under steady-state condition

4.4.5

Pseudo-static Seismic Condition

Stability analysis for pseudo-static seismic loading conditions involves introducing a horizontal
peak ground acceleration (PGA) reflective of that resulting from a seismic event for a return period
based on the dam consequence classification. For High consequence dams, such as Dams 3 and
4, the return period is 2475 years, while for Significant consequence dams, such as Dams 1 and
2, the return period is 1000 years (CDA, 2007). The PGA value is determined based on location
according to the 2015 National Building Code of Canada seismic hazard calculator (NBC, 2015).
These values do not account for the impact of induced seismicity due to hydraulic fracturing. The
PGA is expressed as a fraction of g, where g = 9.81 m/s 2. Other than adding the horizontal peak
ground acceleration, the analysis is run with the same boundary conditions and slip surface limits
as the steady-state full supply level condition, at the same cross-section.
The minimum factor of safety under the pseudo-static seismic loading condition prescribed by the
CDA (2007) is 1.0. Therefore, stability of Dams 1-4 under this loading condition was modelled as
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a probabilistic analysis to determine the required cohesion, or undrained strength S u, to achieve
this factor of safety. Cohesion was plotted against factor of safety for the 1000 simulations run for
Dams 1-4, and the cohesion values required to obtain the 1.0 safety factor are provided in Table
12. The undrained strength plotted against factor of safety for Dam 3 under pseudo-static seismic
condition is shown in Figure 23. These results for Dams 1, 2, and 4 are shown provided in
Appendix D – Numerical Modelling Output.
Table 12 Required material cohesion under seismic loading condition for Dams 1-4
Dam

Horizontal PGA applied (g)

Required cohesion (kPa) to obtain FS=1

1

0.044

50

2

0.044

37

3

0.081

28

4

0.080

19

Embankment
cohesion high;
slip surface
does not pass
through
foundation

Small slip surfaces that do
not result in dam failure

Figure 23 Undrained strength (cohesion) vs. factor of safety under seismic loading condition

In Rocscience Slide, if a minimum radius for a circular slip surface or a minimum depth of slip
surface below the ground surface are not specified, then slip surfaces with a variety of locations
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and sizes can occur within the slope limits. These slip surfaces do not necessarily reflect
conditions that would result in dam failure, but a factor of safety is meant to reflect safety from
dam failure. Explanations for outlier data above and below the best fit are shown in Figure 23.
In the probabilistic analyses, both embankment and foundation cohesion varied between 0 and
50 kPa under uniform distribution, but the values chosen for these material types in each
simulation were independent of one another. Therefore, if a slip surface did not pass through the
foundation layer and the embankment cohesion was high, even if the foundation cohesion was
low it would not have impact and a high factor of safety would result for the slip surface. This case
is represented by the data in the upper left portion of the plot. In the data below the best fit line, it
appears that high values of cohesion can still result in low factors of safety. However, if the
embankment cohesion is low and the slip surface only passes through the embankment and not
the foundation, the resulting factor of safety will be low for that slip surface. Additionally, several
smaller slip surfaces which would not actually result in failure of the dam provided these low
factors of safety for high cohesions.
These causes of outlier data were confirmed in Rocscience Slide, but the data were left unfiltered
to capture the full range of scenarios that could occur. As the soils are erosive, it is unknown what
sizes and locations of slip surfaces would result in dam failure and determining this was outside
of the project scope. It was also confirmed in Slide that most slip surfaces in the best fit range
passed through both the embankment and the foundation.
The plots are only provided for cohesion of the foundation soils required to achieve a given factor
of safety and not the embankment soils for several reasons. Slope stability was shown in the
sensitivity analyses to be more sensitive to foundation strength properties than embankment
strength properties. There is some level of control over the embankment strength properties by
using only a select portion of dugout materials, and construction and compaction methods.
Embankment slope also affects embankment stability. However, for the foundation, these
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materials are in-situ prior to the embankment construction and are not altered. In assessing
materials for a future site for a dugout reservoir, the foundation cohesion would be representative
of what is encountered in a geotechnical investigation, not the embankment.

4.4.6

Rapid Drawdown Condition

The rapid drawdown analysis requires transient groundwater boundary conditions, as the pore
pressure distribution and therefore the factor of safety vary as time passes after a drawdown
event is initiated. In Rocscience Slide, this means that the analysis is run and the factor of safety
determined at user-specified time periods. The minimum factor of safety and maximum pore
pressures in the embankment occur sometime between initiation of a rapid drawdown event and
re-stabilization over time. Therefore, transient boundary conditions are placed on the upstream
side of the embankment and the bottom of the reservoir. Unknown boundary conditions are placed
on the downstream surfaces in the model.
The transient boundary condition requires an input function of the reservoir level with time.
Therefore, it was assumed that the entire reservoir would drain in one day for a rapid drawdown
event. This method is appropriately conservative because there is equipment set up to pump into
and out of these reservoirs at any time. Therefore, the assumption is that the reservoir level would
drop from full supply level to the bottom of the reservoir in a 24-hour period.
Slope stability results were generated for the following time intervals, in days: 0, 0.5, 1, and 2,
where at 0 days the reservoir is at full supply level and at 1 day the drawdown is complete, and
there is no water remaining in the reservoir for the remainder of the analysis. The deterministic
results showed that the minimum factor of safety always occurs at 1 day.
The minimum factor of safety under a rapid drawdown loading condition prescribed by the CDA
(2007) is 1.2-1.3. Therefore, similar to pseudo-static seismic analysis, stability of Dams 1-4 was
modelled as a probabilistic analysis to determine the required cohesion, or undrained strength S u,
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to achieve a factor of safety of 1.2. Cohesion for each of these materials was plotted against factor
of safety at the 1-day time period for the 1000 simulations run for Dams 1-4. The cohesion values
required to obtain the 1.2 safety factor are provided in Table 13. The undrained strength plotted
against factor of safety for Dam 3 under rapid drawdown condition is shown in Figure 24. These
results for Dams 1, 2, and 4 are shown provided in Appendix D – Numerical Modelling Output.
Table 13 Factors of safety under rapid drawdown condition for Dams 1-4
Dam

Required cohesion (kPa) to obtain FS=1.2 at 1 day

1

64

2

28

3

24

4

42

Figure 24 Undrained strength (cohesion) vs. factor of safety for Dam 3 under rapid drawdown
condition
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4.4.7

Embankment Slope Sensitivity

The sensitivity analysis performed in Rocscience Slide only considers cohesion, friction angle,
and unit weight. Upstream and downstream slope angles are not considered, but for the given
strength parameters, steeper slopes yield lower factors of safety. A “base” dam was developed
to determine ranges of strength properties that will yield the minimum factors of safety prescribed
by the CDA (2007) for rapid drawdown and steady-state loading conditions at different upstream
and downstream slopes. Pseudo-static seismic conditions were not modelled for the base dam
as the rapid drawdown conditions typically required higher S u than seismic for Dams 1-4, and both
represent total stress analysis cases. The characteristics of the base dam are meant to reflect
typical dug-out dams that are used to store fresh water in the Peace River Region. The geometry
and properties of the case study dams were used as a reference to develop the base dam.
For the base dam, the same material properties were assigned for the constructed embankment
and the foundation. Deterministic values were assigned for cohesion, friction angle, and unit
weight, but a probabilistic analysis was run using a uniform distribution with ranges assigned to
these parameters that are expected to capture the range of possible values for these parameters
in these types of dams. Five different slope angles were considered for both upstream and
downstream slopes, and the downstream slope was always set to be 0.5H:1V steeper than the
upstream slope based on the recommendation from BC MFLNRORD (2018) to have minimum
slopes of 3H:1V upstream and 2.5H:1V downstream.
The geometry, deterministic values of material properties for steady-state condition, and ranges
considered for these properties for the base dam are summarized in Table 14. Only the upstream
and downstream slopes were varied. For rapid drawdown condition, the friction angle is set to
zero, and the cohesion (Su) range is 0 to 50 kPa.
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Table 14 Base dam characteristics
Berm
Height (m)

Crest
Width (m)

Freeboard
(m)

Crest
slope (%)

k
(m/s)

Range of
c’ (kPa)

Range
of 𝜙’ (°)

Range of 𝛾
(kN/m3)

8

4.6

1

2

10-9

10-60

15-40

17-23

While effective cohesion and friction angle are independent strength parameters, they are
generally known to be negatively correlated, though the exact correlation depends on the material.
However, to capture the negative correlation in this exercise, Rocscience (2018) recommends
using a correlation factor of -0.5 between c’ and 𝜙’, in the absence of other data, so this was
incorporated into the steady-state analysis. For the rapid drawdown analysis, the friction angle is
set to zero and does not vary, therefore Su is entirely independent.
The base dam was run under the same rapid drawdown transient boundary conditions as the
case study dams with upstream slopes of 2H:1V, 2.5H:1V, 3H:1V, 3.5H:1V, and 4H:1V. These
corresponded to downstream slopes of 1.5H:1V, 2H:1V, 2.5H:1V, 3H:1V, and 3.5H:1V,
respectively, at which steady-state analysis was run. The base dam does not have a filter.
The results show a positive correlation between cohesion (c’ or S u) and factor of safety for both
rapid drawdown and steady-state analyses. Because of the negative correlation coefficient
applied between c’ and 𝜙’ in the steady-state analysis, this resulted in a negative correlation
between 𝜙’ and factor of safety. Based on the Mohr-Coulomb strength criterion, both higher c’
and higher 𝜙’ improve factor of safety, so a maximum 𝜙’ at which a minimum factor of safety is
achieved cannot be given. Because c’ is both positively and more strongly correlated with the
factor of safety, a minimum cohesion value can be specified at which a minimum factor of safety
is achieved, and this is influenced by the negative correlation with 𝜙’.
The minimum cohesion values to obtain a factor of safety of 1.2 for rapid drawdown (Su) and 1.5
for the steady-state analyses (c’), as recommended by the CDA (2007) are summarized in Table
15 for the different upstream and downstream slopes at which the base dam model was run. Plots
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generated in Rocscience Slide showing c’ vs. factor of safety for the steady-state analyses and
Su vs. factor of safety for the rapid drawdown analyses are provided for all slope values in
Appendix D – Numerical Modelling Output.
Table 15 Cohesion values needed to meet minimum factors of safety for various base dam slopes
Rapid drawdown

Steady-state

Upstream
slope
(XH:1V)

Minimum Su (kPa) to obtain
FS=1.2

Downstream
slope
(XH:1V)

Minimum c’ (kPa) to obtain
FS=1.5

2

31

1.5

26

2.5

30

2

19

3

29

2.5

18

3.5

28

3

16

4

28

3.5

12
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Chapter 5: Embankment Stability
In the following chapter, current best practices and guidelines pertaining to embankment stability
are summarized. Observations of embankment stability from the case study dams will be
described and used, in addition to the numerical modelling results, to inform recommendations
related to embankment stability for design and construction of future dams, which are also
summarized at the end of the chapter.

5.1

Current Best Practices and Guidelines for Embankment Stability

The Canadian Dam Association (2007) prescribes minimum factors of safety for slope stability
under different loading conditions. Regardless of dam consequence classification, the factor of
safety against sliding should be 1.5 for the long-term, steady-state seepage condition on the
downstream slope. The factor of safety should be 1.2-1.3 on the upstream slope for a full or partial
rapid drawdown condition, and 1.0 for pseudo-static seismic loading condition.
BC MFLNRORD (2018) requires upstream slopes to be constructed at 3H:1V and downstream
slopes to be 2.5H:1V, unless it can be demonstrated that the embankment is stable with steeper
slopes. The BC Ministry of Energy and Mines (2002) agrees with this, stating that grass slopes
maintained by tractors or other equipment should not be steeper than 3H:1V. The United Nations
FAO (Stephens, 2010) provides similar recommendations for homogeneous dams of 3H:1V for
upstream and 2H:1V for downstream slopes, respectively. However, for zoned dams with erosion
protection they recommend slopes be no steeper than 1H:2V upstream and 1H:1.75V
downstream. The USBR shares the 3H:1V upstream and 2.5H:1V downstream recommendation
(USSD, 2011). Australian documents recommend slopes of 3H:1V for both upstream and
downstream slopes (Department of Primary Industries and Water of Tasmania, 2008; Eyre
Peninsula Natural Resources Management Board, 2011).
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The BC MFLNRORD (2018) prescribes a minimum crest width as a function of berm height by
the formula W m=0.2Hm+3 where W m and Hm are the crest width and height in meters, respectively.
The United Nations FAO (Stephens, 2010) recommends a minimum crest width of 2 m, with a
standard width of 3 m or as a function of embankment height by the formula C w=0.4H+1. They
also recommend crests be sloped to drain toward the reservoir via the upstream slope at a
crossfall slope of 2.5%. The Eyre Peninsula Natural Resources Management Board (2011) has
crest widths as a function of height in a table, ranging from a crest width of 2.5 m for a dam height
of 2 m to a crest width of 3.5 m for a dam height of 6 m.
While it is not directly recommended, most design guides for dugouts and similar storage ponds
generally assume that the reservoir will have a flat bottom (Alberta Ministry of Agriculture and
Forestry, 2015; BC Ministry of Agriculture, 2013).

5.2

Embankment Stability Observations from Case Studies

In general, the as-built embankment slopes were steeper than designed. At several crosssections of Dams 1 to 4 the upstream slopes were constructed steeper than the downstream
slopes, in contrast with the BCMFLNRORD (2018) and USBR guidelines (USSD, 2011). Dam 4
was even designed this way, having typical design embankment slopes of 3H:1V upstream and
3.5H:1V downstream. Figure 25 shows comparisons of upstream and downstream slopes at
several cross-sections at Dam 4. Figure 26 shows the as-built critical cross-section downstream
at Dam 3, which was designed to have 3H:1V slopes both upstream and downstream. The
upstream slope ended up being steeper than design and the downstream slope less steep.
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Figure 25 Sample cross-sections taken of Dam 4 with steeper upstream than downstream slopes
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Figure 26 As-built geometry of critical cross-section 2 of Dam 3
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At Dam 1, the northwest edge of the reservoir is the location of the critical cross-section, as it is
both the location of the maximum berm height and the steepest downstream slope. Aerial
photography of this reservoir from 2016 shows that there is longitudinal cracking occurring on this
slope, and not elsewhere on the dam. This is shown in Figure 27. The as-built slope at this location
is approximately 2H:1V, so this is too steep for an embankment with this soil type and height.
However, the design slope was 3H:1V, and at other locations around the embankment where the
slopes are closer to the design slope this longitudinal cracking is not seen.

Figure 27 Longitudinal cracking at the critical cross-section of Dam 1 (© 2016, Higher Ground
Consulting, adapted with permission)

Based on the results of the numerical modelling, and the comparisons of Dams 3 and 4 at the
steady-state condition with and without their granular filters, the filters provide a small benefit to
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slope stability with an increased factor of safety. However, this is more likely to do with the
lowering of the phreatic surfaces within the embankments, facilitation of controlled seepage, and
dissipation of excess pore pressures in the embankments than the actual strength properties of
the materials. This is supported by the results of the sensitivity analysis as the unit weight and
friction angle of the granular filters were some of the properties to which the factors of safety were
least sensitive. Additionally, the slope stability results of Dam 4 in Figure 28 show that the critical
slip surface does not even pass through the filter.

Figure 28 Critical slip surface for the steady-state condition at Dam 4

Figure 28 also shows that the critical slip surface also does not pass through the key trench. While
the presence of the key trench may not contribute directly to deterministic factors of safety, it helps
to prevent lateral movement of the embankment. Additionally, the key trench provides a
preventative measure against internal erosion or piping mechanisms forming in the foundation
due to lower permeability seams of silt and sand promoting the formation of preferential seepage
paths, or other unfavorable foundation conditions. The impact of the key trench on internal
seepage is discussed in Chapter 7.
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Among the seven case study dams, the maximum berm heights range from 5.3 m to 12 m. The
berm height at one dam can range by 5 m (as shown at Dam 3) or more. While most of these
dams were constructed within the last seven years, there is potentially a link between maximum
berm height and stability concerns. For example, the longitudinal cracking mentioned at Dam 1
occurs at the location of maximum berm height, which is 9.1 m. At Dam 6, at the downstream
slope in the northeast corner of cell 2, which is the location of maximum berm height for this cell,
a slump was initiated and required remediation several years after construction. And at Dam 4,
which has the smallest maximum berm height of all the case study dams at just 5.3 m, the filter
appears to be bulging at the downstream toe, which could result in embankment settlement. This
is shown in Figure 29. This could have been caused by construction practices and compaction
methods of the filter or embankment.

Figure 29 Potential bulging of the filter at the northeast berm of Dam 4
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All of the case study dams were designed to have a uniform crest width around the reservoir.
Dam 3, which has a maximum berm height of 6 m, gives a crest width of 4.2 m using the
Wm=0.2Hm+3 equation from the BC MFLNRORD (2018) guidelines. The measured crest width is
also approximately 4.2 m. Dam 7 has an as-built crest width of 8 m, which far exceeds the
recommended 4.9 m. There does not appear to be any link between crest width and embankment
stability issues in the observed case study dams. The equation based on embankment height by
BC MFNLRORD (2018) and constructing embankments with uniform crest widths regardless of
variations in berm height appear to be good practices.
All of the case study dams were designed to have flat reservoir bottoms, with the exception of
Dam 3. The bottom of the Dam 3 reservoir is designed to slope at 0.8% from northeast to
southwest, as shown in Figure 30. The reason for this is that the maximum berm height is on the
eastern side of the square reservoir, and therefore the hydrostatic load from live storage is
minimized at the location of these critical cross-sections. In reservoirs like Dam 3 where the berm
height on one side far exceeds the berm height on the other side, and the wind and waves are
primarily directed toward the highest berm, which would produce serious downstream
consequences if breached, this may be a good practice though it was not found in the literature
or best practices documents.
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2
1

Figure 30 Dam 3 reservoir bottom geometry (© 2018, Higher Ground Consulting, adapted with
permission)

The numerical modelling results demonstrate the sensitivity of slope stability to soil cohesion in
both the embankment and foundation materials under various loading conditions. For example,
the Dam 1 materials had the highest effective cohesion in the steady-state analysis, and even
though Dam 1 also had the highest berm of the four dams that were modelled, the minimum
prescribed factor of safety from the CDA technical guidelines (2007) was exceeded. Additionally,
the dams with higher berm heights and steeper slopes required higher undrained strengths to
obtain the minimum factors of safety for seismic and rapid drawdown conditions, as expected.
The only other dam where longitudinal cracking could be seen is at Dam 4. However, this is likely
not directly related to embankment or reservoir design or construction. On the northwest side of
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the Dam 4 reservoir, there was a hill sloping down toward the reservoir with an elevation gain of
approximately 12 m and a slope of roughly 2.3H:1V. While a drainage ditch separated the hillside
from the embankment, the material on the hillside had slumped, causing the underlying material
to move laterally toward the reservoir. This is shown in Figure 31 from 2018 aerial imagery.

Figure 31 Slump on a hillside sloping into the reservoir at Dam 4 in 2018

The slump has since been removed as the hillside has been regraded to a less steep slope.
Longitudinal cracking can still be seen on the crest at the location on the reservoir which was
perpendicular to the slump and subsequent movement of material. Toe drains have also been
installed at various parts of the hillside, though longitudinal cracks are not seen elsewhere at Dam
4. The longitudinal cracking that can still be seen in 2019 is shown in Figure 32.
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Figure 32 Longitudinal cracking on Dam 4 embankment at area of impact of slump

5.3

Recommendations for Embankment Stability

It is recommended to continue building the embankment crests with a uniform width,
corresponding to the maximum berm height around the reservoir based on the Wm=0.2Hm+3
equation suggested in the BC MFLNRORD (2018) guidelines.
It is recommended to have a filter or blanket drain at the downstream toe. They should be
compacted properly and uniformly, and to a similar density as surrounding embankment and
foundation materials to avoid bulging, sloughing, or related settlement issues.
While the BC MFLNRORD (2018) guidelines recommend a steeper downstream than upstream
embankment slope, embankments can be stable with a steeper upstream than downstream slope,
as demonstrated at multiple cross-sections in Dams 1 to 4. However, even if the embankment is
stable by limit equilibrium analysis, surface erosion can reduce embankment stability, as seen at
Dam 3. As shown at Dams 1 and 4, slopes of 2H:1V and 2.3H:1V are too steep as bare slopes
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and will lead to stability issues and hazards. Therefore, embankment slopes that are 3H:1V, or
2.5H:1V with appropriate surface erosion protection as recommended by BC MFLNRORD (2018)
are recommended.
Downstream slopes that are steeper than 2.5H:1V may need additional support, such as
stabilizing berms at the toe. This type of remediation was employed at the slump at Dam 6; the
slumped material was removed and placed at the toe to provide additional support. While the
slope was designed and constructed as 3H:1V, the method of compaction at this dam is unknown.
The berm height may be another factor in minimum slope requirements and additional support
recommendations. Other factors, such as soil cohesion, should be considered.
If the natural topography and space constraints permit, and if there are large differences in berm
height around a dugout, the reservoir bottom should be sloped in the direction away from the
embankment section with maximum berm height.
Dugouts should be constructed in high, flat areas instead of low spots so that there is constructed
embankment surrounding the reservoir, not other topographic features. It is best to avoid natural
hillsides sloping into the reservoirs, as was the case at Dam 4. This ensures a smaller catchment
area, avoiding surface runoff providing erosion hazards or contamination issues, and avoids
landslide hazards into the reservoir.
Because of the variance and uncertainty with the cohesion parameter, and the importance
highlighted in the sensitivity analysis, sufficient material testing should be conducted to give an
accurate deterministic value for cohesion. While direct shear testing can give a measure of
cohesion, the results can vary such that a reliable value cannot be extracted for modelling
purposes when three or fewer tests are conducted. Additionally, direct shear testing represents
consolidated drained conditions and tends to overestimate strength parameters, and there is more
variance in cohesion values produced by direct shear tests than triaxial tests according to Phoon
and Kulhawy (1999).
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When analyzing slope stability to compare with the minimum factor of safety requirements
prescribed by the CDA technical guidelines (2007), the steady-state loading condition should use
effective stress analysis, while the seismic and rapid drawdown loading conditions should use
total stress analysis. It is recommended to conduct unconsolidated-undrained and consolidatedundrained triaxial testing if there is a lot of variance or uncertainty in cohesion.
A minimum cohesion should be required for native materials before constructing a dugout, or else
material with a higher cohesion will need to be added to produce a composite material with a
higher overall cohesion. The values in Section 4.4.7 for the base dam can be used as a guide.
Alternatively, the dugout could be constructed elsewhere with native materials having a higher
cohesion, or the embankment could be constructed with flatter slopes.
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Chapter 6: Hydrotechnical Considerations
In this section, current best practices and guidelines are summarized from a variety of sources
relating to hydrotechnical considerations of dams, dam sites, and appurtenant structures.
Observations from the case study dams will be described, and current methods for evaluating
hydrotechnical considerations will be used to inform recommendations for the design and
construction of future dams, with attention to aspects related to control of water.

6.1

Current Best Practices and Guidelines for Hydrotechnical Considerations

Dams should be able to retain their design full supply volume safely and with an adequate amount
of freeboard (CDA, 2007). Depending on the consequence classification of the dam, the Inflow
Design Flood (IDF) is determined based on an annual exceedance probability (AEP) or as a
function of the Probable Maximum Flood (PMF). The PMF is often but not necessarily associated
with the Probable Maximum Precipitation (PMP). The IDF is determined using principles of
hydrology and depends on the drainage area flowing into the reservoir and anticipated
precipitation, including snowmelt. The reservoir will not always be able to hold the IDF. Hence
dams are designed with spillways and other appurtenant or outflow structures. However, a plan
is needed to safely manage water on-site including precipitation, water flowing into appurtenant
structures, and seepage from the embankment itself. If water ponds and accumulates at the toe
of the dam, or if there is not effective drainage of water away from the dam, issues can arise.
Statistical flood analysis is subject to uncertainty when sources of data are limited. The CDA
discourages extrapolating precipitation data beyond a 1000-year return period rainfall event;
however this data is rarely available. No statistical methods are recommended, but determination
of the appropriate precipitation for the IDF is left to the hydrologist’s judgment (CDA, 2007). The
CDA also recommends calculating two different PMF’s, one for summer-autumn, and one for
spring, as it is unlikely that both rainfall and snow accumulation would be simultaneously extreme.
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The CDA recommends calculating two different freeboard requirements, normal and minimum
freeboard. In general, freeboard is determined based on the principle that 95% of waves caused
by the most critical wind would not cause overtopping when the reservoir is at maximum level
(CDA, 2007). For normal freeboard, this is the design operational level or full supply level, while
for minimum freeboard this is the water level during passage of the IDF. Wave height depends on
wind speed, and wind data beyond a 1000-year return period event are not easily found and are
therefore determined using a statistical technique (CDA, 2007). The USACE (1980) and ICOLD
Bulletin 91 (1993) both provide methods for determining wind set-up and wave run-up to establish
the significant wave height, or the height at which waves will overtop the dam.
Freeboard should be designed to account for any consolidation or other settlement of the
embankment crest, and landslide or seismic motion (BC MFLNRORD, 2018). However, if dugout dams are surrounded by a berm around the entire reservoir, this not only eliminates drainage
area outside of the reservoir surface area itself, but it eliminates the possibility of landslides into
the reservoir from adjacent slopes. Calculating design freeboard can be a laborious task. The BC
MFLNRORD (2018) recommends a normal freeboard of minimum 1 m when in combination with
a spillway width of 4 m. For narrower spillways, freeboard must be increased. The FAO of the
United Nations (Stephens, 2010) provides a simple equation to calculate freeboard that depends
only on fetch length.
When seepage exits a blanket drain on the downstream toe, it is often directed to an underlying
toe drain in the form of a perforated PVC pipe in a trench with geotextile or pervious materials to
facilitate drainage. These toe drains are then sloped to carry seepage to discrete exit points, which
lead the seepage away from the dam. However, if a toe drain system is omitted and the blanket
drain brings seepage to the dam toe without a discrete exit point, then there should be a seepage
collection ditch at the downstream toe to divert the water away from the dam site (USBR, 2015).
The USSD (2011) highlights measures for controlling surface drainage and groundwater seepage
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during construction. Drainage ditches leading water away from construction activities will help to
mitigate surface and embankment erosion issues.
The British Columbia Aggregate Operators Best Management Practices Handbook (2002)
recommends ditches be located where stormwater would naturally collect and flow. Ditches
should be sized to accommodate 110% of anticipated peak flow and be sloped appropriately to
drain this volume of water without causing excessive erosion. Channel erosion can be mitigated
with vegetation or riprap. They also recommended ditches be constructed along the edges of the
property, to best direct stormwater away from the site (BC Ministry of Energy and Mines, 2002).

6.2

Hydrotechnical Observations from Case Studies

In general, the catchment areas for the case study dams are small. Dams 1, 3, 4, 5, and 6 were
designed to have catchment areas that consist only of the reservoir surface area and part of the
dam embankment and crest sloping into the pond. Dam 2 has a berm with upstream and
downstream slopes on only 3 sides; the northwest side of the reservoir slopes upward into a
wooded area, which is part of the catchment area for this dam. Runoff from the external drainage
area for Dam 2 is directed into the reservoir through an inlet channel as shown in Figure 33. This
modification was approved in 2019; previously there had been 3 sub-watersheds entering the
reservoir through small culverts.
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Figure 33 External drainage area and inlet channel at Dam 2 (© 2018, Higher Ground Consulting,
by permission)

While this method controls and directs the runoff from the external drainage area into the pond, it
is not a best practice to have inlet culverts coming through an embankment slope. The outlets of
these culverts surface on the slope and not at the bottom of the slope, and therefore the water
exits the culverts and runs down the slopes, eroding small channels into the embankment surface.
Surface erosion protection is discussed in Chapter 8.
Dam 7 also has additional catchment area to the northwest and has ditches directing the water
into an open inlet channel lined with riprap, like a spillway but for capturing the water from the
additional catchment area and providing a controlled entry into the reservoir pond. This inlet
channel is shown in Figure 34.
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Figure 34 Water inlet channel at Dam 7

While there is minor surface erosion on the side slopes of this channel, this method of diverting
water into the pond is preferable to allowing the runoff to enter the pond as an uncontrolled
overland flow. In this case, because there is no surface erosion protection on the slopes of the
dam and because of the inherent material properties and the topographic slope, erosion channels
and gullies would form and create a stability hazard, effectively reducing the dam freeboard. This
is the case at Dam 4; while there is a drainage ditch between the slope on the west side of the
reservoir and the small berm on this side, the ditch is undersized or not properly graded, so water
coming over the hillside as uncontrolled surface runoff has formed erosion channels and gullies
into the small berm instead of being diverted by the ditch. This observation seen in 2019 is shown
in Figure 35.
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Figure 35 Erosion gullies from overland runoff at Dam 4

For dams with catchment areas consisting of only the reservoir surface area, it would be an
unnecessary expense to build a riprap-lined channel for controlled runoff entry into the reservoir.
However, for dams that have additional catchment area, constructing a channel such as the one
at Dam 7 may be preferable to diverting the water away from the pond entirely using ditches, as
was attempted at Dam 4, since ditches require regular maintenance and are more susceptible to
erosion, water ponding in low spots, clogging with debris, and so on. At Dam 1, it was attempted
to divert runoff from the south toward the north around the reservoir without using ditches. This is
not a good practice, as surface erosion occurs at the toe of the embankment on the east side.
This is shown in Figure 36.
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Figure 36 Erosion gullies from runoff at the eastern toe of Dam 1 (© 2016, Higher Ground
Consulting, adapted with permission)

If ditches are used to control runoff, they should not be located directly at the dam toe to prevent
these issues. The exception is seepage collection ditches, which still have maintenance
requirements. Depending on site topography and constraints, it is beneficial to drain runoff away
from the embankments, instead of along the toe, wherever possible. This would prevent issues
such as those seen at Dams 1 and 4. While Dam 6 does have granular filters, instead of having
ditches to collect and divert the seepage, the seepage simply drains overland away from the dam
as the topography is sloped away from the dam toe. At Dam 5, seepage that comes from the filter
drains into a toe drain system, which has discrete exit points where the water then flows overland
away from the embankment toe. If the land topography is relatively flat and ditches are required
for site drainage, it is important they have a continuous gradient and no low spots and are regularly
inspected and maintained. Management of dam seepage is discussed further in Chapter 7.
For dams with catchment areas consisting only of the reservoir surface area, it is a good practice
to have the crest sloping into the dam, as is done at Dam 3. This not only provides the reservoir
with additional water, but it prevents low spots from forming and water from ponding on the crest.
It also protects the downstream embankment slopes from surface erosion due to additional runoff
from the crest, especially in the early stages when grass is still growing on the downstream slope.
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Alternatively, if it is desired to have the crest function as dam access for vehicle traffic, having the
high point at the center of the crest and sloping the crest downward toward each side from the
centerline may be preferred, as is done at Dam 5. Regardless, crests should be sloped to promote
drainage and avoid water running along or forming low spots on the crest, and care should be
taken to protect the embankment slopes and the crest from surface erosion due to runoff. Surface
erosion protection is further discussed in Chapter 8.
Dam 3 was used as an example to evaluate freeboard requirements, and the CDA Technical
Bulletin for Hydrotechnical Considerations (2007) was consulted. While wind data for a 1000-year
return period is not readily available for this region, the maximum wind speed at the Dawson
Creek airport recorded in the 1981-2010 Canadian Climate Normals (Environment Canada, 2010)
is 87 km/h. A statistical analysis was conducted by the consultants who designed Dam 5, and a
Weibull distribution was used to fit the available wind data and extrapolate it to obtain a wind
speed of 102 km/h with a 1000-year return period. Therefore, 30 m/s was taken as the wind speed
to calculate design freeboard.
The fetch length is 330 m from the northwest to southeast corner of the reservoir, as this is the
maximum distance over which wind would generate waves over this area. The wind stress factor
is calculated using Equation 6-1 (CDA, 2007):
𝑈𝐴 = 0.71𝑈1.23

(6-1)

where U is the wind speed in m/s and UA is the wind stress factor. The significant wave height in
m, HS, is the average of the highest 1/3 of all waves in a spectrum. This is calculated using
Equation 6-2 (CDA, 2007):
𝐻𝑆 = 1.616 ∗ 10−2 ∗ 𝑈𝐴 𝐹 0.5

(6-2)

where F is the fetch length in km. The height of the design wave, or the wave height not exceeded
by more than 5% of waves, is then taken as 1.25HS. For this reservoir, this gives a wave height
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of 0.54 m. There are several different methods to calculate wind setup and wave runup, which
are added to the wave height as wave uprush. The methods for calculating these parameters
given in the CDA (2007) guidelines give wind setup and wave runup as 0.01 m and 0.28 m,
respectively. Therefore, the minimum 1 m freeboard recommendation by BC MFLNRORD (2018)
seems appropriate for reservoirs of similar size, though longer, narrower shaped reservoirs with
longer fetch lengths may require more freeboard or wave dissipation measures. For example,
Dam 5 has approximately double the fetch length of Dam 3 (670 m), and it was designed to have
a minimum freeboard of 1.5 m. Design freeboard should be calculated based on fetch length and
capacity of appurtenant structures, with a minimum of 1 m. The 1 m minimum freeboard
recommendation by BC MFLNRORD (2018) is based on a spillway width of 4 m; for narrower
spillways design freeboard is expected to increase.
Because Dam 3 is a High consequence dam, the IDF prescribed by the CDA is 1/3 between the
1000-year return period storm and the PMF. The 1000-year rainfall intensity can be extrapolated
from historical rainfall data from Environment Canada (2014) from the Dawson Creek airport
weather station. Since the longest return period for which data is provided is 100 years, the data
must be extrapolated to obtain a 1000-year return period rainfall intensity.
The precipitation data is given for different times of concentration, which is the time it takes for
runoff to travel from the furthest point in the watershed to the point of reference downstream
(McIntosh Perry, 2016). Because the watershed of Dam 3 is the reservoir area itself, this distance
could be taken as the distance from northeast to southwest corner. While there are several
methods to calculate times of concentration, the Bransby-Williams equation is widely used for
similarly sized watersheds, and for runoff coefficients greater than 0.40 (McIntosh Perry, 2016).
It is shown in Equation 6-3 below:
𝑇𝑐 (𝑚𝑖𝑛) =

0.057𝐿
𝑆𝑤 0.2 ∗𝐴0.1

(6-3)
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where L is the length of overland flow (m), Sw is the average slope of the watershed (%), and A is
the catchment area in hectares (ha). Using the Bransby-Williams equation, the time of
concentration is calculated to be 16.3 minutes for Dam 3. Therefore, the rainfall data for a 15minute storm duration is used in the Rational Method formula to calculate the IDF with an inherent
assumption that the time of concentration is equal to the storm duration. The Rational Method
equation calculates runoff discharge quantity for stormwater management purposes. It is shown
in Equation 6-4:
3

𝑄 (𝑚 ⁄𝑠) = 0.00278𝐶𝑖𝐴

(6-4)

where Q is the runoff discharge (m3/s), C is a runoff coefficient (a value of 1 indicates an
impermeable surface), i is rainfall intensity in mm/hr, and A is drainage area (ha). For a
conservative estimate of runoff discharge, a value of 1 can be assumed for C.
Extrapolating the rainfall data recorded at the Dawson Creek airport weather station from 19812010 using a logarithmic distribution gives a 1000-year return period rainfall intensity of 128 mm/hr
for a 15-minute storm duration.
The data reported in the Environment Canada climate normals gives the maximum values for all
precipitation in the form of water equivalent and does not differentiate between different forms of
precipitation (Environment Canada, 2019). While these maximum values may be representative
of the worst-case scenario, if these precipitation values were to occur entirely as rainfall in early
spring, there would likely still be existing snowpack in this region which would then be melted by
the rain and contribute to runoff. This would truly represent the worst-case scenario.
Snowfall data cannot be extrapolated using the same methods as rainfall data. Without consistent
measurements of snowfall, snowpack height, and snowpack density, and accounting for the time
it would take for snow to melt before it becomes runoff, it is difficult to assess the contribution of
snow to runoff. However, the average maximum snowpack height in the Peace Region between

94

1979 and 1997 was 50 cm (Environment Canada, 1997), and at most EC weather stations the
water equivalent of snowfall is computed by dividing the measured snowfall by 10 (Environment
Canada, 2019). Therefore, 50 mm was added to the 1000-year extrapolated rainfall of 128 mm/hr
to give a total precipitation for a 1000-year return period event of 178 mm/hr. Neglecting the time
the snow would take to melt and become runoff adds conservatism to the approach.
The topographic analysis gives a drainage area of 6.36 ha, and the average slope is taken to be
that of the reservoir bottom, which is 0.8%. Using a conservative runoff coefficient of 1.0, the
runoff associated with the 178 mm/hr precipitation for a 1000-year return period is calculated to
be 3.15 m3/s. The runoff associated with the PMF was determined using the Probable Maximum
Flood Estimator for British Columbia (Abrahamson, 2010), where historical flood data have been
fit to provide equations that estimate peak flows for a given drainage area in different regions of
BC. The resulting PMF for the Dam 3 drainage area in interior BC is 7.15 m3/s. The PMF equations
in this document are considered to be the worst-case scenario and there are not different
equations for different seasons; hence, only one PMF was considered. Therefore, the IDF for this
High consequence dam is taken as 4.48 m3/s, which can be used to evaluate hydrotechnical
aspects of the dam, including spillway capacity, which will be discussed in Chapter 10.
Because the case study dams are in roughly the same geographic region with similar climatic
conditions, similar precipitation intensities would be expected for similar storm durations. The
intensity used for design purposes is dependent on time of concentration and return period for
the IDF depends on dam consequence classification. Therefore, a linear relationship can be
established between drainage area and IDF runoff for dams that have only their reservoir surface
areas as catchment areas, including the part of the dam sloping into the reservoir.
The estimated IDF in m3/s is plotted with drainage area for the case study dams that do not have
external catchment areas (1, 3, 4, 5, and 6) in Figure 37. Dam 1 has significant consequence
classification, so rainfall intensity data from the Fort St. John Airport weather station (Environment
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Canada, 2014) was extrapolated to obtain the rainfall intensity with a 1000-year return period, to
which snowfall was added, and the Rational Method formula was used to compute runoff. Dams
3, 4, 5, and 6 have a high consequence classification, so the IDF’s for these dams were found
using the method outlined for Dam 3 above.
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Figure 37 Rational Method runoff discharge vs. drainage area for dams with no external drainage
area

For dams that have drainage areas exceeding the reservoir surface area, evaluation of
hydrotechnical aspects and capacity of appurtenant structures should be determined for each
dam based on the size and slope of the catchment area specific to that dam. For example, while
Dam 7 is in a similar location and of similar consequence classification as Dam 1, it has a total
drainage area of 44 ha, and therefore would have a longer time of concentration and much higher
IDF than Dam 1.
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6.3

Recommendations for Hydrotechnical Considerations

If possible, it is recommended to build dugouts in topographic high areas, such that there is no
external drainage area to the dam, and the only watershed area is the reservoir surface area, plus
the portion of the dam that slopes into the pond. If this is not possible and it is necessary to have
some external drainage area, then entry of additional runoff into the reservoir should occur
through a controlled, discrete point of entry such as the inlet channel at Dam 7. Uncontrolled
overland runoff flowing over the embankment and into the pond should be avoided to avoid
surface erosion issues near and on the dam.
It is recommended to promote site drainage away from the embankments wherever possible. This
is preferable to having drainage ditches along the toe of the embankment on the downstream
side. If there are drainage ditches or seepage collection ditches, they must be designed and sized
to have adequate capacity and consistent gradient, with no low spots. Ditches must be properly
maintained to ensure they are not clogged with sediment or debris and should be regraded if
erosion or ponded water is observed.
Dam crests should be sloped into the reservoir if the dam crest is not intended for vehicle traffic.
If the dam crest is meant for vehicle traffic, the crest should be sloped outward from the centerline
and have an appropriate road base and gravel surfacing. No parts of the crest should be designed
or constructed to be flat to avoid formation of low spots or water ponding. If ponding is observed
on a dam crest, it should be regraded.
Freeboard requirements for a dam should be determined based on the design wave height. This
parameter primarily depends on fetch length, since dams in a similar geographic area could
anticipate similar wind speeds for a given return period. Because the Peace Region has a
predominant west to east wind direction, reservoirs can be designed to minimize fetch length and
limit the height of waves generated. If site constraints allow, reservoirs should be designed to be
square or, if rectangular, the shorter dimension should be in the approximate west to east
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direction, and the longer in the approximate north-south direction. Regardless of fetch length or
design wave height, it is recommended to maintain the minimum 1 m normal freeboard as
prescribed by BC MFLNRORD (2018).
It is recommended to use the suggested IDF’s prescribed by the CDA (2007), depending on dam
consequence classification. Precipitation intensities should be determined depending on the time
of concentration and should reflect the worst-case scenario that can be anticipated for the IDF.
Watershed geometry must be well understood, especially for dams with external drainage areas.
For external drainage areas with varying vegetative conditions, varying slopes, or several subwatersheds, the times of concentration must be determined for each of these to best reflect the
conditions of the whole drainage area. Other methods besides the Bransby-Williams equation
may be more appropriate for larger or external watersheds. The Rational Method formula can be
used to calculate runoff for small drainage areas. Because similar precipitation intensities are
expected for a given return period in a similar geographic region, the relationship between IDF
runoff and drainage area is approximately linear for dams with no external drainage area as times
of concentration would be similar.
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Chapter 7: Internal Seepage
This chapter summarizes current best practices and guidelines for the management of internal
embankment seepage from various sources. Observations from case study dams relating to
seepage, including filters and drains, are described and discussed. These are then referenced to
provide recommendations for design and construction of these types of dams based on best
practices for managing internal embankment seepage.

7.1

Current Best Practices and Guidelines for Internal Seepage

The CDA (2007) mentions seepage exit gradients as something to account for during
geotechnical assessment, saying that they “should be within acceptable limits” for both the
embankment and foundation materials. They include cutoff trenches and granular filters as
methods to provide an acceptable exit condition (CDA, 2007). The CDA also recommends
computer analyses for dam seepage but acknowledges that one of the major limitations to this is
that water always finds the path of least resistance even in a homogeneous embankment, and no
dam is truly impermeable, so the interpretation of software output does not always capture actual
seepage conditions.
Extensive research has been conducted to develop design criteria for granular filters in earth
dams. The CDA recommends using the criteria proposed by Sherard et al. (1984 and 1989),
which prescribes a D15 for the filter material based on the embankment soil type and percentage
of fines. However, the CDA also recommends that the maximum particle size of the filter material
not exceed 50 mm and that for dispersive base soils, D 15 not exceed 0.5 mm (2007).
ICOLD (1994) also recommends the use of the Sherard filter criteria, but with proposed minimum
D10 and maximum D90 limits to prevent segregation. ICOLD recommends analyzing the full grain
size distribution of the embankment (base) soil, and adjusting the material to only include the
fraction finer than 4.75 mm. For dispersive base soils, they recommend a D 15 between 0.1 and
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0.3 mm. To ensure the filter will still accept seepage from the embankment, it is recommended to
limit the percentage of fines to 5%, and to have a minimum D 15 of 0.1 mm. They also suggest a
permeability ratio of about 20 times between the filter and base materials. A uniformity coefficient
of at least 6 is recommended and a minimum width of 1 m (ICOLD, 1994). While non-woven
geotextiles can be used as a transition between base and filter soils and add stability to the
embankment, using geotextile as the only method of filtration is strongly discouraged.
The BC MFLNRORD (2018) requires that embankments be constructed with a key trench
adequate to eliminate or minimize seepage through the foundation, though no minimum
dimensions or side slopes are mentioned. The Food and Agriculture Organization of the United
Nations (Stephens, 2010) proposes a minimum cutoff trench depth of 1 m for small dams as a
foundation barrier. The BC MFLNRORD (2018) also states that seepage drains be designed and
constructed such that maintenance, observation, and measurement of seepage can be conducted
with ease, though it is not mentioned whether these are recommended or required for all dams.
The USBR (2015) recommends that all new embankment dams be designed and constructed
with some form of filter or drain to control seepage.
The Department of Primary Industries and Water of Tasmania (2008) recommend that all
embankment dams have cutoff trenches, extending 1.5 times the height of the dam to the bottom
of the trench, and extending at least 600 mm into impervious soil or rock. However, granular filters
are only to be used if there is a high risk of a dam break and that the consequences would be
major. The Eyre Peninsula Natural Resources Management Board (2011) requires a minimum
width of a cutoff trench to be 2.5 m and having side slopes between 1H:2V and 1H:1V.

7.2

Internal Seepage Observations from Case Studies

Cross-sections provided by the consultants who designed Dams 3 and 4 show similar design
geometry for their horizontal blanket drains. An example from Dam 3 is shown in Figure 38.
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Figure 38 Design cross-section of Dam 3 with filter details (© 2016, Higher Ground Consulting, by
permission)

For both Dams 3 and 4, the filter is 0.5 m thick, and the length into the embankment is a function
of berm height as shown in Figure 38. They are both wrapped in non-woven geotextile. Neither
dam has the filter around the entire reservoir; at Dam 3 there is no filter where the berm height is
less than 2.5 m, and at Dam 4, there is only a filter where the berm height exceeds 4.5 m.
Despite the similarities in geometry, the filters in these two dams had different specifications for
gradation. For Dams 3 and 4, two sieve analyses were performed on samples taken of the filters
from these dams. The results of the sieve analyses are plotted with the specified gradations for
the filters by the designers in Figure 39.

101

100
90
80

Percent Finer (%)

70
60
50
40
30

20
10
0
0.01

0.1
Dam 4 Design Gradation

Particle Size (mm)
Dam 3 Design Gradation

1
Dam 3

10
Dam 4

Figure 39 Actual vs. specified grain size distributions for filters of Dams 3 and 4

The samples tested on the filters from each dam appear to agree with the design specifications,
with some minor exceptions.
To assess the ability of these filters to prevent piping in the dams, their grain size distributions
have been compared against two of the most commonly used filter design criteria. The earliest
filter design criterion developed by Terzaghi and Peck (1948) involves a simple ratio of grain sizes
from both the filter and the embankment soil. The criterion is D 15/d85≤4, where D denotes the
particle diameter of the filter and d denotes particle diameter of the embankment soil. The other
filter criterion was developed by Sherard et al. (1984) and is also based on filter grain sizes, but
the recommended D15 depends on the soil category which is based on d 85. Dam 3 has a d85 of
0.042 mm, which puts it in Category 2: Fine-grained clays (d85: 0.03-0.1 mm). However, Dam 4
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has a d85 of 0.019 mm, so it falls under Category 4: exceptionally fine soils (d 85≤0.02 mm). A
summary of the comparisons against these filter criteria is shown in Table 16.
Table 16 Filter grain size compared with filter criteria for Dams 3 and 4
Dam

D15 (mm)

d85 (mm)

Sherard Criterion

Meets Sherard
Criterion?

Meets Terzaghi
Criterion?

3

0.33

0.042

D15 ≤ 0.5 mm

Yes

No

4

0.29

0.019

D15 ≤ 0.2 mm

No

No

From Table 16, for the combinations of embankment soils and filter sands used in Dams 3 and 4,
neither dam would meet both the Terzaghi and Sherard filter criteria. While the type of geotextile
used to wrap both blanket drains is unknown, this comparison confirms the need for the geotextile
layer to separate the embankment and filter soils to prevent soil migration into the filter. Dispersive
soils were not found in any of the test results from the case study dams, so this was not accounted
for in the specified filter gradations nor in the evaluation of filter criteria.
While there is not a consistently recommended thickness for horizontal blanket drains in the best
practice documents examined, the 0.5 m thickness for the blanket drains in Dams 3 and 4 are in
good agreement with the 0.4 m blanket drain thickness at Dam 5 and the 2 ft (0.6 m) thickness at
Dam 6. The filter bulging issues at Dam 4 discussed in Chapter 5 are therefore likely not attributed
to inadequate filter thickness as this issue was not observed at the other dams with filters. This
issue is more likely attributed to poor construction practices, such as compacting the filter nonuniform with the other embankment materials. Filter construction and compaction are discussed
in Chapter 9.
To install a granular filter within an earth embankment dam regardless of berm height is not
directly recommended by either the CDA or the BC MFLNRORD. However, the numerical
modelling results for Dams 3 and 4 suggest that having a filter is beneficial for several reasons.
As mentioned in Chapter 4, the presence of a filter increases the factor of safety for steady-state
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seepage. Because the filter facilitates drainage of the water in the embankment, pore pressures
are reduced, which leads not only to an improvement in the stability, but an increase in seepage
quantity observed at the downstream toe.
A comparison of the Rocscience Slide groundwater modelling results for Dam 3 with and without
a filter demonstrates the impact the horizontal blanket drain has on internal embankment
seepage. Figure 40 a) shows that without the filter, the flow vectors carry the water from the
reservoir upstream to the downstream toe in a roughly uniform manner. However, when the water
emerges at the downstream toe, the flow vectors are pointed upward, which means that there will
be an uplift pressure on the downstream toe from the seepage coming through the dam and its
foundation, which is a potential stability concern.
In contrast, Figure 40 b) shows that when there is a horizontal blanket drain, the flow vectors are
concentrated at the beginning of the filter, which controls the seepage gradient and directs it
toward the downstream toe so that the discharge exits somewhat horizontally, without an upward
gradient causing uplift pressures on this slope. It can also be seen in this figure how the filter
lowers the phreatic line and therefore reduces the pore pressures within the embankment.
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Figure 40 Flow vectors representing seepage through Dam 3: a) with no filter and b) with filter

To examine the impact of the blanket drain length into the embankment, the example base dam
detailed in Section 4.4.7 was run with four different lengths for the horizontal blanket drain. From
Figure 38, the design length of filter for Dams 3 and 4 was H+1.5 from the downstream edge of
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the crest to the downstream toe, where H is the height of the embankment. In addition to this
length, the base dam was run at 3 different filter lengths with different values of a, where a is a
constant multiplied by H in the H+1.5 method to determine the filter length. For the design length
of filter, a = 1. It was determined that for filter lengths of 0.25, 0.33, and 0.5 of the base width, the
value of a is 0.81, 0.32, and -0.71, respectively, for the base dam.
First, the impact of the length of the filter into the embankment on the depth of the phreatic line
from the center of the dam crest was examined. It was expected that the longer the filter extends
into the embankment, the greater this depth would be, which would represent lower pore
pressures and therefore greater stability in the embankment. Each of the four filter lengths was
modelled for the base dam having an embankment permeability of 10 -7, 10-9, and 10-11 m/s. The
filter permeability was maintained at 10-3 m/s. The results of the analysis are shown in Figure 41.
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Figure 41 Impact of horizontal blanket drain length on the depth of the phreatic surface from the
center of crest
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While the embankment permeability did not appear to have much of an impact, smaller values of
a, which represent longer lengths of the filter into the embankment, resulted in greater depths of
the phreatic surface from the center of the crest. Therefore, the approach of designing the length
of the filter to be based on the height of the berm around the reservoir is justified to maintain a
similar distribution of pore pressures and therefore, effective stresses through the embankment
throughout the reservoir perimeter.
For the same three values of embankment permeability and the same four filter lengths, the
impact of length of horizontal blanket drain into the embankment on the quantity of steady-state
seepage at the downstream toe was examined. These results are shown in Figure 42. The
Rocscience Slide groundwater output for each permeability value and each filter length can be
found in Appendix D – Numerical Modelling Output.
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Figure 42 Impact of horizontal blanket drain length on steady-state seepage quantity
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In this case, increasing the permeability by an order of magnitude directly impacts the seepage
quantity, which also increases by an order of magnitude. The length of the filter has little impact
on seepage quantity for a given embankment permeability, with shorter filter lengths resulting in
slightly less discharge at the downstream toe.
For the four dams that were modelled using Rocscience Slide, it is difficult to discern whether the
steady-state seepage quantities estimated from the groundwater modelling results are realistic.
The discharge quantities are either too small to be observable, or any seepage that surfaces at
the filter toe is lost to evapotranspiration, because visible seepage was not observed. However,
at the site visits to Dam 3 in both August 2018 and May 2019, the ditch at the eastern toe of the
dam for collection and drainage of embankment seepage had water in it, and the surrounding soil
at the embankment toe was noticeably wet, so a brief investigation of the source of this water was
conducted. Figure 43 shows that the soil at the downstream toe of the eastern embankment is
noticeably wet. Figure 44 shows the water in the seepage collection ditch along the downstream
toe on the eastern side of the reservoir.
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Figure 43 Wet soil at the downstream toe on the eastern side of Dam 3 in August 2018

Figure 44 Water in the seepage collection ditch at the downstream toe of Dam 3 in August 2018
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Construction of this dam was completed in July 2018, and the dam toe was already wet in August
2018, a month post-construction. Given the low permeability of the embankment, it is not possible
that between the first filling of the reservoir and the site visit the phreatic surface had already been
established through the embankment and that seepage could already be coming out of the filter
at that time. To confirm this, using the “base” model in Slide, a transient groundwater analysis
was run to see how long it would take after filling the reservoir for the phreatic surface to represent
steady-state conditions, and the time exceeded ten years. Therefore, it is was ruled out that the
water at the toe and in the ditch could be seepage from the embankment.
Using the DSM created from the aerial photographs, cross-sections were taken along the
seepage collection ditch through the centerline to see if the ditch was properly graded to promote
drainage, or if there could be standing water or low spots where water could pond. Figure 45
shows the location of cross-sections in plan view, which intersect at a location where there is
ponded water and the two intersecting cross-section profiles. This was used to verify other areas
of ponded water as low spots as well.
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Figure 45 Low spot where there is ponded water in the seepage collection ditch at Dam 3

Measurements were taken to confirm that the locations where ponded water can be seen in the
ditch match the low spots in the elevation profile of the ditch. Therefore, the water seen in the
ditch is likely from precipitation runoff that cannot be properly drained due to poor grading of the
ditch. However, this does not explain the wet soil along the downstream toe, and so the water in
the soil at the downstream toe is likely not from the same source as the water in the ditch.
The source of water in the soil at the downstream toe is still unknown but is thought to be water
coming up or through the dam foundation. From the borehole logs conducted before the
construction of the dam, it is known that there are seams of silt and sand beneath the reservoir
bottom. These would be of higher permeability than the clay embankment and key trench.
Therefore, it is possible that water is being transported laterally through these seams and is either
coming up through the filter or just surfacing at the downstream toe. This is suspected because
in August 2018, when the embankment was constructed one month before, it is possible that the

111

weight of the newly constructed embankment could be causing this uplift of groundwater or water
through the foundation, as consolidation takes place and excess pore pressures dissipate.
Installing piezometers at the top and bottom of the downstream slope on the eastern side would
be helpful to confirm the source of this water. Instrumentation is discussed in Chapter 11.
The key trench should help to prevent seepage through the foundation. As shown with flow
vectors in Figure 46, the key trench at Dam 4 does direct the seepage beneath the foundation,
but the seepage is not necessarily more concentrated at or around the key trench, whereas
downstream of the key trench water is drawn up from the foundation into the filter.

Figure 46 Seepage directed around the key trench and up into the filter of Dam 4

While the key trench does not have a big impact on seepage, for foundation conditions such as
those at Dam 3 where the conditions are known to be unfavorable having seams of silt and sand,
the key trench is a good practice as a preventative measure to prevent preferential seepage paths
from forming along these higher permeability seams in the foundation, which can initiate
mechanisms of internal erosion and lead to piping issues.
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One indication that water is coming through the filter is the presence of increased vegetation at
or beneath the filter on the downstream toe. This is shown in August 2018 at Dam 3 in Figure 47.

Figure 47 Increased vegetation at the downstream toe of Dam 3

Increased vegetation is a useful indicator of areas where seepage is surfacing on the downstream
slope. At a location such as the bottom of the filter where seepage is anticipated, this is not
necessarily alarming, but if there are areas of increased vegetation on other parts of the slope
where seepage would not be expected to surface, this can be an indicator of excess seepage or
other piping problems through the embankment, which may provide initiative to install
piezometers. Areas of increased vegetation, while a useful indicator of seepage, should still be
monitored and maintained.
At Dams 3, 4, and 6, the horizontal blanket drains extend all the way to the embankment surface
at the toe. At Dam 4, the geotextile can be seen at the downstream embankment toe where there
is a filter, as there is no topsoil on Dam 4. At Dam 6, topsoil was placed over the filter and grass
has grown to the point where the filter is not exposed at all. It is not known whether Dam 6 has
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geotextile though it is unlikely. At Dam 3, the geotextile can be seen in some places, but in
general, the exposed part of the filter was covered in topsoil with the rest of the downstream slope,
hence the vegetation growing where the filter is. Regulators have flagged concerns about placing
topsoil over the geotextile as it could clog the filter. However, there do not appear to be any issues
with this practice. Management of topsoil and vegetation are discussed in Chapter 11.
Management of internal embankment seepage for Dam 5 is different than at Dams 3, 4, and 6.
The filter is not designed to be exposed at the downstream toe. Any seepage coming through the
horizontal blanket drain falls into a toe drain, consisting of a perforated PVC pipe surrounded by
drain rock, sloped to drain at four discrete exit points around the reservoir. The detail for the
horizontal blanket drain and toe drain at Dam 5 is shown in Figure 48.

Figure 48 Horizontal blanket drain and toe drain system for internal seepage at Dam 5 (© 2018,
City of Dawson Creek, adapted with permission)

One of the discrete exit points for seepage is shown in Figure 49.
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Figure 49 Toe drain outlet at Dam 5

While the steady-state phreatic line may not be established through the dam yet, water is still
making its way into the toe drain, potentially even through the slopes. A benefit to having discrete
exit points for seepage is that seepage can be observed and measured more directly, and
seepage collection ditches are not required at the downstream toe. However, care must be taken
to ensure that ice and debris do not clog the toe drain outlets, and the water coming from the exit
points is currently draining as overland flow, which causes minor surface erosion that is not a
concern for the dam at this point.

7.3

Recommendations for Internal Seepage

For dugout dams with berm heights up to 12 m, horizontal blanket drains are recommended as a
filter system for internal embankment seepage. Horizontal blanket drains should not actually be
horizontal but should be sloped at least 2% towards the downstream toe to direct seepage through
the filter to the downstream toe. Horizontal blanket drains should be placed at critical sections of
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the embankment, or where the higher berms cause concern for the building of excess porewater
pressure. The berm height at which a dam needs a filter depends on the material properties,
compaction methods, and consolidation characteristics.
Horizontal blanket drains should be wrapped in non-woven geotextile and should be compacted
to a similar density as the foundation and embankment material. Topsoil can be used to cover the
filter where it surfaces at the downstream toe. Once the topsoil is hydroseeded, increased
vegetation at the filter or elsewhere on the embankment can be observed and highlights area to
investigate for potential seepage issues. If there are legitimate concerns about internal erosion or
piping anywhere in the dam, vibrating wire piezometers should be deliberately placed to monitor
the phreatic surface near any areas of concern, so that these issues can be detected and
addressed efficiently.
If the horizontal blanket drain is the only means for mitigating internal seepage, there should be
seepage collection ditches at the downstream toe, which are properly graded to promote seepage
away from the dam. These ditches must be sufficiently sized, properly maintained, and be kept
clear of sediment or debris, having no low spots. Alternatively, a toe drain system such as the one
in Dam 5 can be installed. Discrete exit points for seepage should be maintained to prevent
excessive surface erosion due to overland flow. These outlets should be maintained and kept
clear of debris, and a channel should direct the seepage away from the dam, which is sufficiently
graded having no low spots. Seepage should never be ponding at these discrete exit points or
anywhere along the toe of the dam. The toe drain system must be properly sloped, as once
installed it is not easily maintained or fixed.
The length of the horizontal blanket drain into the dam should be dependent on the height of the
berm, using a method similar to the one used in Dams 3 and 4, however, a dam with a higher
berm height and a lower permeability embankment material may justify the use of a longer filter.
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The grain size distributions of horizontal blanket drains should meet the Sherard et al. (1984)
criteria based on the gradation of both the filter and embankment materials as prescribed by the
CDA (2007). Filters should also have a maximum particle size of 50 mm (CDA, 2007).
It is recommended to install a key trench beneath the dam crest around the entire reservoir with
a minimum depth of 1 m. The actual key trench depth should depend on the foundation conditions
to minimize the potential for preferential seepage paths to form in seams of silt or sand.
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Chapter 8: Surface Erosion Protection
In the following chapter, current best practices and guidelines pertaining to surface erosion
protection are summarized. Observations pertaining to surface erosion protection from the case
study dams will be described and used, in addition to the numerical modelling results, to inform
recommendations related to surface erosion protection for design and construction of future
dams, which are also summarized at the end of the chapter.

8.1

Current Best Practices and Guidelines for Surface Erosion Protection

The main causes of surface erosion on the embankment are wave action, ice action, and runoff
(CDA, 2007). To protect upstream slopes from wave and ice action, one or more layers of riprap
can be placed on a granular filter layer or geotextile. The required size and weight of riprap for
this purpose can be determined using the method prescribed by USACE (2002).
While the BC MoTI (2016) has a design guide for riprap for slope protection, as does the BC
Ministry of Environment, Lands and Parks (2000), these guides and the ICOLD (1993) are based
on the USACE (1991) riprap design guide. Early US design criteria for riprap assigned an average
stone diameter, maximum stone weight, and riprap layer thickness strictly based on wave height
(ICOLD, 1993). Extensive testing and research have since led to the development of newer riprap
design criteria based on empirical formulas, which account for slope inclination, rock density, and
experimentally determined damage coefficients, in addition to design wave height. Based on
design calculations for stone diameter and mass, one of the riprap classes from the BC riprap
design guides can be selected. In addition to the design of upstream riprap, ICOLD (1993) also
suggests the design of granular filters placed beneath the riprap, instead of just placing the riprap
directly on the slope. Alternatively, some form of geotextile could be placed instead.
For downstream slopes, the CDA (2007) suggests that a grassy vegetation cover can protect
against runoff, seepage flow, traffic, frost, and animal burrows. If vegetation with deeper roots
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such as shrubs and trees start growing on the slopes, these roots can create piping mechanisms
and stability issues.
The BC MFLNRORD (2018) requires that if the dam crest is going to have vehicle traffic, that an
appropriate travel surface must be established to prevent erosion of the crest. The BC Ministry of
Energy and Mines (2002) suggest that erosion control blankets, commonly made of mulch, wood
fibre or synthetics can provide temporary protection for soil embankments vulnerable to erosion.
It says they should be placed on seeded soils, so that once the vegetation grows, this becomes
the primary erosion protection, while the blanket provides protection before growth. They also
recommend tillage or roughening exposed soil slopes such that they have horizontal grooves from
a tractor, which creates small pockets that prevent runoff and therefore prevent erosion gullies
from forming on the slopes. This practice also promotes vegetation growth (BC Ministry of Energy
and Mines, 2002).
The USSD (2011) recommends that sands and fine gravels not be placed on embankment slopes
as these are susceptible to erosion with runoff. They recommend not using geotextile as surface
erosion protection on its own, as the pores will become clogged. Boom systems can also protect
upstream slopes from wave action, but these require proper installation and often frequent
maintenance and replacement. The FAO for the United Nations (Stephens, 2010) simply
recommends flattening and compacting the slopes.

8.2

Surface Erosion Protection Observations from Case Studies

Surface erosion can occur on the downstream slopes of the embankment due to surface runoff
from precipitation if there are no protective measures on the slope. For smaller embankments
such as those seen in the case study dams, this can effectively be accomplished with even
vegetation coverage, and grass is typically sufficient. Larger vegetation can be more difficult to
manage as roots that penetrate the embankment which can lead to pipes and other stability
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issues. However, accomplishing uniform grass coverage on the slopes can be difficult. One
advantage to constructing dams over the winter season is that when dam construction is
completed in the spring, the downstream slopes can be seeded right away, whereas for dams
that are constructed over the summer, typically the embankment would not be seeded until the
following spring instead of post-construction coinciding with the start of winter.
For Dam 3, construction was completed in July and therefore the downstream slope was not
seeded until the following spring. However, adding an additional 4 to 6 inches of topsoil before
seeding promoted healthy growth of grass on the downstream slope for the first spring and
summer of the dam. A comparison of the downstream slopes of Dam 3 between August 2018
(immediately post-construction) and May 2019 is shown in Figure 50.

Figure 50 Downstream slopes of Dam 3 in August 2018 (left) and in May 2019 (right)

For Dam 4, the slopes were also seeded but topsoil was not placed and therefore grass growth
was not successful in the low-permeability embankment silt and clay soils. While some patches
of grass can be seen on the downstream slopes, even coverage was not accomplished, and
therefore surface runoff could still erode the bare parts of the slopes. In 2019, hay was spread
over the crest and slopes to protect from surface erosion due to runoff. However, this is not a
good practice as hay is not secure from wind and waves, and it can mask deficiencies such as
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cracks and low spots on the surface. A comparison of downstream slopes for Dam 4 between
August 2018 (one-year post-construction) and May 2019 is shown in Figure 51.

Figure 51 Downstream slopes of Dam 4 in August 2018 (left) and in May 2019 (right)

At Dam 6, which was constructed in 1975, even grass coverage is well-established on the crests
and upstream and downstream slopes of both cells. The grass at this dam is mowed regularly in
the spring and summer, and there are no surface erosion issues due to precipitation runoff
observed at this dam. Vegetation management is further discussed in Chapter 11. The grass
coverage at Dam 6 is shown in Figure 52.
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Figure 52 Grass coverage on the downstream slope of Dam 6 where cell 1 slopes into cell 2

As mentioned in Chapter 6, sloping the dam crest such that runoff drains into the reservoir pond
is a beneficial practice to protect downstream slopes from surface erosion. Alternatively, if crests
are to function as vehicle roadways, sloping them outward from the centerline is a good practice,
if the crest materials are meant for vehicles, such as a gravel road base. If dam crests that are
not constructed as prepared roadways are driven on, vehicles can create tire tracks in the
embankment which effectively form low spots in the crest where water can pond, which can cause
surface erosion along the crest. An example of this is shown at Dam 4 in Figure 53. Alternatively,
the functional roadway at Dam 5 is shown in Figure 54.
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Figure 53 Tire tracks have created depressions on the crest of Dam 4

Figure 54 Dam 5 crest with granular road base and geotextile for vehicle traffic
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At Dam 1, there is a corrugated steel pipe culvert, which acts as an inlet structure draining water
into the pond. The discharge exit point is located approximately halfway up the upstream slope,
and in the absence of surface erosion protection on this slope the water exiting the pipe has
eroded a channel into the upstream slope of this embankment. While some rocks were placed
around the discharge exit point, there are not enough of them, and they were not effectively
placed. There is also no geotextile. The controlled entry at Dam 7, which is lined with riprap, is a
much more effective means of directing water into the pond without causing surface erosion
issues on the upstream slope. Having a pipe like this where discharge exits halfway up the slope
and the water exiting the pipe erodes a channel into the upstream slope is not a good practice.
This is shown in Figure 55.

Figure 55 Inlet pipe at Dam 1 discharge exit point (left) and channel eroded into upstream slope
(right)

Surface erosion protection is vital on upstream slopes, as wave action can erode these slopes
rapidly with strong winds. On the upstream slopes of Dams 4 and 5, surface erosion protection
from wave action is installed as manufactured woven blanket products. The blanket at Dam 4 is
an inverted woven pyramid blanket that is attached to the upstream slope by small anchor bolts
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installed at arbitrary intervals. This product was installed at the upstream slopes only along the
north and east edges of the reservoir, where the dominant wind direction produces the majority
of large waves. The blanket only extends approximately 2 m down the slopes, and not along the
full slope to the reservoir bottom, with the intention that when the dam is operating at or near full
supply level, the blanket would be effective at reducing surface erosion due to wave action.
The blanket at Dam 4 has been ineffective for several reasons. It was not anchored properly into
the slope, and it does not extend far enough down the slope to effectively reduce erosion due to
wave action when the water surface elevation is below the bottom of the blanket. This was the
case in August 2018, and the initiation of scarps below the blanket due to wave action on the
exposed part of the upstream slope is shown in Figure 56.

Figure 56 Initiation of wave scarps below the erosion protection blanket at Dam 4 in August 2018

When Dam 4 was revisited in May 2019, these issues had accelerated. Wave action on the
exposed slope below the extent of the blanket had eroded enough of the slope that the entire
blanket had slid down the slope as it was not effectively anchored to begin with. As the water level
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was higher in the spring, parts of the blanket were floating in the pond, and it was no longer an
effective protective measure against wave action on the slopes. Photos taken of this blanket
material in May 2019 are shown in Figure 57.

Figure 57 Failed erosion protection blanket at Dam 4 in May 2019

Although the product was not functioning as expected, it may have been better than having no
wave protection at all. At the boundary on the eastern edge of the reservoir between where the
blanket starts and ends, a small scarp from wave action can be seen where there is no blanket,
and this scarp would likely have been larger on the slopes that experience the majority of wave
action had the blanket not been there. This contrast is shown in Figure 58.
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Figure 58 Minor scarping where there is no erosion protection blanket at Dam 4

At Dam 3, where there is no erosion protection for wave action, waves had already produced
scarps between 10-20 cm within one month post-construction, and there was longitudinal cracking
on the eastern upstream slope as a result, as shown in Figure 59 observed in August 2018.
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Figure 59 Longitudinal cracking due to wave action eroding the upstream slope of Dam 3 in
August 2018

By May 2019, these scarps on the eastern side had increased to approximately 50-60 cm. This
scarping on the eastern upstream slope of Dam 3 in May 2019 is shown in Figure 60.
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Figure 60 Scarping on the upstream slope due to wave action at Dam 3 in May 2019

Therefore, having a protective blanket on the eastern slope of Dam 3 may have slowed the
acceleration of wave action eroding the scarp into the upstream slope. However, if the protective
blankets are not effective beyond two years, as was the case at Dam 4, then this cannot be
considered a cost-effective solution to protect against wave action.
At Dam 5, a similar approach to Dam 4 was taken with different blanket products to prevent
surface erosion due to wave action on the upstream slopes. A coconut fiber blanket product was
installed around the entire reservoir but only extending approximately 2 m down the slope from
the top of the upstream slope, similar to the product at Dam 4. The intention with the coconut fiber
product is that once vegetation coverage is established, the product degrades. This is shown in
Figure 61.
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Figure 61 Coconut fiber synthetic upstream erosion protection at Dam 5

On the eastern upstream slope, which would be impacted by the majority of large waves, a
different product is used that extends almost to the reservoir bottom. The wiry interwoven product
is reinforced with mesh and bolted onto the slope. This is shown in Figure 62.

Figure 62 Wave erosion protection on the eastern upstream slope at Dam 5
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The bottom of the mat is attached to the embankment with landscaping anchors. However, this
reservoir has a relatively long fetch length and therefore the landscaping anchors were not strong
enough to hold down the blanket at the bottom against the large waves and strong winds. Where
the blanket has detached and started to unravel upward is shown in Figure 63. At the time of the
site visit in May 2019, the water surface level was below the bottom extent of the blanket product,
and therefore a large beach and scarps exceeding 60 cm could be seen.

Figure 63 Scarping beneath the upstream erosion protection at Dam 5

Because blanket products such as these have not seen a lot of success in preventing surface
erosion due to wave action on upstream slopes in this region due to high winds, a system of
booms was installed at Dam 3 in the summer of 2019. The booms are a plastic manufactured
product that are linked together with a chain and anchored to either side of the reservoir. These
booms are specifically intended to dissipate wave energy and reduce the size of waves on the
slopes. A photo of the booms taken in summer 2019 is shown in Figure 64.
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Figure 64 Booms installed for wave dissipation at Dam 3

These booms are being used for the first time, and if successful will be implemented at other
reservoirs. One initial concern is UV degradation from the sun as these are plastic booms. Chainlinked log booms were installed in cell 1 at Dam 6 at the time of the initial construction of the dam.
As this dam is over 40 years old, these log booms are no longer effective as the logs have become
saturated and waterlogged. While they may have been effective at reducing wave action on the
eastern slope at one time, they are no longer performing this function and are instead floating
around the reservoir and acting as a landing point for birds. The plan is to remove the booms as
other means of wave protection have since been installed and the birds create a sanitation
concern for drinking water supply. The maintenance of boom systems is discussed in Chapter 11.
A photograph of the booms in May 2019 is shown in Figure 65.
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Figure 65 Outdated log booms at Dam 6

While these booms are outdated and no longer effective, riprap was installed on the eastern
upstream slope at cell 1 of Dam 6 at some point. When the riprap was placed, where it is from,
and the nominal size and weight of the rocks is unknown. However, the riprap seems to have
been effective in preventing scarping and beaching due to wave action on this slope, in addition
to the grass coverage and some logs at the base of the slope. This slope is shown in Figure 66.
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Figure 66 Riprap as upstream slope protection at Dam 6

In general, while expensive, riprap seems to be the most effective option for protecting upstream
slopes from surface erosion due to wave action and requires minimal maintenance compared to
the protective blankets. In Section 6.2, it was shown that the design wave height for Dam 3 is 0.54
m. Therefore, according to the table taken from ICOLD (1993) shown in Figure 67, according to
early US design criteria for riprap the average rock diameter for this dam would be 0.25 m, the
maximum weight would be 90 kg, and the thickness of the riprap layer would be 0.40 m.
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Figure 67 Early US design criteria for riprap on embankment slopes (© 1993, ICOLD, by
permission (Bulletin 91 – See Disclaimer))

The ICOLD (1993) recommends the use of the Irribarren-Hudson formula, which is used to
determine the characteristic weight of individual rock units necessary to resist the forces of
incoming waves (ICOLD, 1993). This formula has been used for design of port and coastal
structures and inland reservoirs. This formula is shown in Equation 8-1:
𝑊𝑟 =

𝛾𝑟 ∗ℎ𝑎
𝐾𝐷 (𝐺𝑠 −1)3 cot(𝜑)𝑏

(8-1)

where 𝛶r is the specific weight of rock in pcf, Gs is the specific gravity of the rock, 𝜑 is the slope
angle, h is the characteristic design wave height in feet, and KD, a, and b are experimentally
determined coefficients which have respective values of 3.62, 2, and 2/3 for zero-damage level in
the worst wave conditions (ICOLD, 1993). Using the design slope of 3H:1V, a specific gravity of
2.65 and a unit weight of rocks of 165 pcf (25.9 kN/m3), the median weight of rock (W 50) is given
as 26.7 pounds, or 12.1 kg. W max and Wmin are taken as 4W 50 and 0.125W 50 (ICOLD, 1993), which
gives the maximum and minimum stone weights of 106.9 pounds (48.6 kg) and 3.34 pounds (1.5
kg), respectively. Class 25 kg riprap under the BC MoTI (2016) design guide would suffice.
For riprap size, the nominal stone diameter in feet can be calculated based on the weight as
shown in Equation 8-2 (ICOLD, 1993):
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𝐷𝑥 = (

1
7𝑊𝑥 ⁄3
)
5𝛾

(8-2)

Therefore, using the same unit weight of rock and W 50 above, the average stone diameter D50 is
0.61 ft (0.20 m). The minimum thickness of the riprap layer is calculated to accommodate the
maximum stone as 0.54 ft (0.17 m), using Equation 8-3 below:
tdmin=1.5D50

(8-3)

The design thickness of a granular riprap filter depends on the susceptibility of embankment
materials to wave erosion, riprap size and weight, and embankment slope. The table in Figure 68
produced by the USACE is used to recommend a 6-inch (15 cm) filter thickness for Dam 3.

Figure 68 Riprap filter thickness depending on wave height (© 1993, ICOLD, by permission
(Bulletin 91 – See Disclaimer))

While riprap filter gradation criteria have been developed and are provided in ICOLD (1993),
typically a geotextile similar to the ones used in the spillways would act as a sufficient riprap filter.
Erosion protection for appurtenant structures is discussed in Chapter 10.

8.3

Recommendations for Surface Erosion Protection

It is recommended to place 4 to 6 inches (10 to 15 cm) of topsoil on the downstream slopes, the
upstream slopes that are not in the dominant wind direction or impacted by wave action, and the
crest if the crest is not meant to function as a roadway. The surfaces with topsoil should then be
hydroseeded or broadcast seeded in the spring after construction so that grass can begin to grow
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that year and start to provide protection against surface erosion due to precipitation runoff. The
seeding process should promote uniform growth of grass only.
If the crest is not meant to function as a roadway, it should be sloped into the reservoir pond at a
cross fall slope of 2%. There should be no low spots on the crest and vehicles should not be
driving on it. If the crest is meant to provide vehicle access, it should be sloped from the centerline
out towards the embankment slopes and should have geotextile underlying a suitable road base
material.
It is recommended that protection from surface erosion due to wave action be required on
upstream slopes that are significantly impacted by large waves due to the dominant wind
direction. In the Dawson Creek area, this is typically the upstream slope on the eastern
embankment. Manufactured erosion protection blanket products are not typically a successful
wave protection measure, nor are they cost-effective. However, if there is minor wave action, they
are helpful to prevent scarping on the slopes, but only if they extend all the way to the bottom of
the reservoir and not just part of the slope coinciding with full supply level, as water levels below
the bottom of the erosion protection blanket will render it ineffective. They should be fastened and
maintained properly.
Existing scarps should be monitored and, if they are accelerating, then surface erosion protection
from wave action is necessary. If piping or other stability issues such as cracks or slumps are
initiated, these should be addressed before placing erosion protection.
In areas with strong winds where wave action is severe, such as Dawson Creek, riprap should be
placed, and either a suitable geotextile material or a granular riprap filter of appropriate thickness
and gradation according to ICOLD (1993) should be placed on the slope before placing the riprap.
The riprap class used should be based on calculated nominal stone weights and diameters
calculated using the method from ICOLD (1993) or another suitable method.
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Having water enter the reservoir via uncontrolled overland flow is strongly discouraged, as erosion
gullies will form as seen at Dam 4 in Section 6.2. Having water enter the reservoir that erodes
channels into the upstream slope as seen at Dam 1 is also not an acceptable practice. Inlet
structures to control the entry of precipitation runoff into the reservoir should be lined with riprap
such as the one at Dam 7.
If boom systems are to be used to dissipate wave energy and protect upstream slopes from wave
action, ice, and debris, they should be properly maintained and anchored and should follow the
guidelines by BC MFLNRORD (2018).
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Chapter 9: Construction
In this section, a summary of current best practices and guidelines from a variety of sources is
provided, relating to the construction of dugout reservoirs and their surrounding embankment
berms, including site preparation, methods and equipment used for compaction, and construction
of filters. Observations from the case study dams will be described and conclusions are drawn to
evaluate whether dams were constructed as designed, whether recommended best construction
practices are being followed and if not, if the methods being followed are working. Construction
recommendations are summarized at the end of the chapter.

9.1

Current Best Practices and Guidelines for Construction

The BC MFLNRORD (2018) requires foundations for constructing embankments to be free of
loose soils and organic materials. Similarly, the United Nations FAO (Stephens, 2010)
recommends clearing access roads, removing trees, and stripping the top 100 mm of foundation
area of topsoil and vegetation as decomposition of organic material can affect the stability of the
dam by providing pathways for seepage at the foundation. The USSD (2011) states more vaguely
that unsuitable material must be removed, and any water entering the foundation controlled.
Similar recommendations are made by the BC Ministry of Energy and Mines (2002), Ontario
Ministry of Agriculture, Food and Rural Affairs (Shortt, 2016), and Australian best practices
documents (Department of Primary Industries and Water of Tasmania, 2008; Eyre Peninsula
Natural Resources Management Board, 2011). The Alberta Ministry of Agriculture and Forestry
(2015) says that stripped vegetation and organic soils from the base of the reservoir can either
be stockpiled or used on the downstream slope of the fill to facilitate grass growth.
In geographical regions with a dry season, the United Nations FAO (Stephens, 2010)
recommends constructing during the dry season to avoid issues of seepage, water control, and
build-up of excess porewater pressure, and to make equipment mobilization easier. In contrast,
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the Eyre Peninsula Natural Resources Management Board (2011) recommends constructing in
Spring to ensure that there is sufficient moisture to prevent the soil from drying out and cracking
during construction. Constructing in conditions with minimal natural moisture can also provide the
benefit of minimizing the impacts of freeze-thaw cycles. However, in the case of a tailings dam in
Fort McMurray Alberta, construction was started in early winter to take advantage of the surficial
freezing in what is otherwise a soft, saturated area with muskeg soil condition (Ferrara and List,
2002).
Uniformity in compaction is crucial to improve strength and minimize permeability of the
embankment (USSD, 2011). Water must continually be added to maintain the proper water
content for the specified degree of compaction; if the soil is too dry when compacted then it will
settle when it becomes wet as the seepage front is established through the dam. Constructing
the embankment in stages to allow more time for pore pressure dissipation is recommended in
almost all best practices documents (USSD, 2011).
The recommended lift thickness for embankment construction and compaction can vary
depending on material properties and equipment used. For example, the United Nations FAO
(Stephens, 2010) states that farm machinery, such as tractors, small rollers, or handheld methods
are usually sufficient for layers not exceeding 100 mm, but for layers up to 200 mm thick, vibratory
and smooth wheeled rollers are required. The measure of a successful compaction technique is
that the layer thickness is reduced by 25% between before and after compaction (Stephens,
2010). The Eyre Peninsula Natural Resources Management Board (2011) recommends that the
water content for each layer be within -1% to +3% of the optimum moisture content (OMC) to
achieve SPMDD, whereas ICOLD (1990a) recommends aiming for a water content slightly above
the OMC, approximately +2%. The Ontario Ministry of Agriculture, Food and Rural Affairs (Shortt,
2016) recommends both the key trench and the remainder of the embankment or core be
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compacted in layers between 150 and 300 mm thick at close to optimum moisture. Similarly, the
Alberta Ministry of Agriculture and Forestry (2015) gives a lift thickness of 6 inches (15 cm).
The reason a sheepsfoot roller is recommended for compacting clays is that on the first pass, the
“feet” will sink deep into the soil, and will sink less deep in successive lifts, thereby compacting
the layer from the bottom upwards. Scrapers and dozers do not compact this way and therefore
should not be used to compact clays (Eyre Peninsula Natural Resources Management Board,
2011). The BC Ministry of Energy and Mines (2002) recommends a smooth vibrating drum roller
for compacting granular materials (such as filters) and a sheepsfoot roller for clay materials (such
as the embankment).
Several sources of best practices recommend constructing embankments to have a final crest
elevation 10% higher than the design height to ensure that minimum freeboard requirements will
be maintained once the embankment has settled (The BC Ministry of Energy and Mines, 2002;
Alberta Ministry of Agriculture and Forestry, 2015; Stephens, 2010; Department of Primary
Industries and Water of Tasmania, 2008).
If vehicles will be driving on the crest, then the surface must have the appropriate materials for
travel, such as road base or gravel (BC MFLNRORD, 2018). The BC Ministry of Energy and Mines
(2002) recommends the edges of the crest be rounded off to the slopes to facilitate vegetation
growth and to allow water to drain off the crest instead of ponding in low spots. The USSD (2011)
suggests making the crest height uniform around the embankment to prevent water from ponding
on it and to direct runoff off the crest.
The USBR (1987) recommends compacting filters to 70% relative density. While moisture content
of granular soils at the time of compaction is not as critical for consolidation or settlement as for
finer-grained soils, it is important that water content be monitored during construction as this
affects the degree of compaction, which should give a compressibility like the other embankment
materials (USSD, 2011). Filters should be compacted in lifts not exceeding 450 mm and at 93-
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95% SPMDD (Standard Proctor Maximum Dry Density) for berm heights greater than 4 m, and
92% SPMDD for berm heights lower than 4 m (Vannobel et al., 2013). The USSD (2011)
recommends a maximum lift thickness for filters of 0.3 m or 1 ft.
The BC MFLNRORD (2018) highlights the importance of and requirements for quality control,
construction monitoring, and documentation and testing during construction.

9.2

Construction Observations from Case Studies

At each of the case study dams, the reservoir bottoms were unlined except for Dam 4. Dam 4
was designed to have a 500 mm liner with native clay compacted to 100% SPMDD along the
reservoir bottom. There did not appear to be any issues associated with the reservoir bottoms not
being lined, so long as the dam site foundation is properly prepared in advance by removing all
topsoil and organic materials from the surface. This was done at each of the case study dam
sites, with at least the top 0.3 m (1 ft) of material being removed.
Dams 1, 2, and 7 were not constructed with key trenches beneath the embankments. The
embankments were constructed directly on the stripped grades. Dams 3 and 4 were constructed
with 1 m deep key trenches, Dam 5 has a 2 m deep key trench, and Dam 6 has a key trench but
its depth is unknown. If the dam foundation has layers of silt and sand that could promote the
formation of preferential seepage paths, then constructing a key trench to minimize internal
erosion and piping through the dam foundation is more cost-effective than removing and
potentially replacing all unfavorable foundation materials. Additionally, key trenches provide
added stability against horizontal movement of the embankment but should be compacted to be
uniform with the foundation and embankment material.
Dam 7 was originally constructed as a uniform embankment surrounding a dugout pond, with no
filter, inlet channel or appurtenant structures. After regulators confirmed that the structure
classified as a dam, the reservoir was expanded to the south. The expanded portion of the berm
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includes a low-level outlet, spillway, and the inlet structure described in Chapters 6 and 8. The
northern part of the original structure was preserved and is now part of the new dam, and the
south part was removed to accommodate the expansion. The original structure was constructed
in the fall of 2015, and the newer part in the summer of 2017. The dam before and after the
expansion is shown in Figure 69.

Figure 69 Dam 7 as originally constructed in 2015 (left) and after 2017 expansion (right) (© 2018,
BC MFLNRORD, adapted with permission)

Although the materials used to construct both embankments are the same, because the
embankment consists of two embankments constructed at different times in different seasons
there were concerns about differential settlement. Therefore, settlement plates were installed in
the crest of each embankment, which were surveyed monthly for the first six months postexpansion to monitor differential settlement, of which there was less than 1 mm over the first three
months, therefore it seems that the expansion was successful from a construction and settlement
perspective.
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Installing these settlement plates to monitor differential settlement between the two embankments
was especially important because both embankments were compacted via multiple passes with
a loaded rock truck, which is not a recommended best practice. However, this dam was
compacted in smaller lifts, between 6 and 8 inches (15 and 20 cm). In contrast, Dam 3 was
compacted in 30 cm lifts using a sheepsfoot compactor for the embankment. This agrees with
best practices. Dam 4 was also compacted in 30 cm lifts, but using a motor scraper, which is
efficient as it can spread and compact the material but is not recommended for compacting clays
in current best practices documents. This could be the source of compaction issues such as the
bulging filter mentioned in Chapters 5 and 7.
Dam 5 was constructed using a different methodology than the other dams. The embankment
was compacted in 1 ft (30 cm) lifts and was compacted using motor scrapers and sheepsfoot
rollers. The lifts were typically 9-10 cm thick after compaction. However, the embankment was
built such that the slopes were overbuilt and then they were cut to the designed slopes afterward
because it was difficult to compact uniformly on an angle since the weight of the machinery is
directed downward. An aerial photograph of several motorscrapers transporting, spreading, and
compacting the embankment material is shown in Figure 70. A closer photograph of a
motorscraper and sheepsfoot roller compacting a lift of embankment material above the filter
wrapped in geotextile below is shown in Figure 71.
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Figure 70 Dam 5 construction in summer 2017 (© 2017, City of Dawson Creek, by permission)

Figure 71 Sheepsfoot roller and motorscraper compacting a lift with over-built slopes at Dam 5 (©
2017, City of Dawson Creek, by permission)

Another difference in the construction methodology of Dam 5 is that it is the only dam that was
intentionally constructed higher than the design elevation of the crest in anticipation of settlement.
This is a recommended best practice. After the first winter after construction was completed, the
embankment settled approximately 10 cm and the settlement was uniform around the
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embankment crest, indicating uniform compaction. This settlement was anticipated by the
geotechnical engineers who designed the dam due to dissipation of excess pore pressures from
the dam as the embankment consolidates.
The filter for Dam 5 was compacted in two lifts of 20 cm thickness. The granular material is 3-inch
(75 mm) minus material, and the filter is wrapped in non-woven geotextile. The filter lifts were
compacted using a wobble wheel roller, which is neither recommended or discouraged by current
best practices documents. For Dams 3 and 4, the filters were compacted using smooth drum
rollers in 2 lifts and wrapped with non-woven geotextile. This more closely aligns with
recommended best practices, though there is no evidence to suggest that these filters or
embankments were compacted more densely or uniformly than those of Dam 5. Compaction
practices at Dams 1, 2, and 6 are unknown.
Whether the dam crests are constructed sloping into the reservoir or are meant to function as
roadways for vehicles, the elevation profile along the length of the crest should be as close to
level as possible. From a hydrotechnical perspective, this helps to avoid water from ponding on
the crest and it prevents surface erosion from water draining along the crest. Having crests that
are uniform along the length also indicates uniform compaction practices, and allows for easier
identification of differential or localized settlement issues. A profile along the eastern edge of the
embankment crest of Dam 3 is shown in Figure 72. The crest elevations are typically within 20
cm along the length, which is approximately 220 m. The profiles on the north, west, and south
edges of Dam 3 had similar elevation variations along the length, with the exception of the spillway
on the south crest.
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Figure 72 Profile along the length of the crest on the eastern edge of Dam 3

Dam 3 was the only case study dam constructed during winter. Initially, winter construction was
thought to be a cause of desiccation cracks on the surface, but these were also seen at Dams 4
and 5, which were constructed in summer. For Dam 3, the top portion of each compacted lift was
to be stripped before compacting the subsequent lift, to remove areas of frost penetration and
eliminate potential formation of ice lenses. Whether this was practice was followed during
construction is unknown, however in this study there is no evidence to suggest that winter
construction is not a good practice, although there is added effort to remove portions of each
compacted lift, and it is still possible that frost could penetrate deeper than the removed portions.
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Typically, more material is taken from the reservoir for water storage than is actually needed to
construct the surrounding embankment. At Dams 1 and 2, excess material taken from the storage
ponds that weren’t used to construct the berms were compacted in the surrounding area to form
a pad for equipment related to oil and gas activity. These areas are shown in Figure 73.

Figure 73 Equipment on pads compacted with excess dugout material at Dams 1 (left) and 2 (right)
(© 2016, Higher Ground Consulting, adapted with permission)

At Dam 7, two locations for “spoil piles” are specified on the east side of the reservoir, as shown
in Figure 74. However, these piles both consist only of the topsoil and organics stripped from the
original ground surface before construction of the dam. The remaining material from the dugout
was used to compact a pad north of the embankment, which equipment is yet to be constructed
on, but the intention is similar to what was done at Dams 1 and 2.
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Figure 74 Spoil pile locations at Dam 7 (© 2018, BC MFLNRORD, adapted with permission)

At Dam 6, it is suspected that all material from the dugout was used to construct the berms,
although the exact use of this material was not documented and is unknown. At Dam 5, excess
material coming from the reservoir was used to begin construction of an adjacent cell, which will
be constructed when water demand from the City of Dawson Creek requires it. Where
construction has started for the next cell adjacent to Dam 5 is shown in the aerial photo in Figure
75.
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Figure 75 Excess dugout material used to start construction of a new cell beside Dam 5 (© 2017,
City of Dawson Creek, adapted with permission)

At Dams 3 and 4, materials from the reservoir were strategically stockpiled with a
decommissioning plan in mind. At Dam 4, siltier materials were added to the hillside on the
northwest edge of the dam. There are two other stockpile locations at the site; one is for the topsoil
and organics materials and one is for the layer of material beneath that, which was not used for
embankment construction. When the dam is decommissioned, the pond will be refilled in roughly
the same order as the materials were before they were dug out to make the pond, with the topsoil
being replaced last and grass planted on top of it to restore the land as close to its original state
as possible. Additionally, best practices for decommissioning include promoting vegetation and
sloping the land to be compatible with drainage of surrounding land.
At Dam 3, there are a total of 4 stockpiles. One pile west of the dam was a silty “waste” material
that was not fit for construction of the dam and is considered susceptible to freeze-thaw. This
material will not be replaced when the dam is decommissioned and the pond is refilled, but the
pile is gently sloped and hydroseeded with the intention that the material will not be used for any
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other purpose. The remaining three stockpiles are placed east of the dam and are in a specific
order for refilling the pond once the dam is decommissioned.
The pile farthest from the dam is topsoil and organic material to be replaced last and hydroseeded
to promote vegetation and restore the land to its original state, similar to Dam 4. The middle pile
is considered “A” material, and the pile closest to the dam is considered “B” material. These are
different materials, and before construction of the dam, B material was overlain by A material,
which was overlain by topsoil, but neither A nor B material was used to construct the dam.
Therefore, when the dam is decommissioned and the pond refilled, B material will be placed first,
followed by A material, and finally topsoil. An orthophoto showing the locations of all stockpiles at
Dam 3 is shown in Figure 76. They are shown in a photograph in Figure 77, standing on the
eastern berm looking south.

stockpiles

Waste pile

Figure 76 Excess dugout material strategically piled for decommissioning at Dam 3
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Figure 77 Stockpiles east of Dam 3

The method at Dam 3 is considered a best practice. However, whether dams have a
decommissioning plan depends on the purpose of the dam. For example, Dams 5 and 6 are part
of the water supply system for the City of Dawson Creek, and since they will always be needed
there is no plan to decommission them. However, oil and gas operations typically do not last in a
certain area forever, therefore it is important to have a plan to decommission these dams. If left
and not maintained, the dams could still fail and cause damage years later or could be a hazard
to wildlife or people. Therefore, attempting to restore the land to its original state is a good
practice. This may be required if the land is leased from private owners.
At Dam 7, the owners have constructed the dam on their own private land, and therefore there is
no requirement to have a decommissioning plan. However, it would be good practice once
operations are no longer happening in that area, or else the dam will need continual maintenance
and inspection even when the water is no longer being used for oil and gas purposes. Since Dams
1 and 2 were not originally constructed to be dams, decommissioning was not planned for, and
since the material has been repurposed, these will likely require continual maintenance and
inspection if not decommissioned.
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9.3

Recommendations for Construction

Before the construction of the dugout, it is recommended to strip the original ground surface of
any topsoil or organic material. Removing the top 0.3 m (1 ft) should be the minimum requirement.
It is also recommended, regardless of berm height, to have a key trench under the entire
embankment around the reservoir of at least 1 m deep. Additionally, if the dam foundation is
known to have seams of silt or sand, or unfavorable conditions where preferential flow paths could
form initiating internal erosion mechanisms, it is recommended to have a compacted clay liner on
the reservoir bottom and the upstream slope of the foundation.
It is recommended to construct the dam in the summer. The moisture content of the compacted
soil must be controlled to ensure sufficient compaction and prevent desiccation cracks from
forming on each compacted lift before adding the subsequent lift. If a dam must be constructed
in winter, then removing the top part of each compacted lift to a depth sufficient to remove frost
penetration before adding the next lift is recommended.
Compaction should be uniform, and all components of the dam should be compacted to similar
density. Clay embankments should be compacted using a sheepsfoot roller in lifts of 20 to 30 cm.
Filters should be compacted using a smooth drum roller in maximum 20 cm lifts. Filters should be
wrapped in non-woven geotextile. All embankments should be built to have crest elevations
greater than design to account for settlement. The amount of over-building the embankment
depends on the consolidation properties of the embankment and its foundation and how much
settlement is anticipated. It must be ensured that after this settlement occurs there will still be
adequate freeboard.
Dam crests should be constructed to be level along the length of the dam, whether the crests
were designed to slope into the reservoir or function as roadways for vehicles. The crest should
be level around the reservoir instead of sloping toward one end of the reservoir. The exception is
spillways.
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Dugouts to be used for an oil and gas purpose should be constructed with a plan for
decommissioning. Distinct materials removed from the dam should be stockpiled separately and
documented so that when the reservoir and dam are decommissioned this soil can be replaced
in the order in which they were taken. Topsoil should be replaced last and hydroseeded to
promote vegetation growth. The post-decommissioning topography should promote natural
drainage and prevent water from ponding.
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Chapter 10: Appurtenant Structures
In this section, current best practices and guidelines are summarized from a variety of sources
relating to appurtenant structures of dams, including spillways, low-level outlets, and other inlet
or outlet flow control structures. Observations from the case study dams will be described, and
methods for evaluating appurtenant structures will be used to inform recommendations for the
design and construction of future dams, with attention to aspects related to these structures.

10.1

Current Best Practices and Guidelines for Appurtenant Structures

Appurtenant structures for dams include spillways, low-level outlets, and other intake or outlet
structures that prevent the dam from overtopping (USBR, 2014). Some larger dams have multiple
appurtenant structures, or even multiple spillways including a service, auxiliary, and emergency
spillway. For small reservoirs surrounded by dugouts, it is common to just have one, uncontrolled
spillway that is designed with capacity for the IDF to prevent overtopping of the dam. Spillways
are designed using principles of hydraulics and open channel flow.
The BC MFLNRORD (2018) requires that dams have at least one spillway which can pass the
IDF and maintain adequate freeboard. Other requirements include a minimum width of 4 m,
constructed on undisturbed ground, protected against erosion or damage from debris build-up,
and pipes are not to be used as spillways (BC MFLNRORD, 2018). The CDA (2007) agrees with
these statements, including that it may be good practice to practice a spill before a large storm
happens to ensure the spillway functions as expected. The CDA guidelines also state that
spillways must be kept clear of debris and ice jams, stating that log booms could help to prevent
this. The elevation of the highest point in the spillway should be such that under IDF conditions,
the minimum freeboard requirements of the dam are maintained (CDA, 2007). The Eyre Peninsula
Natural Resources Management Board (2011) also requires a minimum spillway inlet width of 4
m and requires an outlet width of 6 m but it is dependent on the anticipated peak discharge and
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channel slope. The Alberta Ministry of Agriculture and Forestry (2015) gives minimum spillway
side slopes of 2H:1V, but 4H:1V are preferred.
Under high flow conditions, spillway channels are subject to erosive forces. Riprap can help to
dissipate the energy of the incoming discharge. However, riprap should not be placed directly on
top of embankment materials, and either a layer of filter material or appropriate geotextile should
be placed between the riprap and embankment material. The design of channel riprap is outlined
in the Riprap Design and Construction Guide (BC Ministry of Environment, 2000), which closely
follows the method recommended by the USACE (1991).
Low-level outlets are required by the BC MFLNRORD (2018) for dams obstructing stream
channels. Low-level outlets must promote drainage out of the reservoir and prevent water from
back flooding or remaining still in the outlet. They should have a minimum diameter of 600 mm
and be constructed such that they can be easily inspected. Gates on low-level outlets are to be
placed on the upstream side of the dam, to prevent a buildup of pressure in the low-level outlet,
and to keep it clean and dry, preventing both debris and ice buildup (BC MFLNRORD, 2018).
The FAO of the United Nations (Stephens, 2010) recommends a 2% slope for low-level outlets.
The Department of Primary Industries and Water of Tasmania (2008) requires low-level outlets
and recommends HDPE pipe material, though the BC MFLNRORD (2018) suggests using
concrete. Regardless of the material used, compaction around these materials is vital to prevent
forming a piping mechanism (USSD, 2011).

10.2

Appurtenant Structure Observations from Case Studies

Dam 7 is the only case study dam with a designated low-level outlet. The low-level outlet at Dam
7 was incorporated into the expanded part of the dam added in 2018. It consists of a single
corrugated steel pipe culvert with 600 mm diameter. The pipe has a 2% slope from upstream to
downstream and has a sluice gate on the upstream side with access. The pipe has a compacted
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sand filter around the downstream 1/3 of the pipe to prevent piping and internal erosion around
the structure. This detail is shown in Figure 79.
The exit point of the low-level outlet on the downstream side directs water coming from the pipe
into a riprap lined channel, with heavier riprap and rock blocks at the immediate exit and smaller
riprap in the extended channel, which drains water away from the embankment until the riprap
channel ends and the water eventually drains as overland flow. The detail for the low-level outlet
discrete exit channel is shown in Figure 78. The riprap stones are placed over a riprap filter
consisting of smaller rocks, which then overlies non-woven geotextile. This is a best practice to
prevent channel erosion and ensure the riprap remains in place and effective.

Figure 78 Low-level outlet exit channel detail at Dam 7 (© 2018, BC MFLNRORD, adapted with
permission)
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Figure 79 Dam 7 embankment cross-section at the location of the low-level outlet (© 2018, BC MFLNRORD, by permission)
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Having the gate on the inside of the reservoir or on the upstream side instead of the downstream
side is a best practice for several reasons. It keeps the inside of the pipe clean and dry, preventing
both corrosion and blockage from ice or debris. It also prevents hydrostatic pressure build up
inside the pipe, which could not only cause damage to the pipe, but the pressurized water can be
released into the surrounding embankment soil, which would cause stability issues in the dam.
The low-level outlet has a capacity of 0.7 m 3/s, meaning it could drain the full reservoir in 59 hours.
The diameter of 600 mm is the minimum diameter for a low-level outlet recommended by BC
MFLNRORD (2018) for inspection purposes, and it is sloped to promote drainage out of the
reservoir and prevent water from flowing back into it, in accordance with best practices. However,
corrugated steel is not a best practice for a low-level outlet material due to its susceptibility to
corrosion and erosion. Concrete or PVC would be better options, depending on anticipated
service life. If the dam was going to be decommissioned with the water removed and the reservoir
filled in within 20 years, CSP might be acceptable as it has a design life of approximately 25 years.
However, for longer-term operation or if the embankment is going to remain after
decommissioning, then concrete or PVC may be better options, having lifespans of 50 and 100
years, respectively (Taylor and Marr, 2013).
The exit channel consisting of larger riprap at the exit to dissipate energy from water coming
through the pipe, underlain by a riprap filter and geotextile, and having smaller riprap further down
the channel is a good practice. The design of riprap filters is discussed in Chapter 8. The
geotextile, in addition to providing extra filtration, prevents the riprap from sliding or sinking into
the clay material below. This prevents surface erosion at the toe of the embankment that would
occur if the water were to exit the pipe and transition directly into uncontrolled, overland flow. The
access structure for the gate on the upstream side is shown in Figure 80. Photos of the low-level
outlet exit at the downstream toe are shown in Figure 81.
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Figure 80 Low-level outlet gate access structure at Dam 7

Figure 81 Dam 7 low-level outlet exit point at the downstream toe (left) and riprap lined channel for
discharge (right)

Because Dams 1 and 2 were not constructed to be dams, they do not have low-level outlets or
spillways. However, each of these reservoirs has a single corrugated steel outlet pipe. The pipes
do not have gates; they are meant to be overflow structures to maintain freeboard and prevent
overtopping. However, at 500 mm diameter, they are smaller than recommended by BC
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MFLNRORD (2018) and they do not have riprap lined channels or any sort of controlled energy
dissipation or exit structure at the downstream end, which could result in surface erosion issues.
Whether these pipes are sloped to prevent water from flowing back into the reservoir is not clear
from the drawings. A photo of the entry of the outlet pipe of Dam 1 (on the upstream side) is
shown in Figure 82.

Figure 82 Entry of outlet pipe at Dam 1 upstream slope

Though it is classified as a dam, Dam 6 does not have a spillway as it was constructed in 1975.
However, the purpose of the reservoir is to store raw water being transported to the City of
Dawson Creek water treatment plant as part of the water supply system for Dawson Creek. Valves
are used to control the reservoir level, and when the reservoir is full, the water automatically
continues to the next storage reservoir, which is the final one before the water reaches the
treatment plant. In a way, this pipe would act as a low-level outlet, but as it is an entirely buried
structure, photos of it are not available. The locations of the structures in plan view from the
original As-built drawings are shown in Figure 83. Water flows from Dam 5 into cell 1 of Dam 6,
which then flows into cell 2 of Dam 6.
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Figure 83 Locations of inlet and outlet structures for Dam 6 (© 1975, City of Dawson Creek,
adapted with permission)

Except for Dams 1, 2, and 6, each case study dam had one spillway. None of the case study
dams had more than one spillway. The spillways at Dams 3 and 4 were located within the
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embankment such that their placement was opposite to the predominant direction of wind and
waves. At Dam 4, the spillway was placed in the southeast corner, and at Dam 3 this was in the
southwest corner. This is a good practice.
To determine if the size of a given spillway is adequate, the runoff flow computed using the
Rational Method formula (presented in Equation 6-4) can be compared with the inflow capacity of
an open channel calculated using Manning’s equation, which is presented as Equation 10-1:
3

2
1
𝑄 (𝑚 ⁄𝑠) = 𝐴𝑅 ⁄3 √𝑆
𝑛

(10-1)

where n is the channel roughness value (taken as 0.035 for riprap), A is the cross-sectional area
through which water flows in m 2, R is the hydraulic radius in m, which is A divided by the wetted
perimeter, and S is the channel slope (m/m). Spillway channels often extend beyond the
downstream embankment toe, after which point the channel slope may be less steep than the
downstream slope of the dam, and the channel capacity may be reduced, though this would vary
depending on site drainage conditions.
The BC MFLNRORD (2018) recommends a minimum spillway width of 4 m corresponding to a
freeboard of 1 m, regardless of dam consequence classification or drainage area size. Assuming
the spillway channel reduces to a 1% slope at the toe of embankment, and assuming the channel
is approximately trapezoidal with a 4 m wide bottom, 2H:1V side slopes, and a channel height of
1 m corresponding to required freeboard, the capacity of this spillway would be 13.6 m 3/s. Spillway
channels having flatter slopes would have less capacity.
Figure 84 shows the figure plotting IDF runoff (m3/s) calculated using the Rational Method formula
versus drainage area (ha) for the 5 case study dams that only have the reservoir surface area
and portion of the berm sloping into the reservoir as drainage area, with no external watershed.
The relationship is approximately linear, given the dams are in a similar geographic region with
similar anticipated precipitation for a given return period.
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Following the linear trendline in Figure 84 between drainage area and runoff, for the spillway
described above to experience a runoff equal to its capacity, this would correspond to a drainage
area of 21.8 ha, as shown in red. This is greater than the drainage areas of the five case study
dams included in this plot. Therefore, for dugout reservoirs without external drainage area, a
minimum 4 m wide spillway channel is sufficient to pass the IDF, and additional or larger spillway
channels or other appurtenant structures are unlikely to be required.

14

Ruoff Discharge (m3/s)

12

10

8

6

4

2

0
0

5

10

15

20

25

30

Drainage Area (ha)
Figure 84 Rational Method runoff discharge vs. drainage area for dams with no external drainage
area

The BC MFLNRORD (2018) guidelines state that pipes are not to be used as spillways. However,
at Dam 3, the spillway is located on the south edge of the reservoir where there is also an access
road laterally crossing the downstream slope of the embankment. Therefore, two 30-inch (760
mm) CSP culverts were placed beneath the access road embankment, in the spillway channel.
These are shown in Figure 85 in plan view (left) and in a photograph taken in August 2018 (right).
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Figure 85 Aerial view of dam spillway (left) and culverts in access route over the spillway (right)

Using the point cloud, the slopes for the culverts were measured to be 1%. For a riprap lined
trapezoidal channel with 4 m bottom width, 2H:1V side slopes, 1 m vertical height, and a slope of
1%, the Manning equation gives a capacity of 13.6 m3/s. This exceeds the estimated IDF of 4.48
m3/s. However, placement of the access road and culverts in the spillway limits the capacity to
1.36 m3/s, using the Manning equation with a roughness value of 0.022 for corrugated steel, which
puts the spillway capacity below the capacity required to pass the IDF, as required by BC
MFLNRORD (2018) and CDA (2007) guidelines.
For Dams 3, 4, 5, and 7, the spillway channels were lined with both riprap and geotextile to prevent
erosion of the channel and provide some flow control for water entering the spillway. The design
of riprap to prevent erosion of a channel follows a different method than riprap for upstream
erosion protection. The USACE (1991) method for the design of channel riprap is presented below
for the spillway for Dam 3 as an example. The method assumes channel side slopes no steeper
than 2.5H:1V and a unit weight of rock of 165 pcf (25.9 kN/m 3).
First, a flow concentration factor of 1.25 is applied to the unit discharge of 4.48 m3/s, giving 197.76
cfs (5.60 m3/s). The equation for D30 (ft) is provided as Equation 10-2:
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𝐷30 (𝑓𝑡) =

2
1.95∗𝑆 0.555 ∗𝑞 ⁄3
1
𝑔 ⁄3

(10-2)

where S is the channel slope (ft/ft), q is the unit discharge (cfs) with the flow concentration factor
of 1.25 applied, and g is the gravitational constant in ft/s2. A D30 of 1.62 ft (0.49 m) is given using
this equation. The table shown in Figure 86 is then used to determine the maximum stone
dimension and approximate gradation of channel riprap (USACE, 1991).

Figure 86 Riprap gradations based on computed D30 (USACE, 1991, open source)
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From this table, for a rock unit weight of 165 pcf (25.9 kN/m3) and a D30 of 1.62 ft (0.49 m), the
maximum stone dimension (D100) should be 40 inches (1.02 m). The average stone weight, or
W50, should therefore be between 650 and 950 lb, or between 300 and 430 kg.
The riprap in the spillway is of Class 25 kg according to the British Columbia Ministry of
Transportation and Infrastructure Riprap Installation Guide (2016), with a nominal thickness of
450 mm and a nominal mass of 25 kg, and average and maximum stone dimensions of 260 mm
and 450 mm, respectively. These dimensions are smaller than recommended by the USACE
method. However, and the riprap in the spillway is underlain by a plastic geotextile, which is not
assumed in the USACE method and the geotextile would provide additional erosion protection for
the spillway channel.

10.3

Recommendations for Appurtenant Structures

If a dugout reservoir similar to the case study dams has a low-level outlet, it should follow the BC
MFLNRORD (2018) recommended minimum diameter of 600 mm and 2% slope away from the
reservoir to promote drainage and prevent water from flowing back into the reservoir. It is
recommended to have a compacted sand filter around the downstream portion of the low-level
outlet within the embankment to prevent piping along the boundary between the structure and
embankment material.
There should be riprap overlying geotextile at the exit point of the low-level outlet to prevent
surface erosion at the downstream toe, to dissipate the energy of water exiting the low-level outlet
and to provide some control of water to divert it away from the embankment before it becomes
overland flow. The material type for the low-level outlet should depend on the anticipated lifespan
of the dam. Since 20 years is a common lifespan for dugouts for oil and gas purposes, CSP is
likely adequate. For lifespans beyond 20 years, other options should be considered, such as
concrete or PVC.
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There should not be pipes in spillways, or other structures that could block a spillway or limit its
capacity, such as an access road. For dams with no external drainage area, one spillway with
minimum 4 m width is sufficient to pass the IDF. It is a best practice to locate spillways within the
reservoir such that they are away from the predominant direction of wind and waves, and spillways
should also be located such that they are not at the location of maximum berm height or where
dam breaching would have maximum downstream consequences.
Spillway channels should direct water coming out of the reservoir away from the embankment
before it becomes overland flow, similar to a low-level outlet exit channel. These channels should
be lined with both geotextile and riprap. It is recommended to determine riprap requirements
based on the runoff discharge anticipated during the IDF and the minimum channel slope.
Spillways for these dams should have a maximum vertical height that does not reduce the
reservoir freeboard. Since the BC MFNLRORD (2018) recommends a minimum 1 m normal
freeboard, which is typically suitable for dams of similar size to the case study dams, the maximum
spillway height should be 1 m. Spillway side slopes can be evaluated based on material properties
and slope stability, however as geotextile and riprap are placed on the slopes, a 2H:1V side slope
for these spillways is acceptable, but not steeper.
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Chapter 11: Maintenance
In this section, a summary of current best practices and guidelines from a variety of sources is
provided, relating to maintenance of dugout reservoirs and their surrounding embankment berms,
including

management

of

vegetation,

animal

activity,

erosion

protection

measures,

instrumentation, and embankment crests and slopes. Observations from the case study dams will
be described to assess whether these aspects of dams are being adequately maintained, whether
recommended best practices are being followed and if not if the methods being followed are
working. Maintenance recommendations are summarized at the end of the chapter.

11.1

Current Best Practices and Guidelines for Maintenance

While grass can be helpful to prevent surface erosion runoff on the embankment slopes,
vegetation needs to be maintained to ensure that trees or large shrubs do not grow on the dam
as their roots can initiate stability issues and piping mechanisms (Province of BC, 2017). Wellestablished grass slopes should be mowed regularly because at a certain length grass lies down
and is no longer as effective in trapping sediment (BC Ministry of Agriculture, 2013). If erosion
gullies form due to runoff on the slopes, the slopes should be regraded (BC Ministry of Energy
and Mines, 2002).
Appurtenant structures and any drainage ditches should be inspected and cleared out at least
twice yearly, after the spring thaw and before fall when conditions are driest (Shortt, 2016).
Appurtenant structures should be kept clear of debris, excessive sediment, or large blocks of ice
(Province of BC, 2017). Blockages must be removed to prevent overtopping.
The CDA (2007) highlights the importance of instrumentation and monitoring for detection of early
signs of problems. Instrumentation measures are not required, but if they are part of the dam
design they must be submitted as part of the design drawings, plans and specifications (BC
MFLNRORD, 2018). Instrumentation should be installed based on expected dam performance
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and for a specific purpose (CDA, 2007). Instrumentation should be maintained and monitored,
and its installation should minimize disturbance and not initiate any problems in the dam.
If the dam crest has been constructed for vehicle travel, the road surface must be maintained as
such (BC Ministry of Energy and Mines, 2002). Fences are recommended to keep unwanted
vehicle traffic and cattle off the embankment. Cattle tend to form pathways on the embankments,
making localized low and flat spots for seepage to accumulate, and they can interfere with uniform
vegetation growth and slopes (BC Dam Safety Pocketbook, 2017). Animals that create burrows
in the embankment slopes such as muskrats should be removed, and tunnels or burrows from
animals should not be left in the embankment but the slope should be repaired (Province of BC,
2017). Geotextile and riprap on the embankment can help to prevent them from creating tunnels
and burrows into the slopes (USSD, 2011).

11.2

Maintenance Observations from Case Studies

Dam 6 is the oldest of the case study dams and has well-established grass coverage on the
slopes and crests of both cells as shown in Figure 87.
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Figure 87 Even, well-established grass coverage at Dam 6

Topsoil was initially placed on the slopes and crest of Dam 6 and the grass is mowed regularly in
the spring and summer. Over time, larger vegetation such as bushes and shrubs have been
removed at the root before having the chance to grow large enough that removing their roots
could initiate piping mechanisms or other settlement or stability issues. At the downstream toe on
the western side of cell 2, there are some large trees growing as shown in Figure 88. However,
the dam owner is not concerned about their impact on stability. Similar topsoil, hydroseeding, and
mowing methods were applied at Dam 5, except for the crest, which is overlain with geotextile
and road base for vehicle traffic for maintenance and inspection purposes.
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Figure 88 Trees at the downstream toe on the west side of Dam 6 cell 2

As shown in Chapter 8, Dam 3 has grass starting to grow on the downstream slopes, which were
overlain with topsoil, after just one year, while Dam 4 has not had significant grass growth as
topsoil was not used, but waste silty material was placed on the downstream slopes and
hydroseeded. The owner of Dam 3 has said that once grass coverage has been evenly
established, this dam will also be mowed. At Dam 4, if grass growth cannot establish on the
slopes as they are, topsoil will eventually be placed and hydroseeded to establish grass coverage
on these slopes, which will likely then be mowed.
Vegetation has not been maintained at Dams 1 and 2, and a variety of species can be seen
growing on the upstream slopes of Dam 1, including cattails, as shown in Figure 89. Cattails can
be indicative of excess or localized seepage.
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Figure 89 Vegetation left unmaintained on the upstream slopes of Dam 1

At Dam 6, even though the even grass coverage functions well for a surface erosion protection
measure, several animal burrows and tunnels have been observed in the western slopes. Animals
are burrowing into the western upstream slopes because there is minimal wave action as the wind
direction is predominantly toward the northeast. Images of these burrows are shown in Figure 90.

Figure 90 Damage to upstream slopes at cell 1 of Dam 6 caused by animal activity
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A few alternative solutions to address the animal burrows were provided by consultants. The
option selected was to remove the upstream part of the berm as far back as the animal burrows
extend, and to replace the berm. It is estimated this trench will extend 0.5 m deep into the slope.
It was also recommended to install a wire mesh to prevent future animal burrowing on the slope.
The detail for the slope restoration is shown in Figure 91.

Figure 91 Solution used to restore slopes affected by animal activity at Dam 6 (© 2018, BC
MFLNRORD, adapted with permission)

While Dam 6 does have riprap on the eastern upstream slope as a surface erosion protection
measure against wave action, the riprap is not maintained. The surface erosion protection
blankets at Dams 4 and 5 are also not maintained. Any surface erosion protection measures
require some maintenance, though riprap once placed may require less maintenance than the
blankets. The erosion protection blankets may require re-anchoring or reattachment as often as
every spring. However, some sections of the blanket may require replacement while others
remain intact, but the entire blanket would need to be replaced unlike riprap, where stones can
be removed and replaced once installed.
Dam 6 has a system of log booms that were initially placed to prevent wave erosion. They were
also expected to prevent debris or ice blown by the wind from damaging the eastern upstream

174

slope. However, this boom system was not maintained. Parts of the boom system have become
saturated and started to sink, other parts have become detached or broken. The boom system is
no longer functional but is still in cell 1 as discussed in Chapter 8. The boom system in May 2019
is shown in Figure 92. At this stage the boom system should be removed, and potentially replaced.

Figure 92 Unmaintained log booms in cell 1 of Dam 6

Also at Dam 6, on the northeast corner of cell 2 some material at the top of the berm started to
slump. This is shown in the images in Figure 93. Consultants concluded that the failure was
caused by the addition of a thin layer loosely placed clay fill that cracked and slid.
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Figure 93 Slumped material at the top of the northeast berm at cell 2 of Dam 6

The proposed solution was to remove the material from the top of the berm and place it at the
bottom to stabilize the toe. The location of the area to be remediated is shown in plan view in
Figure 94 and in profile view in Figure 95.

Figure 94 Location of slumped area to be remediated on cell 2 of Dam 6 (© 2018, BC MFLNRORD,
by permission)
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Figure 95 Profiles of slumped area to be remediated on cell 2 of Dam 6 (© 2018, BC MFLNRORD, by permission)
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A slope inclinometer was installed at the berm crest in 2014. It was monitored for two years and
no deep-seated movement in the compacted clay berm was detected. This further emphasizes
the need for uniform compaction and materials in the embankment.
Other instrumentation besides the slope inclinometer in Dam 6 includes 2 vibrating wire
piezometers in Dam 2, 2 nested piezometers in Dam 1, 2 vibrating wire piezometers in Dam 7,
and the settlement plates in Dam 7 discussed in Chapter 9. The piezometers in Dams 1 and 2
were used to confirm positive pore pressure distributions through the embankment. The
piezometers in Dam 7 are to monitor the phreatic surface in the dam. The settlement plates are
being surveyed regularly to ensure that there is minimal differential settlement between the
original berm and the expansion. Whether the piezometers at Dams 1, 2, and 7 are monitored on
a regular basis or for any other purpose is unknown.
The ditches at the downstream toes of Dams 3 and 4 that collect internal seepage coming through
the toe drains of those dams are scheduled to be inspected and cleared of debris twice per year.

11.3

Recommendations for Maintenance

It is recommended to have a maintenance plan for vegetation. Topsoil should be placed and grass
planted to promote even coverage of a vegetation layer to resist surface erosion. Vegetation
larger than grass should be removed before roots can grow to create problems in the
embankment. Grass should be mowed if the slopes permit. Vegetation should be regularly
inspected as it can indicate excess or localized seepage.
Embankment slopes, crests, and drainage ditches should be inspected regularly and regraded if
there are low spots, ponding water, or erosion gullies. Drainage ditches require sufficient grade
to promote drainage and debris should be removed from these ditches regularly.
Log booms are not required if the spillway and reservoir can otherwise be kept clear of debris. If
booms are going to be used for wave dissipation, they must be inspected regularly, particularly
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where they are anchored and at any connecting points throughout. If booms become nonfunctional or ineffective they should be removed or replaced.
As stated by the CDA (2007), there should always be a specific purpose and monitoring plan if
instrumentation is installed in a dam. Instrumentation is not recommended as a standard course
of action, but rather to be installed if there is a specific concern. For example, if there are one or
more longitudinal cracks in the embankment, a slope inclinometer should be installed to monitor
the slope movement and estimate the potential slip surface if a slump or slide has initiated. If there
are concerns about a high phreatic surface or excess seepage, piezometers should be installed
at the crest and toe of the downstream slope to estimate the location of the phreatic surface.
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Chapter 12: Discussion
The recommended best practices in Chapters 5 to 11 are based on observations in seven key
aspects of dugout earth dams. The observations come from two fieldwork campaigns and seven
case study dams in the Peace River Region. Many current recommended best practices were
followed for Dams 3, 4, 5, and 7, which were designed to be dams. For example, the embankment
slopes were designed to either meet or exceed the minimum BC MFLNRORD (2018)
requirements. These dams were also designed to have at least 1 m freeboard and have spillways
at least 4 m wide and lined with geotextile and riprap as recommended by BC Ministry of
Environment (2000). Based on the stability analyses in Section 4.4, the minimum factor of safety
of 1.5 prescribed by the CDA (2007) is met for the steady-state conditions at Dams 1 to 4. Reports
provided by consultants for Dams 5 and 7 also confirm that this condition is met at those dams.
For Dams 3 and 5, the horizontal blanket drains generally meet the CDA (2007) recommended
filter gradation criteria. They are also wrapped in non-woven geotextile as an additional measure
to prevent piping or internal erosion. While there is a horizontal blanket drain in the as-built
drawings of Dam 6, whether the material meets gradation criteria or has geotextile is unknown.
Because there was no evidence to suggest that dispersive soils were used to construct the dams,
it is appropriate to not account for them in the selection of filter design criteria, and other design
and construction considerations. Except for Dam 7, the dams that were designed as dams had
key trenches.
Dams 3, 4, 5, and 7 were all constructed in stages and were generally in accordance with
recommended lift thickness, ranging from 150 to 300 mm. At each dam site, the topsoil and
organics were removed from the surface before construction of the reservoir in accordance with
BC Ministry of Energy and Mines (2002). Although there are no construction monitoring records
available for Dam 6, Dams 3, 4, 5, and 7 were all compacted at or slightly above optimum moisture
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content as recommended by ICOLD (1990a). Dams 4, 5, and 7 were constructed in summer or
fall in accordance with the United Nations FAO (Stephens, 2010).
Following the CDA (2007) recommendations, Dams 3, 5, 6, and 7 all had topsoil placed on the
slopes and hydroseeded to promote grass growth as protection from surface erosion due to
runoff. Vegetation with larger roots such as trees was not observed except for small trees at the
toe of Dam 6. Instrumentation such as settlement plates, inclinometers, and piezometers were
generally installed for a purpose, at specific locations and to monitor specific parameters as
recommended by the CDA (2007).
There were examples where aspects of design and construction deviated from recommended
best practices. For example, at Dams 1, 2, 3, 4, and 6, the embankment slopes were constructed
steeper than they were designed. This may also be the case at Dams 5 and 7, but the topography
was not provided for these dams. Additionally, at Dams 1-4, the upstream slopes were
constructed steeper than the downstream slopes, which does not agree with the BC MFLNRORD
(2018) minimum slope recommendations of 3H:1V for upstream and 2.5H:1V for downstream.
According to the probabilistic stability analyses conducted to determine the minimum cohesion
required for Dams 1-4 to meet the minimum factor of safety of 1.2 prescribed by the CDA (2007)
under rapid drawdown, Dam 1 would require a cohesion or Su of 64 kPa. The soil in Dam 1 may
not have a cohesion this high. Additionally, Dam 4 required a S u of 42 kPa, and the laboratory
testing results provided by the consultants for Dam 4 based on direct shear tests carried out on
two samples gave effective cohesion below 5 kPa. However, direct shear tests may not provide
representative undrained shear strength.
Sufficient laboratory testing should be conducted so that both total stress and effective stress
analyses can be carried out for stability analysis of the dams. Special attention should be directed
to obtaining an appropriate estimate of both effective cohesion and undrained strength, since
there is a larger coefficient of variance for cohesion than other strength parameters (Phoon and
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Kulhawy, 1999), and the embankment stability is particularly sensitive to cohesion in both effective
and total stress analyses. Triaxial testing is typically the best indicator of cohesion for different
loading conditions.
Most of the dams did not have effective surface erosion protection. Only Dam 6 has riprap on the
upstream slope to protect against wave action. Additionally, only Dam 5 was constructed to have
a crest that is designed for vehicles to drive on as recommended by BC MFLNRORD (2018) even
though all dam crests have been driven on. Dam 5 is the only dam known to have been overbuilt
by 10% to account for consolidation settlement of the embankment over time as recommended
by BC Ministry of Energy and Mines (2002).
Although the recommended lift thicknesses for compaction were generally followed, a variety of
equipment and methods were used for compacting embankment lifts. Motor scrapers were used
at Dams 3, 4, and 5, and multiple passes with a loaded rock truck was used at Dam 7. It is
unknown what equipment was used at Dams 1, 2, and 6. However, Dams 3 and 5 also used the
recommended methods according to BC Ministry of Energy and Mines (2002), which includes
using a sheepsfoot roller to compact clays and a smooth drum roller for the granular filters. At
Dam 5, a wobble wheel roller was used to compact the filter.
It is unclear why different types of equipment were used for compaction at a given dam, especially
given the importance of compaction uniformity as stated by the USSD (2011). However, as
explained by dam operators, motor scrapers are efficient because they have a dual purpose as
they can both transport and compact material, reducing the total amount of equipment on-site
during reservoir construction.
Dam spillways did not have boom systems preventing debris from entering the channels as
recommended by the CDA (2007). Woody debris is not expected because most dams have no
watershed other than the reservoir pond itself.

Each dam operator relies on a regular

maintenance schedule instead.
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Where actual practices deviate from published best practices, some methods appear to be
adequate and some do not. For example, based on the stability analyses in Section 4.4 and
observations at each of the dams, there is nothing to suggest that having upstream slopes steeper
than downstream slopes is not a good practice. It is likely that operators are trying to maximize
storage volume in their reservoirs via this practice. However, at Dam 1, having slopes that are
steeper than design has led to longitudinal cracking.
Regardless of compaction equipment, methods, or lift thickness used, construction monitoring
and quality control are imperative to ensure compaction uniformity. While construction monitoring
and documentation are mentioned in the CDA technical guidelines (2007), there should be greater
consistency in what is required for construction monitoring and documentation. After each
embankment lift is compacted, density measurement should be conducted at multiple locations
to ensure that compaction is within acceptable tolerance limits before the construction of the next
lift can begin. Further investigation or research on what are acceptable tolerance limits is required.
Construction during winter can occur, but extra care should be taken to ensure that the top layer
of soil compacted the previous day is removed in the morning before constructing the next lift to
ensure that frozen soil is removed and not incorporated into the compact soil. In many cases this
may mean that winter construction requires more effort or takes longer, but it may still be an
acceptable practice if it is necessary due to time or budget constraints or other dam operator
circumstances.
Some observations at the case study dams are not mentioned in the recommendations or
requirements in current best practices documents and guidelines. For example, having the
reservoir bottom be flat or sloped may does not matter as long as the appropriate geometry is
taken into account when determining critical cross-sections. There is currently not a consistently
recommended or followed method for determining the critical cross-section, though it is typically
a combination of the steepest and highest berm. Because most embankments are designed to
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have consistent upstream and downstream slopes around the reservoir, the highest berm height
becomes the deciding factor in the location of the critical cross-section.
Because berm height varies around the embankments of most of the case study dams, so does
the impact of having a horizontal blanket drain on stability and seepage. For example, Dams 3
and 4 only have a filter where the berm exceeds a certain height. This appears to be an acceptable
practice. The higher berm heights were chosen as critical cross-sections for the stability analyses,
and the design filter lengths and thicknesses lowered the phreatic surface and increased the
factor of safety for Dams 3 and 4. Granular filters should be recommended but may be most
effective for berms exceeding a certain height. Gradation criteria should be followed and the filters
should be wrapped in non-woven geotextile. While there is not a generally agreed upon filter
thickness, 0.5 m seems acceptable for dams in this size range.
There are currently no requirements for surface erosion protection measures for these dams.
However, it was observed that topsoil makes a big difference in promoting vegetation growth as
protection from runoff erosion. Because of the strong winds and predominant wind direction in the
Peace Region, surface erosion protection against wave action should be required on upstream
slopes where wave action is predominantly directed. As observed at Dams 4 and 5, having
surface erosion blanket materials may be better than no protection at all, but require extensive
maintenance and possibly frequent replacement. Additionally, including this protection only where
the full supply reservoir level meets the slope is not an effective practice, especially given the
reservoir level variance with seasonal changes.
Riprap should be recommended as upstream surface erosion protection from wave action, with
either a riprap filtering material or non-woven geotextile beneath it. Riprap should be inspected
annually and maintained or replaced as needed. Wave erosion scarps and other erosion-related
deficiencies should be monitored and repaired as needed. Riprap can also prevent animals from
burrowing into the slopes, but wire mesh may be a cheaper alternative as was used at Dam 6,
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where vegetation coverage was already well-established. Vegetation should also be regularly
inspected and trees removed as needed.
Other maintenance requirements should include clearance of debris from ditches and spillways
or removing debris from the reservoir surface if a boom system is used. Boom systems, if used,
have their own maintenance requirements as stated by CDA (2007) and BC MFLNRORD (2018).
Spillway channels and drainage ditches must be appropriately graded and not have low spots.
Drainage ditches and dam crests should be inspected for low spots annually and regraded if
needed.
While the CDA (2007) guidelines provide the recommended IDF for each dam consequence
classification, it is difficult to determine the probable maximum precipitation or flood given limited
publicly available data. Management and control of runoff at a dam site is highly dependent on
site size, dam size, watershed size, and surrounding topography. An accurate catchment area
should be obtained, and all water in the event of the IDF accounted for. However, while it would
not be practical as a requirement, a recommendation may be to select dam sites where there is
no external catchment area, and no hillsides sloping into the reservoir that can cause other
stability issues as was the case at Dam 4. Having a watershed consisting only of the reservoir
surface area and berm sloping into it simplifies hydrotechnical analysis and reduces potential for
damage from landslides and other hazards.
Because consolidation settlement can be anticipated for cohesive materials as excess pore
pressures dissipate, over-building the embankment to ensure freeboard requirements are
maintained accounting for this settlement should be required. While an arbitrary percentage of
embankment height has been recommended by some sources for over-building, conducting
consolidation testing and analysis would give a better indication of how much additional dam
height is needed to maintain freeboard requirements once the embankment has settled.
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While the CDA (2007) mentions decommissioning plans, because oil and gas operations in a
given area have a finite lifespan, these dams should be designed to include a decommissioning
plan. A strategic material stockpiling method such as the one used at Dam 3 should be included
in best practices.
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Chapter 13: Conclusion
13.1

Summary and Conclusions

Seven earth dams in the Peace River Region in northeast BC were used as case studies to
evaluate best practices for the design and construction of earth dams storing fresh water. Of these
dams, four are used for oil and gas purposes, and six of the seven were within seven years of
age. Each dam was visited at least once over two fieldwork campaigns that took place in August
2018 and May 2019. The purpose of the site visits was to document observations and to make
comparisons between as-built conditions and design specifications provided by dam owners and
consultants. Seven key areas of dam design and construction were identified and evaluated:
embankment stability, hydrotechnical considerations, internal seepage, surface erosion
protection, construction, appurtenant structures, and maintenance. Each dam was assessed
under these seven areas to analyze how applied design and construction practices at each dam
compare with current best practices guidelines and how the dams were performing.
Based on a review of literature for current recommended best practices and guidelines,
comparisons were made to address whether current best practices and recommendations are
being followed, and if not, whether applied methods are working. The purpose was to identify
improvements that could be made to current best practices with the objective of establishing
consistent best practices for designing and constructing earth dams as dugout reservoirs to store
fresh water in northeast BC. These recommendations are included in the recommendations at
the ends of Chapters 5 to 11 and in the conclusions summarized below.
Supplementary data collection included taking soil samples from dams in the first fieldwork
campaign for laboratory testing and using aerial imagery and structure-from-motion
photogrammetry software for topographic analysis to obtain as-built geometry. These data, in
combination with geotechnical investigation reports provided by dam owners and operators, were
used to conduct stability analyses of Dams 1 to 4 in 2D using Rocscience Slide under three
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loading conditions. Probabilistic analysis and sensitivity analysis were also conducted to
determine the influence of different material properties and embankment geometry characteristics
on factors of safety for different loading conditions.
Recommendations for design and construction of earth dams already exist for embankment
stability and appurtenant structures. These specific recommendations include upstream and
downstream slopes, minimum crest width as a function of berm height, minimum factors of safety
for certain loading conditions, minimum width spillway of 4 m, and a minimum dam freeboard of
1 m. In most areas, the best practices guidelines were consistently followed in design, but in some
cases, the as-built conditions did not always reflect what was designed, especially for
embankment slopes. In some cases, culverts were placed in the spillway or unusual compaction
methods were used, which do not follow best practices.
The best practices documents often contain vague or no reference to some aspects of dam design
and construction, such as surface erosion protection. Given the erosivity of the soils used to
construct dams in the Peace River region and the impact of the wind and wave action observed
on upstream slopes, greater care is needed to manage erosion on the dams.
The main findings are as follows:
•

While recommended embankment slopes were typically followed in design, as-built slopes
were often steeper than designed slopes, and upstream slopes were often steeper than
downstream slopes. In most cases, this did not have an adverse impact on overall stability
but does not meet best practices.

•

When there is no external drainage area, and the catchment area consists of the reservoir
and the portion of the berm sloping into the reservoir, the 4 m minimum spillway width will
be adequate to pass the IDF for these types of dams given the hydrotechnical conditions
in this region.
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•

Best practice for a minimum freeboard of 1 m is typically followed, and this freeboard was
found to be appropriate for reservoir sizes (fetch length) and wind conditions in the Peace
River region.

•

If possible, dams should be oriented to have minimal fetch length in the predominant wind
direction to minimize wave erosion. In the Peace River region, the predominant wind
direction is from the west or southwest, and hence the long axis of the reservoir should be
oriented roughly north-south.

•

Surface erosion protection should be required in best practices guidelines, for both the
upstream slopes for wave action and the downstream slopes for surface runoff. Drainage
collection ditches and appurtenant structures also require erosion protection. Erosion
protection blankets are not as effective as riprap on upstream slopes.

•

The embankment stability is very sensitive to the value for cohesion under effective and
total stress loading conditions. Sufficient investigation and testing should be conducted to
find an appropriate range for this parameter, which has a high coefficient of variance. The
amount of testing and types of tests depends on variability of the soils at the site and
whether the design aims for slopes steeper than recommended best practices.

•

From both laboratory testing and visual observations, there was no evidence to suggest
that dispersive clay soils were used to construct the dams. This reduces the risk for piping
failures, though this may not be the case for all dams in this region.

•

Horizontal blanket drains should be incorporated into best practices for these dams. They
have been shown to effectively lower the phreatic surface, reduce pore pressures in the
dam, and increase the factor of safety for steady-state conditions. They also prevent
internal erosion and piping.

•

Best practices for compaction lift thickness (0.2 to 0.3 m) and equipment (sheepsfoot
roller) are generally followed, but dams should be overbuilt (~10% extra height) to account
for consolidation settlement and ensure that adequate freeboard will be maintained.
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13.2

Originality and Contributions

While there are legislated requirements for water storage structures that classify as dams for the
oil and gas industry in northeast BC, there are no consistently followed or recommended best
practices for design and construction.
This thesis helps to validate current recommended best practices and guidelines in some areas
of dam design and construction and makes recommendations for best practices in areas where
they are absent. In some cases, the work has challenged best practices in areas where best
practice documents make conflicting recommendations. For example, based on the one case
study dam that was constructed in winter, there was no evidence to suggest that constructing in
winter is not a good practice or should be avoided, although some best practices documents
clearly discourage construction in winter while others simply state that moisture requirements
must be met and frost removed before constructing subsequent lifts. While a variety of low-level
outlet pipe materials are recommended from different sources, best practices are generally in
agreement that corrugated steel is less preferable than concrete or polymer material.
Although best practices documents from several regions around the world are referenced, the
goal was to develop best practices with the specific conditions of the Peace River Region and
specific challenges and demands of the oil and gas sector as the central focus. The best practices
recommendations are summarized in Section 3 of Chapters 5 to 11.

13.3

Limitations and Recommendations for Future Work

This work summarizes recommended best practices based on limited information and is not
intended for consulting purposes. Liability from unauthorized use or reliance on this document is
assumed by the user.
The recommendations made in this thesis are based on observations from one or two site visits
to seven case study dams assessed according to seven aspects of earth dam design and
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construction. Other aspects or observations that could have been seen at other dams are not
captured. The recommendations in this thesis are intended specifically for dugout reservoirs used
to store fresh water and are targeted towards the Peace River Region or areas with similar soil
and climate conditions. The recommendations pertain to the clay types described in this
document. Dam embankments or foundations constructed from different clay types with different
Atterberg Limits, USCS classifications, Activity values, and mineralogy may have different
requirements or recommendations. Other clay types or dispersive soils may appear in other parts
of the Peace Region that were not examined in the study.
Future work may include more in-depth stability analyses to identify dam performance and
behavior under other loading conditions, such induced-seismicity associated with hydraulic
fracturing. Other numerical modelling software can examine the impact of staged construction or
the amount of consolidation settlement anticipated for the embankment. A 3D numerical modelling
analysis could be undertaken for seepage. The numerical modelling undertaken in this thesis was
limited to the data obtained in the two field visits and the limited investigation and laboratory
testing data available. Future numerical modelling may incorporate spatial variability of material
properties instead of assuming uniform, isotropic behavior, and 3D analysis would give insight to
impacts adjacent to the critical cross section or critical slip surfaces.
Recommendations for analyzing or designing dams may include specific laboratory testing
requirements such as drained and undrained triaxial testing, hydraulic conductivity testing, or
compaction testing. The impact of clay mineralogy could also be examined further, with attention
to the impact of gypsum dissolution and precipitation on embankment shear strength.
Future work could also include recommendations for geotechnical investigations at potential dam
sites, including what types of samples to take, how many samples to take, what type of
investigation(s) to conduct, in-situ testing, and investigation depth. These heavily rely on the size
of the site and the dam, but the properties needed to conduct the required numerical modelling
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analyses are similar. The output figures from Rocscience Slide for Dams 1-4 showed failure
surfaces extending up to 10 m below the reservoir bottom, so this could be taken as a minimum
borehole depth for investigation, but recommended investigation depth could also be linked to
dam height. Designers may also want to know the depth of organic material or groundwater table.
Recommendations detailing ideal conditions for future dam sites could be an avenue of future
work. These could include having no external drainage area, no potential for landslide hazards,
and minimal fetch length in the primary wind direction, to name a few. Another need identified in
the research is a consistent methodology for determining critical cross-sections to be used in dam
stability and seepage analyses.
To supplement the recommendations for best practices in this thesis, more aspects to dam design
and construction could be examined and in greater detail, at more dams. These could include
areas like emergency preparedness, operations, maintenance, and surveillance (OMS)
requirements, foundation conditions, maximizing storage volume, reuse of dugout materials, and
decommissioning plans. While the recommendations are intended for the oil and gas industry and
for the Peace River Region, examining dams in other regions or used for other applications such
as agriculture, drinking water supply, and others (such as Dams 5, 6, and 7) could help to
supplement these recommendations made in this thesis and gain a greater understanding of the
unique challenges of the Peace River Region.
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Appendix A – Case Study Dam Information
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Dam 1

Dam: Dam 1
Classification: Significant

Regulator: BCOGC
Year Constructed: 2012

Embankment Stability
Upstream slope: 3.3H:1V (at critical Downstream slope: 2.3H:1V (at critical
section)
section)
Crest width (m): 6.3 (at critical section)
Max. berm height (m): 9.1
Factor of Safety for steady-state condition: 3.30
Minimum cohesion (Su) for minimum CDA factors of safety to be met:
Seismic: 50 kPa
Rapid Drawdown: 64 kPa
Other embankment stability comments:
Crests either flat or sloping away from reservoir. Reservoir bottom is flat.

Hydrotechnical Considerations
Freeboard (m): 2.3
Total storage volume (m3): 66,560
Live storage volume (m3): 64,060
Catchment area (ha): 2.36
Does the reservoir have a catchment area besides its own surface area? No
Is the dam pumped into/out of? Yes
Other hydrotechnical considerations:
Inlet and outlet CSP culvert structures

Internal Seepage
Is there a granular filter? No
Filter thickness: N/A
Filter extents/limits: N/A
D15 (mm) N/A
d85 (mm) N/A
Is there a cutoff trench? No
Other internal seepage comments:

Is there geotextile? N/A
Filter slope: N/A
Meets CDA Criteria: N/A
Depth of cutoff trench: N/A

Surface Erosion Protection
Is there protection against wave action on the upstream slope? No
Erosion blanket: No
Riprap: No
Booms: No
Other erosion protection: Some rocks placed at exit point of inlet culvert
Erosion protection extents/limits: N/A
Do vehicles drive on the crest? No
Does the crest have a road surface for vehicle traffic? No
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Construction
Lift thickness (cm): Unknown
Construction season: Unknown
Compaction equipment used: Unknown
Does the embankment material come from anywhere besides the dugout? No
Are there stockpiled materials? What is the plan for these materials? (i.e.
decommissioning, removal) No
Is there a plan for decommissioning? No
Remedial measures: None
Other construction comments:
Not constructed to be a dam. Materials removed from the dugout were used to create
the equipment pad. Construction documentation not available.

Appurtenant Structures
Does the dam have a spillway? No
Spillway width (m): N/A
Spillway erosion protection: N/A
Can the spillway take the IDF? N/A
Does the dam have any other outlet structures? Yes
Outlet diameter (mm): 500
Does the outlet have a gate? No
Other appurtenant structure comments:
Pipe is undersized.

Outlet type: CSP
Which side is the gate on? N/A

Maintenance
Is the dam hydroseeded? Yes
Is there topsoil on the dam? Yes
Is there vegetation besides grass on the embankment? Yes, cattails and other shrubs
Is there a plan to address animal activity? No
Instrumentation in the dam (i.e. piezometers, slope inclinometers, etc.): None
Is there a plan to manage debris and/or ice? No
Other maintenance comments:
Vegetation not maintained
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Dam 2

Dam: Dam 2
Classification: Significant

Regulator: BCOGC
Year Constructed: 2012

Embankment Stability
Upstream slope: 2.7H:1V (at critical Downstream slope: 3.0H:1V (at critical
section)
section)
Crest width (m): 4.6 (at critical section)
Max. berm height (m): 7.7
Factor of Safety for steady-state condition: 2.68
Minimum cohesion (Su) for minimum CDA factors of safety to be met:
Seismic: 37 kPa
Rapid Drawdown: 28 kPa
Other embankment stability comments:
Crests are typically flat. Reservoir bottom is flat.

Hydrotechnical Considerations
Freeboard (m): 0.5
Total storage volume (m3): 75,517
Live storage volume (m3): 75,517
Catchment area (ha): 31.6
Does the reservoir have a catchment area besides its own surface area? Yes
Is the dam pumped into/out of? Yes
Other hydrotechnical considerations:
Inlet and outlet CSP culvert structures

Internal Seepage
Is there a granular filter? No
Filter thickness: N/A
Filter extents/limits: N/A
D15 (mm) N/A
d85 (mm) N/A
Is there a cutoff trench? No
Other internal seepage comments:

Is there geotextile? N/A
Filter slope: N/A
Meets CDA Criteria? N/A
Depth of cutoff trench: N/A

Surface Erosion Protection
Is there protection against wave action on the upstream slope? No
Erosion blanket: No
Riprap: No
Booms: No
Other erosion protection: None
Erosion protection extents/limits: N/A
Do vehicles drive on the crest? No
Does the crest have a road surface for vehicle traffic? No
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Construction
Lift thickness (cm): Unknown
Construction season: Unknown
Compaction equipment used: Unknown
Does the embankment material come from anywhere besides the dugout? No
Are there stockpiled materials? What is the plan for these materials? (i.e.
decommissioning, removal) No
Is there a plan for decommissioning? No
Remedial measures: None
Other construction comments:
Not constructed to be a dam. Materials removed from the dugout were used to create
the equipment pad. Construction documentation not available.

Appurtenant Structures
Does the dam have a spillway? No
Spillway width (m): N/A
Spillway erosion protection: N/A
Can the spillway take the IDF? N/A
Does the dam have any other outlet structures? Yes
Outlet diameter (mm): 500
Outlet type: CSP
Does the outlet have a gate? No
Which side is the gate on? N/A
Other appurtenant structure comments:
Pipe is undersized and does not allow adequate freeboard.

Maintenance
Is the dam hydroseeded? Yes
Is there topsoil on the dam? Yes
Is there vegetation besides grass on the embankment? Yes, cattails and other shrubs
Is there a plan to address animal activity? No
Instrumentation in the dam (i.e. piezometers, slope inclinometers, etc.): 2 vibrating wire
piezometers
Is there a plan to manage debris and/or ice? No
Other maintenance comments:
Vegetation not maintained
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Dam 3

Dam: Dam 3
Classification: High

Regulator: BCOGC
Year Constructed: 2018

Embankment Stability
Upstream slope: 2.7H:1V (at critical Downstream slope: 3.2H:1V (at critical
section)
section)
Crest width (m): 4.6 (at critical section)
Max. berm height (m): 6
Factor of Safety for steady-state condition: 2.05
Minimum cohesion (Su) for minimum CDA factors of safety to be met:
Seismic: 28 kPa
Rapid Drawdown: 24 kPa
Other embankment stability comments: Crest slopes at 2% into the reservoir. Reservoir
bottom slopes 0.8% toward southwest corner.

Hydrotechnical Considerations
Freeboard (m): 1.0
Total storage volume (m3): 200,000
Live storage volume (m3): 200,000
Catchment area (ha): 6.36
Does the reservoir have a catchment area besides its own surface area? No
Is the dam pumped into/out of? Yes
Other hydrotechnical considerations:

Internal Seepage
Is there a granular filter? Yes
Is there geotextile? Yes
Filter thickness: 0.5 m
Filter slope: 2%
Filter extents/limits: Where berm height exceeds 2.5 m
D15 (mm) 0.34
d85 (mm) 0.042
Meets CDA Criteria? Yes
Is there a cutoff trench? Yes
Depth of cutoff trench: 1 m
Other internal seepage comments:
Horizontal blanket drain only

Surface Erosion Protection
Is there protection against wave action on the upstream slope? No
Erosion blanket: No
Riprap: No
Booms: No
Other erosion protection: None
Erosion protection extents/limits: N/A
Do vehicles drive on the crest? No
Does the crest have a road surface for vehicle traffic? No
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Construction
Lift thickness (cm): 30
Construction season: Winter
Compaction equipment used: motor scrapers, sheepsfoot rollers
Does the embankment material come from anywhere besides the dugout? No
Are there stockpiled materials? What is the plan for these materials? (i.e.
decommissioning, removal) Yes, decommissioning
Is there a plan for decommissioning? Yes
Remedial measures: None
Other construction comments:

Appurtenant Structures
Does the dam have a spillway? Yes
Spillway width (m): 4
Spillway erosion protection: Yes, riprap and geotextile
Can the spillway take the IDF? No, see comments
Does the dam have any other outlet structures? No
Outlet diameter (mm): N/A
Outlet type:
Does the outlet have a gate? N/A
Which side is the gate on? N/A
Other appurtenant structure comments:
Access road and 2 x 760 mm CSP culverts in spillway prevent it from passing the IDF

Maintenance
Is the dam hydroseeded? Yes
Is there topsoil on the dam? Yes
Is there vegetation besides grass on the embankment? No
Is there a plan to address animal activity? No
Instrumentation in the dam (i.e. piezometers, slope inclinometers, etc.): No
Is there a plan to manage debris and/or ice? No
Other maintenance comments:
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Dam 4

Dam: Dam 4
Classification: High

Regulator: BCOGC
Year Constructed: 2016

Embankment Stability
Upstream slope: 2.7H:1V (at critical Downstream slope: 4H:1V
section)
section)
Crest width (m): 4.8 (at critical section)
Max. berm height (m): 5.3
Factor of Safety for steady-state condition: 2.40
Minimum cohesion (Su) for minimum CDA factors of safety to be met:
Seismic: 19 kPa
Rapid Drawdown: 64 kPa
Other embankment stability comments:
Crest slopes at 2% into the reservoir. Reservoir bottom is flat.

(at

critical

Hydrotechnical Considerations
Freeboard (m): 1.0
Total storage volume (m3): 243,300
Live storage volume (m3): 161,800
Catchment area (ha): 6.05
Does the reservoir have a catchment area besides its own surface area? Yes
Is the dam pumped into/out of? Yes
Other hydrotechnical considerations:

Internal Seepage
Is there a granular filter? Yes
Is there geotextile? Yes
Filter thickness: 0.5 m
Filter slope: 2%
Filter extents/limits: Where berm height exceeds 4.5 m
D15 (mm) 0.29
d85 (mm) 0.019
Meets CDA Criteria? No
Is there a cutoff trench? Yes
Depth of cutoff trench: 1 m
Other internal seepage comments:
Horizontal blanket drain only

Surface Erosion Protection
Is there protection against wave action on the upstream slope? Yes
Erosion blanket: Yes
Riprap: No
Booms: No
Other erosion protection: None
Erosion protection extents/limits: northeast and southeast edges
Do vehicles drive on the crest? Yes
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Does the crest have a road surface for vehicle traffic? No
Other surface erosion protection comments: Hay and mulch placed on slopes.
Vegetation not growing since topsoil was not placed.

Construction
Lift thickness (cm): 30
Construction season: Summer
Compaction equipment used: motor scrapers
Does the embankment material come from anywhere besides the dugout? No
Are there stockpiled materials? What is the plan for these materials? (i.e.
decommissioning, removal) Yes, decommissioning
Is there a plan for decommissioning? Yes
Remedial measures: Slope regraded on northwest side where a landslide was
potentially initiated that would have resulted in material in the reservoir.
Other construction comments:

Appurtenant Structures
Does the dam have a spillway? Yes
Spillway width (m): 4
Spillway erosion protection: Yes, riprap and geotextile
Can the spillway take the IDF? Yes
Does the dam have any other outlet structures? No
Outlet diameter (mm): N/A
Does the outlet have a gate? N/A
Other appurtenant structure comments:

Outlet type: N/A
Which side is the gate on? N/A

Maintenance
Is the dam hydroseeded? No
Is there topsoil on the dam? No
Is there vegetation besides grass on the embankment? Yes, various small shrubs
Is there a plan to address animal activity? No
Instrumentation in the dam (i.e. piezometers, slope inclinometers, etc.): None
Is there a plan to manage debris and/or ice? No
Other maintenance comments:
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Dam 5

Dam: Dam 5
Classification: High

Regulator: BC MFLNRORD
Year Constructed: 2018

Embankment Stability
Upstream slope: 3H:1V (design)
Downstream slope: 2.5H:1V (design)
Crest width (m): 6 (design)
Max. berm height (m): 9.1
Factor of Safety for steady-state condition: N/A
Minimum cohesion (Su) for minimum CDA factors of safety to be met:
Seismic: N/A
Rapid Drawdown: N/A
Other embankment stability comments:
Crests are sloped at 2% out from the centreline. Reservoir bottom is flat.

Hydrotechnical Considerations
Freeboard (m): 1.5
Total storage volume (m3): 1,030,000
Live storage volume (m3): 1,030,000
Catchment area (ha): 14.9
Does the reservoir have a catchment area besides its own surface area? No
Is the dam pumped into/out of? No
Other hydrotechnical considerations:
Inlet and outlet pipes as part of City of Dawson Creek water supply system

Internal Seepage
Is there a granular filter? Yes
Is there geotextile? Yes
Filter thickness: 0.4 m
Filter slope: 2%
Filter extents/limits: entire perimeter
D15 (mm) N/A
d85 (mm) N/A
Meets CDA Criteria? N/A
Is there a cutoff trench? Yes
Depth of cutoff trench: 2 m
Other internal seepage comments: Horizontal blanket drain drains into toe drain
consisting of perforated pvc pipe in a trench with drain rock. Toe drain system has 4
discrete exit points.

Surface Erosion Protection
Is there protection against wave action on the upstream slope? Yes
Erosion blanket: Yes
Riprap: No
Booms: No
Other erosion protection: None
Erosion protection extents/limits: Entire slope at east and northeast upstream slopes;
at anticipated normal reservoir water level around entire perimeter
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Do vehicles drive on the crest? Yes
Does the crest have a road surface for vehicle traffic? Yes
Other surface erosion protection comments:

Construction
Lift thickness (cm): 30
Construction season: Summer
Compaction equipment used: motor scrapers, dozers, and excavators. Wobble wheel
roller for the filters.
Does the embankment material come from anywhere besides the dugout? No
Are there stockpiled materials? What is the plan for these materials? (i.e.
decommissioning, removal) Additional material was used to start the berm for the next
cell
Is there a plan for decommissioning? No
Remedial measures: None
Other construction comments:

Appurtenant Structures
Does the dam have a spillway? Yes
Spillway width (m): 4
Spillway erosion protection: Yes, riprap and geotextile
Can the spillway take the IDF? Yes
Does the dam have any other outlet structures? Yes, controlled by valves as part of the
City of Dawson Creek water supply system
Outlet diameter (mm): 400
Outlet type: PVC pipe
Does the outlet have a gate? Yes
Which side is the gate on? upstream
Other appurtenant structure comments:
Outlet is not a low-level outlet

Maintenance
Is the dam hydroseeded? Yes
Is there topsoil on the dam? Yes
Is there vegetation besides grass on the embankment? Yes, various shrubs blown by
wind from adjacent farms
Is there a plan to address animal activity? No
Instrumentation in the dam (i.e. piezometers, slope inclinometers, etc.): None
Is there a plan to manage debris and/or ice? No
Other maintenance comments:
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Dam 6

Dam: Dam 6
Classification: High

Regulator: BC MFLNRORD
Year Constructed: 1975

Embankment Stability
Upstream slope: 3H:1V (design)

Downstream slope: 3H:1V (design)
As steep as 2H:1V as-built
Crest width (m): 7.6 (at critical section)
Max. berm height (m): 12
Factor of Safety for steady-state condition: N/A
Minimum cohesion (Su) for minimum CDA factors of safety to be met:
Seismic: N/A
Rapid Drawdown: N/A
Other embankment stability comments:
Crests slopes out from the centreline. Reservoir bottom is flat. Dam has two cells.

Hydrotechnical Considerations
Freeboard (m): 0.90
Total storage volume (m3): 379,000
Live storage volume (m3): 379,000
Catchment area (ha): 6.45
Does the reservoir have a catchment area besides its own surface area? No
Is the dam pumped into/out of? No
Other hydrotechnical considerations:
Inlet and outlet pipes as part of City of Dawson Creek water supply system

Internal Seepage
Is there a granular filter? Yes
Filter thickness: 0.6
Filter extents/limits: Unknown
D15 (mm) N/A
d85 (mm) N/A
Is there a cutoff trench? Yes
Other internal seepage comments:

Is there geotextile? Unknown
Filter slope: 0%
Meets CDA Criteria? N/A
Depth of cutoff trench: Unknown

Surface Erosion Protection
Is there protection against wave action on the upstream slope? Yes
Erosion blanket: No
Riprap: Yes
Booms: Yes
Other erosion protection: Vegetation
Erosion protection extents/limits: Eastern edge
Do vehicles drive on the crest? Yes
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Does the crest have a road surface for vehicle traffic? Yes
Other surface erosion protection comments: Vegetation on crest and downstream
slopes

Construction
Lift thickness (cm): Unknown
Construction season: Unknown
Compaction equipment used: Unknown
Does the embankment material come from anywhere besides the dugout? No
Are there stockpiled materials? What is the plan for these materials? (i.e.
decommissioning, removal) No
Is there a plan for decommissioning? No
Remedial measures: Sloughing issue on northeast corner resolved by removing
slumped material from the top and creating a stabilizing berm at the toe.
Other construction comments:

Appurtenant Structures
Does the dam have a spillway? No
Spillway width (m): N/A
Spillway erosion protection: N/A
Can the spillway take the IDF? N/A
Does the dam have any other outlet structures? Yes
Outlet diameter (mm): 600
Outlet type: steel pipe
Does the outlet have a gate? Yes
Which side is the gate on? Upstream
Other appurtenant structure comments:
Pipe is undersized.

Maintenance
Is the dam hydroseeded? Yes
Is there topsoil on the dam? Yes
Is there vegetation besides grass on the embankment? No
Is there a plan to address animal activity? Yes
Instrumentation in the dam (i.e. piezometers, slope inclinometers, etc.): 3 slope
inclinometers
Is there a plan to manage debris and/or ice? No
Other maintenance comments:
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Dam 7

Dam: Dam 7
Classification: Significant

Regulator: BC MFLNRORD
Year Constructed: 2012

Embankment Stability
Upstream slope: 3H:1V (design)
Downstream slope: 3H:1V (design)
Crest width (m): 10 (design)
Max. berm height (m): 9.6
Factor of Safety for steady-state condition: N/A
Minimum cohesion (Su) for minimum CDA factors of safety to be met:
Seismic: N/A
Rapid Drawdown: N/A
Other embankment stability comments:
Crests either flat or sloping into the reservoir. Reservoir bottom is flat.

Hydrotechnical Considerations
Freeboard (m): 1.5
Total storage volume (m3): 107,000
Live storage volume (m3): 107,000
Catchment area (ha): 44
Does the reservoir have a catchment area besides its own surface area? Yes
Is the dam pumped into/out of? Yes
Other hydrotechnical considerations:
Inlet channel lined with riprap to direct water from external drainage area into reservoir

Internal Seepage
Is there a granular filter? No
Filter thickness: N/A
Filter extents/limits: N/A
D15 (mm) N/A
d85 (mm) N/A
Meets Sherard criterion? N/A
Is there a cutoff trench? No
Other internal seepage comments:

Is there geotextile? N/A
Filter slope: N/A
Meets CDA Criteria? N/A
Meets Terzaghi criterion: N/A
Depth of cutoff trench: N/A

Surface Erosion Protection
Is there protection against wave action on the upstream slope? No
Erosion blanket: No
Riprap: No
Booms: No
Other erosion protection: None
Erosion protection extents/limits: N/A
Do vehicles drive on the crest? No
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Does the crest have a road surface for vehicle traffic? No
Other surface erosion protection comments:

Construction
Lift thickness (cm): 20

Construction season: Fall for original dam; summer
for expansion
Compaction equipment used: Multiple passes with a loaded rock truck
Does the embankment material come from anywhere besides the dugout? No
Are there stockpiled materials? What is the plan for these materials? (i.e.
decommissioning, removal) No
Is there a plan for decommissioning? No
Remedial measures: Slopes were widened on original part of berm prior to expansion
Other construction comments:
Original dam constructed in 2015; expanded in 2017. Expanded portion includes
spillway and low-level outlet.

Appurtenant Structures
Does the dam have a spillway? Yes
Spillway width (m): 4
Spillway erosion protection: Yes; riprap and geotextile
Can the spillway take the IDF? Yes
Does the dam have any other outlet structures? Yes
Outlet diameter (mm): 600
Does the outlet have a gate? Yes
Other appurtenant structure comments:

Outlet type: CSP
Which side is the gate on? Upstream

Maintenance
Is the dam hydroseeded? No
Is there topsoil on the dam? Yes
Is there vegetation besides grass on the embankment? Yes, cattails and other shrubs
Is there a plan to address animal activity? No
Instrumentation in the dam (i.e. piezometers, slope inclinometers, etc.): 2 vibrating wire
piezometers and settlement plates
Is there a plan to manage debris and/or ice? No
Other maintenance comments:
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Appendix B – Topographic Output
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Dam 4 – 1 m contours
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Dam 1 – critical cross-section
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Dam 2 – critical cross-section
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Dam 4 – critical cross-section
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Appendix C – X-ray Diffraction Spectral Plots
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Dam 1 – X-ray Diffraction Spectral Plots
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Dam 2 – X-ray Diffraction Spectral Plots
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Dam 3 – X-ray Diffraction Spectral Plots
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Dam 4 – X-ray Diffraction Spectral Plots
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Appendix D – Numerical Modelling Output
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Dam 1 – RocScience Slide Steady-state Groundwater Output
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Dam 2 – RocScience Slide Steady-state Groundwater Output
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Dam 4 – RocScience Slide Steady-state Groundwater Output
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Dam 1 – RocScience Slide Steady-state Slope Stability Output
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Dam 2 – RocScience Slide Steady-state Slope Stability Output
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Dam 4 – RocScience Slide Steady-state Slope Stability Output
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Dam 1 – RocScience Slide Steady-state Material Properties Sensitivity Analysis
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Dam 2 – RocScience Slide Steady-state Material Properties Sensitivity Analysis
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Dam 4 – RocScience Slide Steady-state Material Properties Sensitivity Analysis
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Dam 1 – RocScience Slide Steady-state Effective Cohesion vs. Factor of Safety
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Dam 1 – RocScience Slide Steady-state Effective Friction Angle vs. Factor of Safety
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Dam 2 – RocScience Slide Steady-state Effective Cohesion vs. Factor of Safety
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Dam 2 – RocScience Slide Steady-state Effective Friction Angle vs. Factor of Safety
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Dam 4 – RocScience Slide Steady-state Effective Cohesion vs. Factor of Safety
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Dam 4 – RocScience Slide Steady-state Effective Friction Angle vs. Factor of Safety
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Dam 1 – RocScience Slide Undrained Strength vs. Factor of Safety for Seismic Condition
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Dam 2 – RocScience Slide Undrained Strength vs. Factor of Safety for Seismic Condition
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Dam 4 – RocScience Slide Undrained Strength vs. Factor of Safety for Seismic Condition
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Dam 1 – RocScience Slide Undrained Strength vs. Factor of Safety for Rapid Drawdown Condition
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Dam 2 – RocScience Slide Undrained Strength vs. Factor of Safety for Rapid Drawdown Condition
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Dam 4 – RocScience Slide Undrained Strength vs. Factor of Safety for Rapid Drawdown Condition
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Base Dam – RocScience Slide Steady-state Effective Cohesion vs. Factor of Safety for 1.5H:1V downstream slope
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Base Dam – RocScience Slide Steady-state Effective Cohesion vs. Factor of Safety for 2H:1V downstream slope
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Base Dam – RocScience Slide Steady-state Effective Cohesion vs. Factor of Safety for 2.5H:1V downstream slope
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Base Dam – RocScience Slide Steady-state Effective Cohesion vs. Factor of Safety for 3H:1V downstream slope
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Base Dam – RocScience Slide Steady-state Effective Cohesion vs. Factor of Safety for 3.5H:1V downstream slope
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Base Dam – RocScience Slide Undrained Strength vs. Factor of Safety for 2H:1V upstream slope for Rapid Drawdown Condition
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Base Dam – RocScience Slide Undrained Strength vs. Factor of Safety for 2.5H:1V upstream slope for Rapid Drawdown Condition
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Base Dam – RocScience Slide Undrained Strength vs. Factor of Safety for 3H:1V upstream slope for Rapid Drawdown Condition
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Base Dam – RocScience Slide Undrained Strength vs. Factor of Safety for 3.5H:1V upstream slope for Rapid Drawdown Condition
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Base Dam – RocScience Slide Undrained Strength vs. Factor of Safety for 4H:1V upstream slope for Rapid Drawdown Condition
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Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-7 m/s and a = 1 (filter length = aH+1.5 into embankment)
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Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-9 m/s and a = 1 (filter length = aH+1.5 into embankment)

264

Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-11 m/s and a = 1 (filter length = aH+1.5 into embankment)

265

Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-7 m/s and filter length = ¼ of dam base
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Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-9 m/s and filter length = ¼ of dam base
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Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-11 m/s and filter length = ¼ of dam base
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Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-7 m/s and filter length = 1/3 of dam base
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Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-9 m/s and filter length = 1/3 of dam base
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Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-11 m/s and filter length = 1/3 of dam base
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Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-7 m/s and filter length = ½ of dam base
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Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-9 m/s and filter length = ½ of dam base
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Base Dam – RocScience Slide Steady-State Groundwater Output for k = 10-11 m/s and filter length = ½ of dam base
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