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EXECUTIVE SUMMARY
Three Sisters Mountain Village Properties Ltd. (TSMVPL) will be developing an area located
between Three Sisters Creek and Pigeon Creek, in an area referred to as Stewart Creek Phase
1, 2 and 3. Stewart Creek Phases 1 through 3 fall within a steep creek study area boundary which
triggers a hazard and risk assessment as per the Town of Canmore’s (Canmore) steep creek
policy (Canmore 2016). BGC Engineering Inc. (BGC) was retained by QuantumPlace
Developments Ltd. (QPD) on behalf of TSMVPL to conduct a detailed hazard and risk assessment
for subdivisions near Stewart Creek, including: Lots 15 to 30 in Stewart Creek Phase 3, the TRIO
development in Stewart Creek Phase 2 and an undeveloped property at the west end of the storm
pond (Lot 5, Block 15, Plan 0610834) in Stewart Creek Phase 1.
The work is completed in accordance with the Draft Alberta Guidelines for Steep Creek Risk
Assessments (Version 2), (BGC 2017a). Per the Guidelines, a Level 2 assessment was selected
with the agreement of Canmore as the appropriate level of study for Stewart Creek. The rationale
for a Level 2, instead of a Level 3 study which would involve more analytical effort, was that high
life loss potential was not considered credible at the onset of the study based on BGC’s
experience conducting similar assessments and the estimated 2013 debris flood intensities in the
study area. In accordance with the Guidelines, a return period of 100 to 300 years was applied
as the design event of flooding hazards for a Level 2 assessment.
A frequency-magnitude analysis was completed to estimate the sediment volumes of debris
floods for specific return periods (or annual frequencies) using a regional approach. The regional
analysis involves a normalization based on fan area or fan volume applied to approximate
frequency-magnitude relationships without the need for in-depth field investigation. Results of
the analysis are presented in Table ES-1. Peak flows for the two return periods was estimated
through rainfall-runoff modelling.
Table ES-1.

Stewart Creek, sediment, water volumes and peak flows for three return period
classes. Sediment concentration was assumed as 20% for all scenarios.

Return Period Class
(years)

Sediment Volume
(m3)

Water Volume
(m3)

Peak Flow
(m3/s)

June 2013

23,000

332,000

28

30 to 100

21,000

476,000

40

100 to 300

26,000

627,000

60

Based on the frequency-magnitude analysis, the event return period classes listed in Table ES-1
for the scenarios listed in Table ES-2 were simulated with the two-dimensional flood routing model
FLO-2D with the post-2013 event LiDAR-generated topography. Debris-flood scenarios with a
return period of less than 30 years were not modeled, as debris floods are considered to be more
likely at return periods exceeding 30 years. Debris-flood scenarios with a return period of greater
than 300 years were not modeled as per the Steep Creek Risk Assessment Guidelines.
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likely at return periods exceeding 30 years. Debris-flood scenarios with a return period of greater
than 300 years were not modeled as per the Steep Creek Risk Assessment Guidelines.
Two scenarios were considered for each return period class for a range of potential conditions for
avulsion at the fan apex, infiltration at the mining pit and the presence of open culverts. Simulated
debris-flood scenarios for Stewart Creek are listed in Table ES-2.
Table ES-1-2. Simulated debris flood scenarios for Stewart Creek.
Scenario

Return
Period Class
(years)

Avulsion at fan
apex?

Infiltration in Mining
Pit and additional
culverts

1a

30 to 100

Yes

No

1b

30 to 100

No

Yes

2a

100 to 300

Yes

No

2b

100 to 300

No

Yes

Pertinent results from the modelling include:
1. A flow avulsion occurs towards the TRIO development at the westernmost channel bend
of Stewart Creek but does not reach Lot 5, Block 15, Plan 0610834.
2. Flows travel southeast at the eastern fringes of the Stewart Creek Phase 3 subdivision but
remain confined in the channel. Flow velocities are comparatively low in the area south of
Lots 26 to 30 for the Stewart Creek Phase 3 development.
For each return period class listed in Table ES-2, debris-flood hazard intensity maps were
prepared. For areas with higher velocity (>1 m/s) flows, these maps display an impact index
calculated as flow depth multiplied by the square of flow velocity. Flood depths are also shown
where velocities were below 1 m/s (e.g., where inundation depth becomes the controlling factor
for flood damage). These intensity maps provide a measure of the damage potential for a given
debris-flood scenario and form the basis to assess debris-flood risk.
Lots 26 to 30 of the Stewart Creek Phase 3 subdivision would only be marginally affected by a
debris flood, as most of the lots are located well above the design water levels. An erosion
assessment indicated that a setback from top-of-bank of at least 2.5 m would likely suffice to
protect buildings from the effects of bank erosion. This setback falls within the existing rear yard
setback (limits of disturbance).
Modelled flows do not impact Lot 5, Block 15, Plan 0610834 for the return periods considered.
BGC assessed life safety and economic risk associated with two debris-flood scenarios up to the
300-year return period for the TRIO development. Elements impacted by these scenarios and
considered in the risk assessment included buildings and persons within buildings.
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No buildings exceeded the individual risk tolerance standard for new developments, 1:100,000
(1x10-5) individual risk of fatality per year, formally adopted by Canmore (2016). Group risk was
found to be tolerable.
Estimated direct damage costs to all potentially affected TRIO buildings in absence of any
mitigation works ranged from $150,000 to $360,000 depending on the return period scenario
considered. Considering all scenarios, the annualized unmitigated building damage cost is
estimated as $7,700 (2017 CAD dollars). These damage costs are based on site-specific
construction costs provided by Devonian.
To minimize potential future economic losses due to Stewart Creek flooding, the TRIO
development could be protected by either regrading select proposed building sites, construction
of a cutoff berm, or redirection of Stewart Creek through the golf course pond and by a constructed
channel back into the existing Stewart Creek channel at the existing concrete box culvert north of
the pond. Alternatively, loss potential could be minimized by not allowing habitable basements
or storage of valuable contents at the ground level.
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LIMITATIONS
BGC Engineering Inc. (BGC) prepared this document for the account of Three Sisters Mountain
Village Properties Ltd., Quantum Place Developments Ltd., OVIS 1511 Partnership and the Town
of Canmore. The material in it reflects the judgment of BGC staff in light of the information
available to BGC at the time of document preparation. Any use which parties not listed above
make of this document or any reliance on decisions to be based on it is the responsibility of such
parties. BGC accepts no responsibility for damages, if any, suffered by any such parties as a
result of decisions made or actions based on this document.
As a mutual protection to our client, the public, and ourselves, all documents and drawings are
submitted for the confidential information of our client for a specific project. Authorization for any
use and/or publication of this document or any data, statements, conclusions or abstracts from or
regarding our documents and drawings, through any form of print or electronic media, including
without limitation, posting or reproduction of same on any website, is reserved pending BGC’s
written approval. A record copy of this document is on file at BGC. That copy takes precedence
over any other copy or reproduction of this document.
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General
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BGC Engineering Inc. (BGC) understands that Three Sisters Mountain Village Properties Ltd.
(TSMVPL) will be developing an area located between Three Sisters Creek and Pigeon Creek,
in an area referred to as Stewart Creek Phases 1 to 3 (Drawing 01). Stewart Creek Phase 1
through 3 fall within a steep creek study area boundary and therefore triggered a hazard and
risk assessment as per the Town of Canmore’s (Canmore) steep creek policy (Canmore 2016).
QuantumPlace Development Ltd. (QPD), on behalf of TSMVPL, requested a detailed hazard
and risk assessment for subdivisions near Stewart Creek. This assessment supports the
development and sale of properties in this area and fulfills Canmore’s steep creek risk
assessment policy requirements. The work for the Smith Creek ASP (including Stewart Creek)
was organized into the following phases:
1. Preliminary hazard assessment for the Stewart Creek Phase 1, 2 and 3 subdivisions.
2. Detailed hazard and risk assessment at the subdivision level of detail.
Both phases of work guide the development plans such that future development in Stewart
Creek Phase 1, 2 and 3 will not exceed risk levels considered tolerable by Canmore.
The first phase of work was carried out in 2015 (BGC 2015a). The reader should refer to this
report for background description of the physical and hydroclimatic setting of Stewart Creek.
For a description of the June 2013 debris flood event on Stewart Creek and short-term
mitigation measures implemented shortly there-after, the reader should refer to BGC 2014a.
This report presents methods and results for the second phase – a detailed hazard and risk
assessment for the following initial stages of development (Drawing 02):
•
•
•
•

Lots 15 to 30 (single-family dwellings) in Stewart Creek Phase 3
TRIO subdivision (townhouses) in Stewart Creek Phase 2
Stewart Creek Phase 3 subdivision
Undeveloped property at the west end of the storm pond (Lot 5, Block 15, Plan
0610834) in Stewart Creek Phase 1.

The work was based on BGC’s proposal and work plan dated March 3, 2017 (BGC, 2017b)
and discussions with TSMVPL. Table 1-1 summarizes the scope of work.
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Table 1-1. Tasks to complete the scope of work as per BGC’s (2017) proposal.
Task
1

2

3

4

Work
Component
Project
Management

Data Review

Description and Method
•

Project management, contract administration, client liaison, scope
development, meetings

•

Review preliminary hazard report (BGC 2015a)

•

Determine level of study as per Draft Steep Creek Risk Assessment
(SCRA) Guidelines (Version 2) and thus range of return periods to be
considered

•

Test trenching to estimate thickness of debris-flood deposits at the
location of the development area (note that this was later decided to
be unwarranted)

•

Field assessment of erosion hazard at foot slopes of the kame terrace

•

Develop frequency-magnitude (F-M) curve for Stewart Creek based on
field observation and regional F-M tool and comparison with empirical
rainfall-sediment relationships

•

Sensitivity analysis for minimum, best estimate and maximum
estimates from the F-M curve above (note that this was later decided
to be unwarranted)

•

Numerical modelling of return periods up to the chosen Level of Study
(100-300 years for Level 2)

•

Consider avulsion scenarios where appropriate

•

Assess bank erosion and associated (slumping) hazards for sections
of the Stewart Creek Phase 3 subdivision that could be affected by
these processes

•

Update preliminary hazard map of BGC 2015a

•

Complete risk assessment if development is reached by the chosen
return period class and Debris Flow Intensity Index (IDF)>1

•

Potentially forego risk assessment if developer can demonstrate that
mitigation measures will be implemented (i.e., minimum flood
construction levels or covenants) that reduce hazards to levels IDF<1

•

Draft and Final reports.

Field Work

Detailed Hazard
Assessment

5

Risk
Assessment

6

Reporting

The report is organized as follows:
•

•
•
•
•

Section 1.0 summarizes background, objectives and work scope and the level of
assessment required as per the Draft Alberta Steep Creek Risk Assessment Guidelines
(BGC, 2017a).
Section 2.0 summarizes BGC observations during a March 2017 site visit.
Section 3.0 describes the frequency-magnitude relationship for debris floods on
Stewart Creek.
Section 4.0 summarizes numerical debris-flood modelling and Section 5.0 describes
the erosion assessment.
Results are presented and discussed in Section 6.0 and conclusions and
recommendations are provided in Section 7.0
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Level of Study

This work follows the risk management framework described in BGC (2015a), which is based
on an international risk assessment standard and stakeholder consultation as per the work
recently conducted in Canmore and the adjacent Municipality District (MD) of Bighorn. The
work is completed in accordance with the Draft Alberta Guidelines for Steep Creek Risk
Assessments (Version 2) (the Guidelines), which is currently undergoing review by Alberta
Environment and Parks (AEP) (BGC 2017a).
The level of study was determined by BGC following Table 1-2, which is abstracted from the
Guidelines. Level 2 is proposed as the appropriate level of study for Stewart Creek. While the
overall value of the properties to be developed likely exceeds $10 million and is greater than
10 units (Level 3), BGC interpreted at the onset of the study that a high life loss potential is not
present. This conclusion was based on the preliminary hazard mapping and initial debris-flood
modeling carried out prior to the field visit. The preliminary modeling suggested slow flowing
water and moderate inundation depths with respect to the ground flood elevations for the TRIO
development and substantial building setback from potentially erodible banks for the Stewart
Creek Phase 3 development. Furthermore, preliminary modeling also showed no impact Lot
5, Block 15, Plan 0610834 for the return periods considered. Given that a high life loss
potential was not present, Level 2 was selected as the appropriate level of study.
Per the Guidelines, the decision to use a Level 2 study suggests that a return period of 100 to
300 years be applied for the design event of flooding hazards. Debris floods of greater
magnitude will occur; however, the philosophy behind Table 1-2 is that the residual risk with
such an event is relatively low and will not lead to a substantial increase of life loss potential.
Avulsion scenarios as anticipated in the work plan were found to be unnecessary as the creek
already flows towards the proposed development.
Effects of climate change were not explicitly accounted for. However, BGC has built in
conservativism into the peak flow estimates and sediment concentrations, which are likely to
account for climate change effects (i.e., more intense rainstorm events). Scientific research
may provide data to amend analyses presented herein which may warrant additional mitigation
measures to address the effects of climate change to be implemented sometime in the future.
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Table 1-2. Assessment levels of effort for original baseline SCRAs (BGC 2017a). The key criterion for the selection of a Level 2 study (highlighted in grey).
Class

Hazard Assessment Elements

Risk Analysis Elements

Hazard Assessment Deliverables

Risk Analysis Deliverables

Typical Applications

• Qualitative, overview level
assessment of elements at risk and
potential consequences

1

• Site visit and qualitative assessment of hazard
• Review of historical air photographs and/or high
resolution satellite images where appropriate
• Identify any very low or no-hazard surfaces in the
consultation area (i.e., inactive fan surfaces)
• Identify existing risk control measures
• Consider past and future watershed scale
environmental/landuse/climate changes
• Qualitative development of geohazard risk scenarios

• Letter report or memorandum with
expected debris flood/debris flow stage
levels, approximate flow velocities, and
expected bank or bed erosion
• Loading conditions (where appropriate)

• Memorandum or letter describing methods
and results
• Sketch maps showing hazard extent in
relation to elements at risk
• Recommendation for further study

• No credible potential for
loss of life due to
geohazard impact; and
• Very small proposed
development or
renovation
(approx., 1-2 units,
<$5 M value)

• As for Class 1, and
• Systematic inventory and
characterization of elements at risk
• Mapping of the location of elements
at risk in relation to hazard scenario
extents and estimated intensities
• Qualitative estimation of the
vulnerability of elements at risk and
potential consequences for each
hazard scenario

• As for Class 1 but in report form and with
maps showing hazard zones

•
•
•
•

2

• As for Class 1, and
• Qualitative description of process potential, preliminary
estimates of process magnitude and frequency, mapping
of hazard zones based on field evidence
• Frequency-magnitude analysis based on readily available
information (e.g., recorded events, historic remote-sensed
imagery)
• Characterize existing risk control measures
• Identification of potential secondary effects of steep creek
geohazards (e.g., bank erosion) where applicable
• Qualitative development of geohazard risk scenarios

• Credible potential for
loss of life due to
geohazard impact;
and/or
• Small proposed
development
(approx., 3 to 10 units,
< $10 M value)

•
•
•
•
•

As for Class 2, and
Qualitative failure mode assessment,
Detailed frequency-magnitude analysis
Numerical runout modelling and inundation mapping
Quantify climate change effects on primary and
secondary hazards according to best practices
• Analysis of potential secondary effects of steep creek
geohazards (e.g., bank erosion) where applicable
• Semi-quantitative or quantitative development of
geohazard risk scenarios

• As for Class 2, and
• Semi-quantitative (e.g., via risk
matrices) analysis of Key Risks.
• Qualitative description of additional
risks existing but not systematically
estimated

• As for Class 2 and
• Composite hazard maps
• Hazard intensity maps for different hazard
scenarios and return periods
• Delineation of areas prone to bank erosion
and river/creek bed elevation changes

• As for Class 2, and
• Semi-quantitative estimates of risk in metrics
agreed upon at the outset of the study (e.g.,
safety, economic, environment, intangibles)
• Maps showing spatial distribution of risk as
applicable

• High potential for loss of
life due to geohazard
impact; and/or
• Moderate proposed
development
(approx. 10-100 units,
< $50 M value)

• As for Class 3, and
• Qualitative or quantitative failure mode assessment
• Formulation of credible hazard scenarios and assigning of
hazard scenario probabilities
• Possible comparison of numerical models to achieve
higher confidence
• Detailed examination of climate change and landuse
effects

• Similar to Class 3 but with fully
quantitative methods
• Estimates of individual and group
safety risk and economic loss
• Quantitative estimates of damage
costs for different hazard scenarios
• Evaluation of life loss risk in
comparison to tolerance criteria

• As for Class 3 and
• Frequency-magnitude graphs with detailed
error quantification

• Detailed method descriptions
• Quantitative estimates of safety risk to
individuals and groups
• Quantitative estimates of direct economic risk
(e.g., annualized damage costs)
• Maps showing spatial distribution of risks as
applicable (e.g., damage costs, zones where
individual safety risk exceeds risk tolerance
thresholds)

• High potential for loss of
life due to geohazard
impact; and/or
• Large proposed
development
(typically > 100 units,
> $50 M value)

3

4

Report
Methods description and results
Qualitative summary of consequences
Maps showing hazard extent and intensity in
relation to elements at risk

Typical Geohazard
Scenario Return
Periods Assessed
(Years)

<30
30 - 100
100 – 300

< 30
30 to 100
100 to 300
300 to 1000
>1000 where applicable

< 30
30 to 100
100 to 300
300 to 1000
1000 to 3000
>3000 where applicable

Note: * if a hazard is identified during the course of the study with return periods likely exceeding those as reported in this table they need to be discussed and quantified where feasible.
Class 4 assessments are analogous to the “extreme scrutiny region” on F-N plots used to evaluate group risk as discussed in Section 6.3.
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Site Visit
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As part of this project, lower sections of Stewart Creek in and around Stewart Creek Phases 1, 2
and 3 were visited by Dr. Matthias Jakob, P.Geo. and Sarah Kimball, P.Geo. of BGC on March 9
and 10, 2017 during cold and snowy weather. Andy Esarte, P.Eng., and Felix Camire, P.Eng.,
from Canmore were present at the time of the March 10 site visit.
The site visit included a hike from the Stewart Creek Phase 3 development area down to Stewart
Creek and following the creek upstream into the Stewart Creek golf course. This traverse was
followed by a hike to the proposed TRIO development. Detailed ground condition observations
were not possible due to snow cover between 20 and 40 cm depth. In one location along Stewart
Creek, snow was brushed off the creek’s sidewall to examine the surficial material type
(Photo 2-1). BGC measured grades, culvert sizes where applicable and noted drainage
directions. The landform to the west of the channel is interpreted as a kame terrace (late
Pleistocene glaciofluvial deposit).
Photo 2-2 and Photo 2-3 from a previous channel hike in May 2015 show the ground in snow free
conditions.

Photo 2-1.

Looking towards the northwest bank of Stewart Creek at surficial material exposed in
the creek channel interpreted as till (matrix-supported fine-grained silty sandy gravels
with cobbles). BGC photograph dated March 9, 2017.
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Photo 2-2.

Looking upstream towards a 1.2 x 1.75 m concrete box culvert under a temporary golf
cart road (Stewart Creek Golf Course). A trace of sediment was noted on the bottom.
The culvert is located immediately downslope of Lot 26 in the Stewart Creek Phase 3
subdivision (upper right corner of photograph). Channel gradients upstream are
almost flat. BGC Photograph dated May 29, 2015.

Photo 2-3.

Overbank deposits from the June 2013 event on the upstream side of the box
culvert shown in Photograph 1-2 above. The red arrow indicates the height of
overbank deposits (1.2 m above channel thalweg). BGC photograph dated May 29,
2015.
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In addition, two substantial topographic depressions were visited that flooded in the numerical
model runs (Drawing 02). One of those depressions (a former mining pit) is understood to be a
former open pit coal mine that was later used as a landfill (Photo 2-4). According to Mr. C.
Ollenberger (TSMVPL), adits that daylight in the vicinity of Three Sisters Parkway connect to the
bottom of the pit. The estimated storage volume (ignoring infiltration) of this pit is 46,400 m3.
Flooding of this pit as a flood storage facility would be undesirable and would result in risk transfer
(i.e. would result in flow being conveyed to other areas). The other depression is a storm water
pond with an approximate storage volume of 13,900 m3 that was constructed to store water from
the watershed feeding directly into the pond and allow infiltration. Water from the storm water
pond can also be pumped into Stewart Creek during some storm events via the forcemain. It
was flooded during the June 2013 flood (Photo 2-5).
Both potentially impacted developments (TRIO and Stewart Creek Phase 3) are located outside
the fan margins of Stewart Creek, but are in areas that can be affected due to related flooding
and bank erosion. Because direct debris flood impact is not expected for the range of return
periods considered, and given the heavy land alterations in the development area, BGC
concluded that test trenching was not warranted.

Photo 2-4.

Looking southeast towards the former mining pit/landfill. BGC photograph dated
March 9, 2017.
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Storm water pond in the TRIO subdivision during the June 2013 floods. Photograph
provided by TSMVPL, dated June 19 or 20th 2013.

History of Stewart Creek Channel Construction

As shown on Drawing 04 and 05 in BGC’s preliminary hazard assessment (2015a), Stewart Creek
has been channeled around the golf course between Holes #15 and #10. This channel
configuration was adopted as part of construction of the golf course in the 1990s (see Section 6
of BGC 2015a). Where the channel turns back to the east downstream of Hole #10, the
constructed channel was lined with riprap overlaying a geotextile (Figure 4-6, BGC 2015a).
During the 2013 flood, about two-thirds of the total length of the constructed channel conveyed
the peak flow of the event without incurring major damage.
During the March 2017 site visit, it appeared that Stewart Creek had a slight reverse gradient
between the last bend (Sta. 0+600 m on Drawing 05) and the culvert crossing (Sta. 0+800 m).
This inverse gradient implies that Stewart Creek will flood towards the storm water pond to the
west, then, given that the pond is within a closed depression, back-water towards the east and
eventually overcome the grade and flow into the northern portion of the constructed channel (Sta.
0+600 m on Drawing 05). This gradient was confirmed by a ground survey by IBI group in April
of 2017 during snow-free conditions.
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Frequency-magnitude (F-M) relations are defined as volumes or peak discharges of landslides
related to specific return periods (or annual frequencies) of their occurrence. This relation forms
the core of any hazard assessment because it combines the findings from frequency and
magnitude analyses in a logical format suitable for numerical analysis. This report uses the terms
“frequency”, “hazard probability” and “return period” interchangeably, depending on the context.
Frequency is numerically equivalent to hazard probability, and is defined as the annual probability
of occurrence of a hazard scenario. Return period is the inverse of frequency, and is defined as
the average recurrence interval (in years) of a hazard scenario. For example, an annual
frequency of 0.01 corresponds to a 100-year return period. The frequency and magnitude of a
hazardous event form a relationship where larger events occur more rarely.
Any frequency-magnitude calculation that spans century time scales includes some judgment and
assumptions, both of which are subject to uncertainty. For this analysis, BGC used a relatively
new approach to characterize hazards and estimate their magnitude and frequency of occurrence.
Once events have been documented and their age and volume estimated, return periods need to
be assigned to individual events that allow extrapolation and interpolation into annual probabilities
beyond those extracted from the physical record. Such record extension is necessary to develop
scenarios across the return period range under consideration. These scenarios then form the
basis for debris-flood modelling and risk analysis.
A preliminary frequency-magnitude analysis was conducted for Stewart Creek by BGC in 2015.
The results presented herein supersede those of the 2015 report, but build upon findings made
then.
3.2.
3.2.1.

Regional Analysis
Introduction

Most debris-flood hazard assessments require that the magnitude of events be established for
several return periods and this also forms the basis for risk assessments in which life loss and/or
economic consequences are systematically included. The principal challenge lies in establishing
a reliable frequency-magnitude relationship (FMR). For longer return periods, this requires a
combination of several absolute dating methods, test trenching, hydrology, sedimentology and
creative geomatics applications. As indicated in Section 1.3, both impacted developments (TRIO
and Stewart Creek Phase 3) are located in areas that can be affected by flooding and bank
erosion. However, direct debris flood impact is not expected for the range of return periods
considered, and major terrain alterations (mining, golf course construction) have changed the
expected sedimentary stratigraphy. This led to the decision that test trenching was not warranted.
In areas where comprehensive studies on debris-flood frequencies and magnitude have been
conducted (as is the case for tributary creeks in Canmore and the MD of Bighorn), a normalization
Stewart Creek Final_2017-07-04

Page 9

BGC ENGINEERING INC.

Three Sisters Mountain Village Properties Ltd.
Stewart Creek Hazard and Risk Assessment FINAL

July 4, 2017
Project No.: 1531-002

based on fan area or fan volume can be applied to approximate FMR without the need for indepth field investigation. Details of the regional frequency-magnitude relationships developed for
the Canmore area are presented in Jakob et. al (2016) (attached in Appendix A).
3.2.2.

Methods

The regional debris-flood relation (Figure 3-1) normalized by fan area was developed by BGC
from the detailed study of seven creeks in the Bow Valley (BGC, 2014c, d; 2015b, d, e, f, g). The
relation, which has an R2 of 0.51, is shown in Equation 3-1 below.
𝑉𝑉𝑆𝑆 = 𝐴𝐴𝑓𝑓 [4116.4 ln(T) + 1785.7]

[Eq. 3-1]

Figure 3-1 demonstrates that the curve for Cougar Creek has a strong deviation from the regional
best fit. This deviation is attributed to Cougar Creek also being subject to landslide dam outbreak
floods, which implies that a secondary debris-flood generating process. Landslide dam outbreak
floods are also possible in the Stewart Creek watershed, but are likely of lesser magnitude given
that those are likely to occur from limited failures in Pleistocene sediments rather than large rock
slope failures as is the case in Cougar Creek.
Maximum estimates were obtained from applying the upper envelope of the relationship described
above and shown in Equation 3-2- and Figure 3-1.

𝑉𝑉𝑆𝑆 = 𝐴𝐴𝑓𝑓 [5557.2 ln(T) + 6705.7]

[Eq. 3-2]

Note that this upper envelope, which pertains to Exshaw Creek, was developed via a rainfallsediment relationship developed by BGC (2015f). This explains the high (0.99) R2 value.

BGC (2017b) initially proposed that the work program include a sensitivity analysis for minimum,
best estimate and maximum sediment volume estimates from the F-M curve. Such sensitivity
analysis is suitable for areas in which large amounts of sediment are expected to be deposited.
However, BGC understands from discussions with TSMVPL, Canmore and the Stewart Creek
golf course owners, that during the June 2013 floods that only limited amounts of largely finegrained (silt and sand) size particles were deposited in the TRIO/Stewart Creek Phase 3
development areas. This gradation is expected given that these areas lie outside the direct impact
zone and have very low gradients that do not support transport of large clasts. For this reason, a
sensitivity analysis on debris-flood volumes was not deemed necessary.

Stewart Creek Final_2017-07-04

Page 10

BGC ENGINEERING INC.

Three Sisters Mountain Village Properties Ltd.
Stewart Creek Hazard and Risk Assessment FINAL

July 4, 2017
Project No.: 1531-002

100000

Sed Vol/Fan Area (m3)

y = 5557.2ln(x) + 6705.7
R² = 0.9995

y = 4116.4ln(x) + 1785.7
R² = 0.5057

10000
Regional Fit 0
Exshaw
Heart
Three Sisters
Log. (Regional Fit 0)
1000

10

100

Grotto
Jura
Cougar
Stoneworks
Log. (Exshaw)
1000

Return Period (years)
Figure 3-1.

3.3.
3.3.1.

Regional frequency-magnitude relationship for debris floods in the Bow Valley (after
Jakob et al. 2016). The maroon dotted line symbolizes the best fit of all creeks
considered, while the red line shows the upper credible limit.

Results
Debris-Flood Sediment Volume

The relation expressed in Equation 3-1 was applied to Stewart Creek; Table 3-1 summarizes the
frequency-magnitude results. Tributary debris flows from Falls Creek were not considered as
those are likely to deposit on the steep Falls Creek fan and not affect the TRIO or Stewart Creek
Phase 3 developments (BGC 2015a).
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Table 3-1. Frequency-volume summary for Stewart Creek debris floods based on the regional
frequency-magnitude relationship for debris floods in the Bow Valley. Sediment
volumes for return periods are rounded to the nearest 1,000 m3. Volumes are reported
with respect to debris passing the fan apex.
Return Period
(years)

3.3.2.

Best Estimate
(m3)

Max Estimate
(m3)

30

16,000

26,000

100

21,000

33,000

300

26,000

39,000

1000

31,000

46,000

3000

35,000

52,000

Magnitude of the 2013 Debris Flood

The volume of sediment transported onto the fan during the 2013 flood was investigated using
LiDAR data. A LiDAR survey of the Stewart Creek area was completed after the 2013 event by
McElhanney Consulting Services Ltd. (McElhanney) on October 24 to 26, 2013. Orthophotos
were collected on June 28, 2013 as part of another LiDAR survey. An earlier LiDAR survey had
been completed by McElhanney on May 23, 2009 along the Bow River valley. Those survey data
were procured by Canmore, and BGC generated a second digital elevation model (DEM) of the
Stewart Creek fan. Volumetric changes along the channel were then quantified by overlaying the
2009 and 2013 DEMs.
For the DEM comparison, as discussed in the preliminary hazard report (BGC 2015a), BGC
generated 1 m x 1 m grids using the 2009 and 2013 LiDAR data. The grids were then overlain in
ArcGIS and the active (i.e., unvegetated) channel of Stewart Creek was delineated. The 2013
post-event topography was compared to the 2009 topography using the ArcGIS 3D Analyst ‘cutfill’ tool. This comparison indicated that the 2013 debris flood on Stewart Creek had an
approximate sediment volume of 23,000 m3.
For this updated analysis, the LiDAR comparison was updated using a 3D point cloud processing
technique available through the Polyworks software program. The updated analysis enables the
realignment of the LiDAR datasets to increase the accuracy of the volumetric change calculation
and accurately define deposition limits. The updated comparison indicates that the 2013 debris
flood on Stewart Creek had an approximate sediment volume of 25,000 m3, which is 2,000 m3
higher than previous results. This analysis indicates that the 2013 event was likely close to a
200-year return period debris flood given the method presented here. Results of the Polyworks
comparison are shown in Figure 3-2.
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Figure 3-2.

Updated LIDAR comparison estimate of erosion or deposition from the 2013 debris-flood event using PolyWorks.
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Debris-Flood Peak Discharge

Apart from sediment volumes, the peak discharge of debris floods needs to be estimated to
allow for numerical modeling. Regional frequency analysis is a common method to estimate
peak flows in ungauged watersheds such as Stewart Creek. However, as demonstrated by
the storm event of June 2013, the peak flow estimates derived from regional analysis severely
under-estimated the observed peak discharges. For example, the 100-year return period peak
instantaneous flow (Qi100) of Cougar Creek had previously been estimated at about 16 m3/s by
AMEC (2003, 2007). In contrast, the peak flow of the June 2013 event was estimated at about
108 m3/s by Canadian Hydrotech (2016), which is almost identical to their Qi100 estimate of
103 m3/s.
In lieu of regional analysis, rainfall-runoff modelling is commonly used to estimate peak flows
for various return periods, particularly for smaller watersheds with areas in the tens of square
kilometers or less. BGC modeled rainfall-runoff for numerous creeks in the Bow Valley
following the damaging storm event of June 2013 (e.g., BGC 2105b). Calibration for these
models was provided by high water marks observed along the creeks, as well as rainfall data
collected from nearby climate stations. BGC used the Marmot Research Basin rainfall data,
and the June 2013 event to calibrate the rainfall-runoff model discussed below.
This hydrologic modelling was conducted using HEC-HMS, a rainfall-runoff model developed
by the US Army Corps of Engineers. The U.S. Soil Conservation Service (SCS) unit
hydrograph was the selected hydrograph type within the model. Required inputs to the model
include:
•
•
•
•

A storm hyetograph (i.e., rainfall distribution).
The time of concentration (the time needed for water to flow from the most remote point
in a watershed to the watershed outlet).
Initial abstraction (refers to all initial losses such as surface depression storage,
vegetation interception, and infiltration).
The SCS runoff curve number (CN) 1 ranges between 0 and 100 and determines how
much of the rainfall infiltrates and is being stored as soil moisture (i.e., does not
contribute to the storm hydrograph). The CN value is a function of surface sediment
type, vegetation and Antecedent Moisture Condition (AMC) (i.e., the soil moisture
condition at the onset of a storm).

A similar methodology was adopted for Stewart Creek. First, 24-hour synthetic hyetographs
(graphs of rainfall versus time) were generated for the Stewart Creek watershed. These
hyetographs were generated using an SCS Type I rainfall distribution and 24-hour rainfall totals
from the Kananaskis regional climate station maintained by Environment Canada. IDF

1

SCS-CN is the Soil Conservation Service curve number which is dimensionless and lumps the effects
of land use and hydrologic conditions on surface runoff. It relates direct surface runoff to rainfall.
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(intensity-duration-frequency) rainfall data are available from this station, as summarized
below.
Table 3-2. Published IDF rainfall data for the Kananaskis climate station (ID 3053600, 19821998). Note these are not corrected for climate change.
Return
Period
(years)

30-min

1-hr

2-hr

6-hr

24-hr

2

7

10

14

25

42

10

14

21

28

52

75

25

17

26

35

66

91

30

18

27

36

68

94

50

20

30

40

76

103

100

22

34

45

86

115

300

27

41

54

104

136

1000

31

49

64

122

158

3000

36

55

72

139

178

Rainfall Depth (mm)

Note: Values shaded in grey were interpolated/extrapolated from published values.

The time of concentration, tc, was estimated using the SCS lag time method, while a composite
CN value of 69 was used for the watershed (CN = 60 for vegetated areas and CN = 79 for
unvegetated rocky areas). The SCS unit hydrograph method is highly dependent on the CN
value. The initial abstraction coefficient (Ia = 0.2S), traditionally used for such an analysis, is
0.2; however, a study prepared for the National Resource Conservation Service (NRCS)
recommends adopting a value of 0.05 (Hawkins et al. 2010). The lower value was adopted by
BGC as a sensitivity analysis. The HEC-HMS model was then applied to estimate peak flows
in Stewart Creek for return periods of up to 3000 years. While 24-hour rainfall totals were input
to the HEC-HMS model, the Type I SCS distribution provides a reasonable representation of
the published shorter duration rainfall (30 min to 2 hours). This representation is important as
the shorter duration rainfall dictates the resulting peak flows, given that the time of
concentration for the Stewart Creek watershed is estimated at 45 minutes.
The resulting peak flow estimates for return periods of up to 3000 years are summarized below.
As per the Guidelines for a Level 2 study, only flows up to the 300-year event were considered
for the hazard assessment.
Table 3-3. Stewart Creek HEC-HMS peak flow estimates. These values are not adjusted for
climate-change as the upper end of the return period range was considered.
Peak Flows (m3/s)
June 2013

30-yr

100-yr

300-yr

1000-yr

3000-yr

28

29

41

57

68

82
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Summary

The June 2013 event had an estimated peak flow of 28 m3/s, calculated based on HEC-HMS
calibration parameters from other watersheds and rainfall data from nearby climate stations.
The long duration rainfall (i.e., 2 to 3 day) had return periods > 200 years. However, the peak
flow was closer to a 20 to 30-year return period event based on the hydrological
modelling. The reasons for the discrepancy between the return periods for rainfall and peak
flow lies in the hydrologic responsiveness of the basin (i.e., the time of concentration). Stewart
Creek is a relatively small basin, so the rainfall intensity that governs the peak flow is between
half an hour and one hour. The one-hour rainfall measured at Marmot Basin and Kananaskis
during the June 2013 event had a 5 to 10-year return period (although antecedent rainfall is
also a factor in these calculations, as the soils wet up prior to the storm peak). For larger
watersheds such as Exshaw Creek, BGC observed that the estimated peak flow for the June
2013 event was close to a 100-year return period, as those watersheds have a longer time of
concentration.
The frequency magnitude curves for sediment volume and peak flow are shown in Figure 3-3.
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Figure 3-3.

Peak Flow

Log. (Sediment Volume)

Log. (Peak Flow)

Frequency-magnitude curve for sediment volume (left hand vertical axis) and peak
flow (right hand vertical axis) for Stewart Creek.
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DEBRIS-FLOOD MODELLING

4.1. Assumptions
Numerical modelling of debris floods is the basis for the delineation of hazard intensity zones
which serve as input to the quantitative debris-flood risk assessment (QRA). Debris-flood
modelling is based on the following assumptions and limitations:
•

The frequency-magnitude relation established in the previous section is a reasonable
basis to simulate debris-flood peak flow values for return periods from 30 to 300 years.

•

Debris flooding resulting from exceedance of a critical creek bed shear stress threshold
and high associated peak flows are the principal hazardous process on Stewart Creek.
At the portions of the impacted TRIO and Phase 3 development site that are modeled
to be impacted, most debris will have been deposited and the hazards change to
flooding (TRIO) and bank erosion (Stewart Creek Phase 3) due to its distal location
with respect to the fan apex.

•

Erosion and re-deposition of debris on the fan cannot be simulated reliably due to
numerical model limitations. Given the location of the impacted TRIO and Phase 3
development sites on the fan margins and the observed depositional pattern in June
2013, this is not regarded as a major limitation.

•

BGC understands that Canmore has requested that TSMVPL remove the temporary
concrete culvert crossing located south of Lot 26 of the Stewart Creek Phase 3
development (Photo 2-2 and Drawing 03). TSMVPL had already planned to remove
the culvert as part of the Stewart Creek Phase 3 development and have reconfirmed
their commitment to removing this culvert, therefore, it is not included in the model and
this area is modelled as an open channel.

•

Debris flows from Falls Creek confluent with Stewart Creek near the upper fan apex
may occur simultaneously with debris floods. This potential scenario was not modeled
because the impacted TRIO and Stewart Creek Phase 3 developments are outside of
the area that would be affected by debris impact by a simultaneous event. The added
flow volumes from Falls Creek are considered to be low in comparison to Stewart Creek
flows.

Debris flood intensity (maximum flow depth and velocity), the extent of inundation on the fan,
and peak flows for various return period classes were estimated using the commercially
available two-dimensional hydraulic model, FLO-2D (2007). FLO-2D is a volume conservation
model that conveys a flood within defined channel segments and as overland flow. Flow
progression is controlled by topography and flow resistance. The governing equations include
the continuity equation and the two-dimensional equation of motion (dynamic wave momentum
equation). The two-dimensional representation of the motion equation is defined using a finite
difference grid system, and is solved by computing average flow velocity across a grid element
boundary with eight potential flow directions. Pressure, friction, convective, and local
accelerations components in the momentum equation are retained.
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FLO-2D is suited for this type of application as it can model unconfined flows across fan
surfaces. It has been applied numerous times worldwide and is on the U.S. Federal
Emergency Management Agency’s (FEMA) list of approved hydraulic models. Its limitations
include the model’s inability to simulate fan erosion, remobilization of debris deposits by
subsequent surges and the deposition of material.
Model outputs include grid cells showing the velocity, depth, and extent of debris-flood
scenarios. These outputs are imported into a GIS and overlaid on base maps. For areas with
low flow velocity (< 1 m/s), only flow depths are shown. For areas of higher velocity (≥ 1 m/s),
a flow “intensity” index (IDF) is shown, calculated as modelled flow depth multiplied by the
square of flow velocity (Jakob et al. 2011). This intensity parameter was chosen as it is useful
to characterize the damage potential of modelled flows.
4.2. Modelling Parameters
Key inputs to the model are described in the following sections.
4.2.1.

Topography

Detailed topographic information was based on LiDAR data provided by Canmore. A DEM
was created from LiDAR flown in the fall of 2013 and used as an input to FLO-2D’s preprocessing program to generate a square grid for flow modeling purposes. A 5 m x 5 m grid
size was used for the models as a reasonable balance between the detail needed for the later
risk assessment and computing time. The DEM at the culvert crossing located south of Lot 26
was modified to reflect the true creek bed elevation (i.e. the culvert was removed since the
DEM was showing it as an obstruction). For the ‘b’ scenarios (Section 3.7), the DEM at the
culvert crossing located under the golf cart road northwest of the Pit was also added to the
model.
4.2.2.

Infiltration

Infiltration rates in the study area are unknown. However, high water marks from the June 2013
event indicate the majority of inflow to the Pit infiltrated and flowed to underground mining
adits. BGC understands these flows discharge near the TransCanada Highway (pers. comm.
C. Ollenberger). For scenarios 1b and 2b, the inflow to the Pit was assumed to infiltrate to the
underground and not to fill up the Pit in order to simulate infiltration.
4.2.3.

Debris-Flood Inflow Hydrographs

Debris-flood inflow hydrographs for FLO-2D for Stewart Creek were created using the results
of the HEC-HMS rainfall runoff modelling. Hydrographs are shown in Figure 4-1 below. The
solid lines show the total discharge rate, the dashed lines show the sediment discharge rate.
The areas below the hydrographs equal the total volumes of the inflow. The total inflow
sediment volumes match the best estimated values presented in Table 3-1.
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For Stewart Creek, sediment concentrations of 20% were applied to debris-flood model
scenarios, based on BGC’s judgement and the 2013 calibration model results. The total
volume of sediment simulated by the model was based on the frequency-magnitude
relationship. Best estimate sediment volumes were used for return periods of 30 to 300 years
and maximum estimate sediment volumes for return periods of 300 to 1000 years, given the
increased uncertainty of event magnitude at higher return periods.
80
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Figure 4-1.

4.2.4.
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Hydrographs for various return period debris floods on Stewart Creek.

Flow Resistance

Flow resistance shear stress components are combined in FLO-2D into an equivalent
Manning’s n-value for the flow. An average Manning’s n was estimated as 0.050 for the entire
model domain. Further differentiation of surface roughness on the fan is possible, but the fan
has undergone and will likely be undergoing changes in flow resistance due to changes in
surface cover. Previous sensitivity studies by BGC have shown that the model outcome is
insensitive to small variations of Manning’s n.
4.2.5.

Flow Rheology

For flows with volumetric sediment concentrations greater than 20%, flow resistance in FLO2D is governed by a non-Newtonian quadratic rheological model, where a yield strength must
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be exceeded by an applied stress to initiate flow. This is typical for debris flows and high
sediment concentration debris floods. FLO-2D models the total shear stress, τ, in
hyperconcentrated flows and debris flows as a summation of five shear stress components.
Specifics can be found in FLO-2D (2007) and O’Brien and Julien (1988). For sediment
concentrations of less than 20%, FLO-2D reverts to a conventional clear-water flood routing
model, in which flow resistance is governed by surface roughness along the path.
Other than the flow resistance term from the floodplain, FLO-2D requires the coefficients 𝛼𝛼𝑖𝑖
and 𝛽𝛽𝑖𝑖 , which are part of the empirical relationships between yield stress 𝜏𝜏𝑦𝑦 , viscosity 𝜂𝜂, and
volumetric sediment concentration 𝑐𝑐𝑣𝑣 , as shown below to reflect the rheological properties of
the debris flood:
𝜂𝜂 = 𝛼𝛼1 𝑒𝑒 𝛽𝛽1 𝑐𝑐𝑣𝑣

[Eq. 4-1]

𝜏𝜏𝑦𝑦 = 𝛼𝛼2 𝑒𝑒 𝛽𝛽2 𝑐𝑐𝑣𝑣

[Eq. 4-2]

The input rheological parameters for Stewarts Creek debris flood models are summarized in
Table 4-1. The value combination as reported below are calibrated to match the observed flow
pattern during the June 2013 event.
Table 4-1. Rheological parameters used for Stewarts Creek debris-flood models.
Viscosity
Coefficient (𝜶𝜶𝟏𝟏 )
0.128

4.2.6.

Viscosity
Exponent (𝜷𝜷𝟏𝟏 )
12.9

Yield Stress
Coefficient (𝜶𝜶𝟐𝟐 )
0.000707

Yield Stress
Exponent (𝜷𝜷𝟐𝟐 )
29.8

Model Calibration

BGC calibrated the FLO-2D model through comparison of the June 2013 debris flood extents
to the model results (Drawing 02). The June 2013 debris flood extents were digitized from
highwater marks of 1354.0 m and 1354.7 m, respectively observed in a high resolution
orthophotograph taken soon after the June 2013 event within the flooded footprint of the storm
water pond. The highwater mark was subsequently confirmed as 1354.7 m based on review
of photos provided by TSMVPL and the April 17, 2017 topographic survey by IBI Group
(Appendix C). The modelled peak discharge of 28 m3/s for the June 2013 event (i.e., Table
3-3) was used as input to the flow for calibration purposes. Drawing 02 indicates there is
generally good agreement between the modelled and observed inundation extents for the June
2013 event, indicating that the modelling parameters are appropriate and that the hydraulic
model provides a reasonable approximation of the expected debris flood behaviour.
There is a 0.5 m difference between the high-water mark estimated from the orthophotos and
the modelled June 2013 event, with the latter being higher. Possible reasons for this 0.5 m
difference include:
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the omission of the culverts west of the Stewart Creek channel bend 2
the modelled grid size (5 x 5 m) is too large to provide precise enough water elevations
as it averages elevations over a 25 m2 grid area from the LiDAR data
there may have been infiltration losses that are unaccounted for through the base of
the stormwater pond and surrounding area – BGC understands this is currently not a
lined facility (C. Ollenberger, email, June 9, 2017)
the modelled hydrograph used for the 2013 event may not be representative of the
actual 2013 event as BGC has no reliable high-water marks along the lower Stewart
Creek channel from the 2013 flood event to indirectly estimate the peak flow.

While there is a 0.5 m difference in the estimated and modelled high-water mark, the model
provides a reasonable approximation of the expected debris-flood behaviour. Further attempts
to refine the model calibration for the 2013 debris flood are unlikely to be meaningful to cover
all possible future events with variable hydrograph peaks and length.
4.3.

Model Runs

Table 4-2 summarizes the model inputs and Table 4-3 summarizes specific simulations that
were performed and the corresponding peak flow. Model outputs include grid cells showing
the velocity, depth, and extent of affected area for debris-flood scenarios. These outputs are
imported into GIS and overlain on base maps (e.g., Drawing 03).
Table 4-2. Model inputs for debris flood scenarios for Stewart Creek.
Scenario

Return Period
Class
(years)

Sediment
Volume
(m3)

Water
Volume
(m3)

Sediment
Concentration
(%)

Peak Flow
(m3/s)

June 2013

~30

23,000

332,000

20

281

1a & 1b

30 to 100

21,000

476,000

20

41

2a & 2b

100 to 300

26,000

627,000

20

57

Note:
1.

2

BGC modeled the 2013 event with 28 m3/s (with sediment), 22 m3/s (no sediment) and 10 m3/s (no sediment) to test
the sensitivity of the model to lower peak flows. The elevation differences at TRIO are marginally different (a few
centimeters) suggesting that the peak discharge does not control TRIO area flooding.

Culverts west of the Stewart Creek channel bend south of Lot 12 were not included in the model
because BGC was not aware of them at the time of modelling. During field work, this area was covered
with deep snow.
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Table 4-3. Simulated debris flood scenarios for Stewart Creek.

4.4.

Scenario

Return Period
Class
(years)

Avulsion at fan
apex?

Infiltration in Mining
Pit and additional
culverts

1a

30 to 100

Yes

No

1b

30 to 100

No

Yes

2a

100 to 300

Yes

No

2b

100 to 300

No

Yes

Results

Drawing 03 presents the results of debris-flood modelling for scenarios corresponding to return
period classes from 30 to 300 years. Building slab elevations for the TRIO development range
from 1355.57 m to 1357.45 m (per site plan Drawing No. A-100 dated 02-Jun-15 provided by
TSMVPL). Modelled surface water elevations for the TRIO area are presented for each
scenario in Table 4-4. Table 4-5 summarizes key results including a brief description of areas
impacted.
Two different sets of grid cell values are shown on Drawing 03. For areas with low flow velocity
(< 1 m/s), only flow depths are shown. For areas of higher velocity (≥ 1 m/s), a flow “intensity
index” (IDF) is shown. Flow velocities and flow depth influence erosion susceptibility along the
channel and on the fan surface. With similar boundary conditions, higher flow velocities and
higher flow depths will result in more erosion. Erosion will be concentrated in the channel and
especially along its banks. On the fan surface, erosion will be exacerbated where surface
vegetation is absent or the flow is channelized (for example in paleochannels or in ditches).
Table 4-4. Water elevations at the TRIO area for modeled scenarios.
Scenario

Est. Water elevation
(m asl)

Min. Building Slab
Elevation at TRIO
(m asl)

Est. Water depth above Min.
Building Slab Elevation at TRIO
(m)

June 2013

1355.2

1355.6

-0.4

1a

1356.6

1355.6

1.0

1b

1355.6

1355.6

0

2a

1357.0

1355.6

1.4

2b

1355.9

1355.6

0.3
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Table 4-5. Results from numerical debris-flood modelling for Stewart Creek. These are shown in the individual scenario intensity maps
(Drawing 03).
Scenario

June
2013,
~30 years
no
avulsion
at fan
apex,
infiltration
at Pit

1a
30 to 100
years,
avulsion
at fan
apex, no
infiltration

Results
•

In the reach directly downstream of the fan apex, the majority of flows are conveyed within the channel. Shallow overland flows
to the north also occur within this reach until they are intercepted and deflected by a kame terrace (<1 m).

•

The majority of the flows are routed to the northwest around the golf course in an engineered channel. Flow depths in this area
are locally >1 m depth.

•

Flows fill the golf course pond and continue down the channel to the west. The golf course pond overtops and flows continue to
the north bypassing part of the Stewart Creek channel and rejoining between Sta. 0+700 and 0+800 (Drawing 04).

•

Flows overtop a shallow (~ 1 m) natural or constructed sill and fill the former landfill/mining pit.

•

An avulsion occurs (near Sta. 0+500 Drawing 04) towards the TRIO development and flows fill the storm water pond but do not
reach the undeveloped property west of the storm pond (Lot 5, Block 15, Plan 0610834).

•

Flows travel southeast below the Stewart Creek Phase 3 subdivision and remain confined in the channel

•

As water depth increases with the filling of the storm water pond, water is directed into the constructed channel of Stewart Creek
through the kame terrace on which the Stewart Creek Phase 3 subdivision has been designed.

•

An avulsion occurs near the fan apex and shallow (<1 m depth) and wide (~ 200 m) flows travel northeast to the mid-fan,
partially following historical paleochannels. Some infiltration is expected.

•

In the reach directly downstream of the fan apex, the majority of flows are conveyed within the channel. Shallow overland flows
to the north also occur within this reach until they are intercepted and deflected by a kame terrace (<1 m).

•

The majority of the flows are routed to the northwest around the golf course in an engineered channel. Flow depths in this area
are locally >1 m depth.

•

Flows fill the golf course pond and continue down the channel to the west. The golf course pond overtops and flows continue to
the north bypassing part of the Stewart Creek channel and rejoining between Sta. 0+700 and 0+800 (Drawing 05).

•

Flows overtop a shallow (~ 1 m) natural or constructed sill and fill the former landfill/mining pit. Note that the model run does not
simulate infiltration in this area (BGC understand that there are existent mine adits in this area). It is possible that a high
proportion of water would infiltrate through mine adits. This infiltration is modeled in scenarios 1b and 2b.

•

An avulsion occurs (near Sta. 0+500 Drawing 04) towards the TRIO development and flows fill the storm water pond but does
not reach the undeveloped property west of the storm pond (Lot 5, Block 15, Plan 0610834).

•

Flows travel southeast below the Stewart Creek Phase 3 subdivision and remain confined in the channel

•

As water depth increases with the filling of the storm water pond, water is directed into the constructed channel of Stewart Creek
and through the kame terrace on which the Stewart Creek Phase 3 subdivision has been designed.
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Scenario

1b
30 to 100
years
No
avulsion
at fan
apex,
infiltration
at Pit

2a
100 to
300 years
avulsion
at fan
apex, no
infiltration
2b
100 to
300 years
No
avulsion
at fan
apex,
infiltration
at Pit
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Results
•

In the reach directly downstream of the fan apex, the majority of flows are conveyed within the channel. Shallow overland flows
to the north also occur within this reach until they are intercepted and deflected by a kame terrace (<1 m).

•

The majority of the flows are routed to the northwest around the golf course in an engineered channel. Flow depths in this area
are locally >1 m depth.

•

Flows fill the golf course pond and continue down the channel to the west. The golf course pond overtops and flows continue to
the north bypassing part of the Stewart Creek channel and rejoining between Sta. 0+700 and 0+800 (Drawing 05).

•

Flows overtop a shallow (~ 1 m) natural or constructed sill and fill the former landfill/mining pit.

•

An avulsion occurs (near Sta. 0+500 Drawing 05) towards the TRIO development and flows fill the storm water pond but do not
reach the undeveloped property west of the storm pond (Lot 5, Block 15, Plan 0610834).

•

Flows travel southeast below the Stewart Creek Phase 3 subdivision and remain confined in the channel

•

As water depth increases with the filling of the storm water pond, water is directed into the constructed channel of Stewart Creek
and through the kame terrace on which the Stewart Creek Phase 3 subdivision has been designed.

•

Flow paths are similar to Scenario 1a.

•

An avulsion occurs near the fan apex and shallow (<1 m depth) flows travel north, further than Scenario 1 towards Highway 1

•

Flows filling the storm water pond in the TRIO development reach higher flow depths than Scenario 1, but still do not reach the
undeveloped property west of the storm pond (Lot 5, Block 15, Plan 0610834).

•

Flow paths are similar to Scenario 1b.

•

Flows filling the storm water pond in the TRIO development reach higher flow depths than Scenario 1, but still do not reach the
undeveloped property west of the storm pond (Lot 5, Block 15, Plan 0610834).
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Interpretation of the Results

The key aspects from a hazard point of view from the modeling are that flood flows continue
towards the TRIO development due to grades favouring this flow and that flow velocities are
relatively low in the area south of Lots 26 to 30 for the Stewart Creek Phase 3 development.
4.4.2.

Hazard Map

Drawing 04 illustrates the 100 to 300-year return period model scenario with infiltration in the
pit and the additional culverts (i.e. Scenario 2b) which are the maximum estimated debris-flood
intensity values from all model runs. Hazard zone boundaries are smoothed from the modelled
intensity output. Transitions between different hazard categories are blended from one colour
to another rather than using line work to reflect the transitional nature of the boundaries and
avoid the illusion of model exactness.
4.5.

Uncertainties

Natural debris-flood inundation involves complex and dynamic physical processes that are
variable in space and time. No two debris floods, even with identical volumes on the same
creek, are expected to result in precisely the same inundation pattern, avulsions, bank erosion,
and channel bed aggradation. This is due to the shape of the actual sediment/water
hydrograph which in turn hinges on the meteorology of the debris-flood or debris-flow triggering
storm. A strong double-fronted storm may lead to two distinct rainfall intensity peaks, while a
single frontal storm would lead to a single peak, perhaps amplified or lagged by snowmelt
contribution. The hydrograph shape will influence the rates of sediment recruitment and
deposition. Furthermore, large trees can be undercut along banks and be entrained.
Particularly at areas with flow confinement (bridges and culverts,) trees tend to lodge and
following trees and sediment forms a temporary dam which can deflect further debris and
water. Such deflections are not reflected in model output and are thus often simulated by
artificially blocking culverts.
Model results can be used to determine economic and life loss risk in affected zones and to
evaluate measures to reduce the risk of debris floods to elements at risk located on Stewart
Creek fan. Velocity and flow depth estimates are approximations and may vary according to
micro-topography and various flow obstacles, channelization, and localized channel bed
aggradation that may develop during the event.
In addition to uncertainties associated with model input variables such as peak flow values and
hydrograph shapes, model uncertainties include:
•

The topographic input, as the modelled land surface does not reflect changes that occur
during the debris flood, and the precision of topographic elevations from LiDAR will
affect the precision of predicted inundation elevations.

•

The detailed effects of buildings and roads on the flow behaviour, since building
footprints were not incorporated into the model domain.
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Fan surface erosion, deposition and sediment transport, which are not simulated by
FLO-2D modelling.

It should be recognized that hazard maps represent a snapshot in time; conditions will change
after each subsequent event, or with the construction of mitigation measures and other
structures. Modeling and maps will therefore need to be updated either after significant
sedimentation events, or significant construction on the fan or along the stream channels.
Modeling will also have to be updated for any additional development within the maximum
runout. It is also important to realize that if further development is proposed on the Stewart
Creek and/or Falls Creek fan, a different level of study as per Table 1-2 may become
necessary. In that case (i.e., Level 3 or 4), more detailed ground investigations, test trenching
and dendrochronological investigations are advised as well as updated modeling for higher
return periods than considered in this report.
Lastly, the effects of climate change were not explicitly addressed in this study for two reasons.
First, the uncertainty in the estimates for peak flows sediment volumes and bank erosion likely
exceed those associated with climate change. Secondly, the sensitivity of the risk results to
either more frequent events or events with somewhat higher magnitude were assessed with
sensitivity analyses. These were found to be minor because of the nature of inundation and
the backwater effect. Some conservativism is also built into the analysis by choosing relatively
high peak flows. For future developments in areas with higher modeled impact intensities,
climate change analyses should be added to explicitly examine the sensitivities to increases
in the frequency and magnitude of runoff events on the estimated debris flood risks.
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Introduction
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The Stewart Creek Phase 3 lots are located along a kame 3 terrace that appears to be locally
overlain by till. These lots include a slope that extends to the constructed channel of Stewart
Creek. The surficial materials along the kame terrace edge are interpreted to be a mixture of
glaciofluvial materials, in places overlain by till. This description was interpreted from brushing
off snow from the side slopes during the March 2017 field visit. A detailed assessment of the
material distribution was not possible at Lots 15 to 25 at the time of the BGC field visit due to
continuous snow cover. It is thus conservatively assumed that erodible materials prevail at
these lots. However, for Lots 15 to 25, erosion along Stewart Creek is expected to be low as
the present creek grade is very shallow and even slightly reversed in the vicinity of the box
culvert south of Lot 26 where the eastern culvert outlet is 6 cm higher than the western inlet.
Lots 26 to 30 are in proximity to the channel and the channel is relatively deep, therefore an
assessment of erosion potential was warranted. Soils observed on the channel banks in this
reach consisted of fluvial gravels and possibly interbedded till. As the site visit occurred in
March during snowy conditions, a detailed examination of the soils on Lots 26 to 30 could not
be accomplished. Note that a separate memorandum has been written at the request of
TSMVPL for the Stewart Creek Phase 3 analysis to facilitate disclosure to future residents of
Stewart Creek Phase 3 (BGC, 2017d). That memorandum which was submitted on June 19,
2017 is based on the analysis presented herein and is congruent with this report.
5.2.

Limits of Disturbance

As shown on Drawing 03, Canmore has established a ‘limits of disturbance area’ which
prohibits construction for certain areas within the Stewart Creek Phase 3 development
(Drawing 03; Building and Grade Plan – Appendix B). The limits of disturbance for Lots 26 to
30 is setback approximately 11.5 m to 22 m from the top of bank on the north side of Stewart
Creek. Furthermore, the proposed building footprints are located an additional 6.5 to 12.5 m
towards the front (north) of the lot suggesting that constructed homes will likely be set back
further from the top of bank of Stewart Creek 4 than what is required by the limit of disturbance.
5.3.

Erosion Potential

For Lots 26 to 30, erosion was assessed quantitatively based on the channel characterization
from the 2015 and 2017 field assessments, as well as the numerical flow modeling. A
physically-based model was used to estimate the threshold flow (𝑄𝑄𝑓𝑓 ) required to initiate
3

A landform that developed at the end of the last ice age when the valley was still glacier covered where meltwater
flowed along the glacial margins and left fluvial gravels forming terraces once the ice had receded.

4

According to TSMVPL, it is unlikely for homes to be constructed at the back of the lot since this would
require an additional lift station within the homes; an expensive and higher maintenance solution that
homeowners are expected to avoid
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erosion, as well as the magnitude of erosion during events exceeding this threshold. According
to the model, the onset of bank erosion occurs when there is sufficient flow depth – and shear
stress – to mobilize the coarsest material on the channel bed (D90). The critical flow depth (𝑑𝑑𝑐𝑐 )
can be calculated via Equation 5-1:
𝑑𝑑𝑐𝑐 =

0.02∙(𝜌𝜌𝑠𝑠 −𝜌𝜌)∙𝐷𝐷90

[Eq. 5-1]

𝜌𝜌∙𝑆𝑆

where 𝜌𝜌𝑠𝑠 and 𝜌𝜌 represent the sediment and water density, respectively, and 𝑆𝑆 is the channel
gradient. The formative flow (𝑄𝑄𝑓𝑓 ) required to produce the threshold flow depth (and initiate
erosion) can then be estimated based on Manning’s flow resistance equation, and the
principles of flow continuity.

The numerical model results indicate flow velocities between 1.3 and 1.5 m/s can be expected
during a 100 to 300-year return period event (Scenario 2a). The velocity during a formative
flood event (𝑣𝑣𝑓𝑓 ) was assumed equal to 1.3 m/s, and the formative flow was calculated as:
𝑄𝑄𝑓𝑓 = 𝑊𝑊𝑓𝑓 ∙ 𝑑𝑑𝑐𝑐 ∙ 𝑣𝑣𝑓𝑓

[Eq. 5-2]

where 𝑊𝑊𝑓𝑓 represents the average channel width associated with the formative flow. The
formative channel width (𝑊𝑊𝑓𝑓 ) was estimated based on the average flow width at four cross

sections in an 80 m long reach downstream of the box culvert under the golf cart road, adjacent
to the Phase 3 development (Sta. 0+800 m to 0+880 m on Drawing 04).

Beyond the flow threshold for bank erosion (𝑄𝑄𝑓𝑓 ), the potential erosion extent can be estimated
according to an empirical equation. Experimental results from physical modeling conducted
by Eaton et al. (2017) suggest that the maximum bank erosion (Xb) associated with a flood of
a given magnitude (Q) is equal to:

𝑋𝑋𝑏𝑏 = 0.85 ∙ 𝑊𝑊𝑓𝑓 ∙ �

𝑄𝑄

𝑄𝑄𝑓𝑓

− 1�

[Eq. 5-3]

The discharge represents a local estimate for the 80 m long reach, which was obtained from
the numerical modeling. The values used to model the 80 m long reach are presented in
Table 5-1.
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Table 5-1. Parameters used in the physically-based bank erosion modeling.
Channel gradient2 (m/m)

0.004

D90 (mm)

200

Width (m)

9

Velocity (m/s)

1.3

The grain size (D90) was estimated based on the photograph shown in Figure 5-1.

Figure 5-1.

Stewart Creek approximately 130 m downstream of the concrete box culvert. BGC
photograph of May 29, 2015.

The model results are shown in Table 5-2. It should be noted that the model is highly sensitive
to grain size. As a result, a relatively conservative (i.e., small) grain size was used.
Table 5-2. Physically-based erosion estimates for the 80 m reach adjacent to the Phase 3
development.
Return Period
(years)

Discharge
(m3/s)

Formative
Depth (m)

Predicted
Erosion (m)

30 to 100

9

1.7

0

100 to 300

15

1.7

0

Model results indicate that no significant erosion is expected to occur for return period events
up to 300 years. While localized erosion could nevertheless occur in areas with reduced grain
size, even during high flows, BGC believes that erosion could only amount to up to 1 m laterally
along the lower channel.
Given the apparent cohesion of channel bank soils observed during the March 2017 field visit,
BGC believes that the banks would initially be oversteepened by erosion to angles close to
vertical and then subsequently fail through small rotational slides or sluffs which would
introduce sediment to the channel bottom. This sediment would be transported proportional
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to the introduced grain sizes, with larger grains remaining and smaller ones being entrained.
This process could, over time, elevate the channel bed at this location. However, given the
existing approximately 5.5 m incision of the present channel, this will not result in flooding of
adjacent properties during a single flood event. Following an event, channel grade restoration
may be required to restore freeboard.
BGC measured several steep slope angles on slopes with similar surficial geology as the
slopes below Lots 26 to 30 that were stable and found an approximate stable long-term slope
angle threshold of 34°. BGC used published methods (Cruden et al. 1989, De Lugt et. al.
1993) to determine a minimum setback for structures from the crest of the bank slope based
on 1 m of horizontal bank erosion (single design event). This analysis yielded an estimated
setback from the crest of the slope of 2.5 m (Figure 5-2).
5.4.

Summary

Buildings on Lots 15 to 30 are not assessed as susceptible to flood or debris flood inundation
for up to the 300-year return period debris flood events as they will have sufficient freeboard.
Buildings on Lots 15 to 25 are unlikely to be affected by erosion during a 100 to 300-year return
period debris flood given the slow flow velocities and the required non-disturbance zone
setback prescribed by Canmore. Lots 26 to 30 are potentially subject to some minor erosion
of the creek channel during peak flow events. Erosion is unlikely to occur due to exceedance
of a critical shear stress threshold, but rather by progressive sloughing as cohesion is lost in
wetting and drying cycles. BGC estimates that, over time, erosion could reach 2.5 m into the
existing properties, measured at the slope crest. Therefore, the “limits of disturbance area”
that will limit development in immediate proximity to the slope crest provide an adequate
protection against erosion that could affect structures.
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Profile through Stewart Creek Phase 3 showing setback guideline.
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RISK ASSESSMENT

As described in Section 4.4, modelling indicates an avulsion occurs from the Stewart Creek
channel towards the TRIO development, inundating proposed buildings. Therefore, a risk
assessment was completed for this subdivision. The modelled flows do not reach the
undeveloped property west of the storm pond (Swan Group Lot 5 Block 15) which implies that
a risk assessment was not required.
6.1.

General

Risk assessment involves estimation of the likelihood that a debris-flood scenario will occur,
impact elements at risk, and cause particular types and severities of consequences. This
assessment focuses on direct structural building damage and risk to life and excludes
emergency response and indirect costs that may result from the buildings not being habitable
for a period of time. This approach represents a practical way to achieve the assessment
objectives given the data available. However, such auxiliary costs would have to be added to
assess the total costs of a destructive debris flood, as these costs could exceed the direct
damages that have been systematically considered in this assessment.
This risk assessment does not consider structural debris-flood mitigation or evacuation prior
to or during an event. This approach provides a baseline estimation of risk to facilitate
comparison of different debris-flood risk reduction options.
For this assessment, BGC uses a quantitative risk assessment (QRA) approach and applied
the same methodologies as other risk assessment completed for the Canmore and MD of
Bighorn (e.g. BGC 2015h, 2016).
While based on the best data available, it is important to note that each step in this risk
assessment is subject to uncertainties. These uncertainties are noted where relevant in the
report and should be considered when making risk management decisions.
6.2.

Data Compilation

Data required to assess the risk of debris floods on Stewart Creek includes an inventory of
elements at risk, modeled debris-flood scenarios and estimated flood restoration costs. Data
showing elements at risk were provided by TSMVPL, and debris-flood scenarios were based
on modelling described in Section 4.0. Methods to develop the loss estimate algorithms are
described in the following sections.
Information on buildings within the study area was obtained from TSMVPL, including the
locations of buildings (building footprints). Building types include multifamily townhomes.
Construction costs for items likely to be damaged by water were provided by the TRIO
development building (B. Talbot, Devonian, email, April 22, 2017). These costs were used as
a proxy for building restoration costs (i.e. building damage costs were assumed to be equal to
construction costs). A building occupancy rate of 2.2 persons per dwelling was assumed. This
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occupancy rate was determined based on 2014 Census data from previous risk assessments
completed for Canmore (BGC 2015h, 2016).
6.3.

Quantitative Risk Assessment (QRA)

Risk (PE) was estimated using the following equation:
𝑃𝑃𝐸𝐸 = ∑𝑛𝑛𝑖𝑖=1 𝑃𝑃(𝐻𝐻)𝑖𝑖 𝑃𝑃(𝑆𝑆: 𝐻𝐻)𝑖𝑖 𝑃𝑃(𝑇𝑇: 𝑆𝑆)𝑖𝑖 𝑁𝑁

[Eq. 6-1]

where:
𝑃𝑃(𝐻𝐻)𝑖𝑖

𝑃𝑃(𝑆𝑆: 𝐻𝐻)𝑖𝑖

𝑃𝑃(𝑇𝑇: 𝑆𝑆)𝑖𝑖

is the annual hazard probability of debris-flood scenario 𝑖𝑖 of 𝑛𝑛

is the spatial probability that the event would reach the element at risk
is the temporal probability that the element at risk would be in the impact zone
at the time of impact

𝑁𝑁 = ViEi

describes the consequences.

𝑉𝑉𝑖𝑖

is vulnerability, the probability elements at risk will suffer consequences given
debris-flood impact with a certain severity of destructive power

[Eq. 6-2]

where:

𝐸𝐸𝑖𝑖

is a measure of the element at risk, quantifying the severity of potential
consequences (e.g. number of persons, building value).

In the case of safety risk (risk to life), risk is estimated separately for individuals and groups
(societal) risk. Estimated risk for combined debris-flood scenarios is calculated by summing
the risk quantified for each individual debris-flood scenario. The analysis considers the 30 to
100 and 100 to 300-year debris-flood scenarios (Table 4-2).
Individual risk considers the probability that a hazard scenario result in loss of life for a
particular individual, referred to as Probability of Death of an Individual (PDI). Individual risk
levels are independent of the number of persons exposed to risk.
In contrast, group risk considers the probability of a certain number of fatalities. Unlike
individual risk, a greater number of persons exposed to the same hazard corresponds to
increased risk. For this reason, it is possible to have a situation where individual risk is
considered tolerable, but group risk is not tolerable due to the large number of people affected.
Group risk is typically represented graphically on an F-N curve, as shown in Figure 6-1. The
Y-axis shows the annual cumulative frequency,𝑓𝑓𝑖𝑖 , of each hazard scenario, and the X-axis
shows the estimated number of fatalities, 𝑁𝑁𝑖𝑖 , where:
𝑓𝑓𝑖𝑖 = ∑𝑛𝑛𝑖𝑖=1 𝑃𝑃(𝐻𝐻)𝑖𝑖 𝑃𝑃(𝑆𝑆: 𝐻𝐻)𝑖𝑖 𝑃𝑃(𝑇𝑇: 𝑆𝑆)𝑖𝑖

[Eq. 6-3]

and 𝑁𝑁𝑖𝑖 is represented by equation [6-2] above.
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Three zones on the F-N curve can be defined as follows:
•
•

•

Unacceptable – where risks are generally considered unacceptable by society and
require mitigation.
As Low as Reasonably Practicable (ALARP) – where risks are generally considered
tolerable by society only if risk reduction is not feasible or if costs are grossly
disproportionate to the improvement gained (this is referred to as the ALARP principle)
Acceptable – where risks are broadly considered acceptable by society and do not
require mitigation.

Direct building damages were calculated as total annualized damage considering all scenarios,
as well as direct damage costs for individual scenarios. In all cases, the assessment considers
areas directly impacted by modelled flows. It does not include assessment of consequences
associated with, for example, areas rendered inaccessible due to impact elsewhere.
Methods used to estimate each variable in equation [6-3] are described below.
6.3.1.

Risk Tolerance Criteria

In 2016, Canmore formally adopted criteria to assess whether safety risk for individuals or
groups exceed tolerable levels. Canmore’s safety risk tolerance criteria for development
impacted by steep creek hazards are as follows (Canmore 2016):
a. “Group risk is within an acceptable or as Low As Reasonably Practicable (ALARP)
range.
b. For new development, the individual risk (PDI) shall not exceed 1:100,000.
c. For existing development, the individual risk shall not exceed 1:10,000.
Specific economic risk tolerance criteria have not been established for economic risk
thresholds as each development proposal will provide unique social and economic benefits.
Economic risk assessments will be used to provide context for considering these benefits and
to support decision making.”
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Group risk tolerance criteria as defined by GEO (1998).

Hazard Probability, 𝑷𝑷(𝑯𝑯)

Hazard probability,𝑃𝑃(𝐻𝐻)𝑖𝑖 , corresponds to the annual probability of occurrence of each hazard
scenario, which are defined in as annual frequency ranges. The bounds of a given range are
exceedance probabilities. As such, for a scenario with the annual probability range Pmin to
Pmax, the probability of events within this range corresponds to:
𝑃𝑃(𝐻𝐻)𝑖𝑖 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

[Eq. 6-4]

For example, for the 1:30 to 1:100-year range, this would correspond to:

𝑃𝑃(𝐻𝐻)𝑖𝑖 =

1

30

−

1

100

=

1

[Eq. 6-5]
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Spatial Probability, 𝑷𝑷(𝑺𝑺: 𝑯𝑯)

Spatial probability, 𝑃𝑃(𝑆𝑆: 𝐻𝐻), of debris-flood impact considers modelled debris-flood extents in
relation to the location of elements at risk. Cases where modeled debris-floods impacted
(intersected) these elements were considered certain (𝑃𝑃(𝑆𝑆: 𝐻𝐻)=1) to be impacted. Those
elements outside the modeled flow extent were not considered subject to impact by the
scenario (𝑃𝑃(𝑆𝑆: 𝐻𝐻)=0). In cases where a building footprint intersects more than one modelled
debris-flood intensity level, the maximum (most conservative) value was used.
6.3.4.

Temporal Probability, 𝑷𝑷(𝑻𝑻: 𝑺𝑺)

For assessment of risk to buildings, temporal probability, 𝑃𝑃(𝑇𝑇: 𝑆𝑆), was assigned as 1 (certain)
based on the assumption that all buildings considered are permanent structures.

For assessment of safety risk, the value of 𝑃𝑃(𝑇𝑇: 𝑆𝑆) corresponds to the proportion of time spent
by persons within a building.
For persons in residential buildings, an average value of 0.5 was assigned for analysis of risk
to groups implying that about half of the residents will be in their homes during a debris flood.
A more conservative value of 0.9 was used for estimation of individual risk, corresponding to
a person spending the greatest proportion of time at home, such as a young child, stay-athome person, or an elderly person.
6.4.

Vulnerability

Vulnerability is defined in this report as the degree of loss of a given element at risk that results
from debris-flood impact with a certain level of destructive power. For human life loss, it
addresses the question, “what is the chance of fatality for persons within buildings, should the
building be impacted by a debris flood?” For buildings, it addresses the question, “what level
of direct damage will occur if the building is impacted by a debris flood?”
This section describes how vulnerability ratings were assigned to buildings and persons within
buildings, based on estimated levels of destructive power and resistance to impact.
This section refers to debris flood “intensity”, 𝐼𝐼𝐷𝐷𝐷𝐷 as a measure of destructive power, calculated
as follows:
𝐼𝐼𝐷𝐷𝐷𝐷 = (𝑑𝑑)(𝑣𝑣 2 )

[Eq. 6-6]

where:
𝐼𝐼𝐷𝐷𝐷𝐷

is the intensity index.

𝑣𝑣

is the modelled flow velocity.

𝑑𝑑

is the modelled flow depth above the slab elevation.
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Low Intensity Flows (IDF < 1)

Lower intensity flows are defined as flows where the intensity index (IDF) was less than one.
Damages associated with these low intensity flows are typically limited to flood damage. While
the possibility of fatalities cannot be entirely ruled out, it is considered to be too low to be
measurable given that high flood depths (e.g., > 2 m) were not estimated for any hazard
scenario.
All but one building assessed were subject to low intensity flows under these criteria, for both
the 30-100 and 100-300 year event. One home in the TRIO development (Building 10, House
44/45) had a calculated IDF of 1.6 for the 300-year return period event. However, BGC was not
able to find a material difference in vulnerability that could be justified by field observation. As
such, vulnerability of Building 10 was assigned similarly to the other buildings.
BGC used site-specific flood restoration costs provided by the developer to estimate flood
damages. Given the same number of affected buildings, the relatively similar levels of
inundation depth and uncertainties, the same restoration cost was applied to both the 30-100
year and 100-300 year return period events. These costs assume an insulated concrete form
(ICF) foundation to minimize fiberglass insulation and raising the height of the foundation wall
to a minimum of 1 m and use of spray foam insulation in locations of stud spaces within the
1 m height area.
6.5.
6.5.1.

Results
Safety Risk

As described in Section 6.3, safety risk is estimated separately for individuals and groups
(societal risk). The results presented are the combined annual risk from all debris-flood
scenarios, given that some parcels may be impacted by more than one scenario.
No buildings exceeded the individual risk tolerance standard for new developments of
1:100,000 (1x10-5) individual risk of fatality per year (0.001% annual probability of dying in any
given year).
Estimated number of fatalities (N) for each debris-flood scenario considered in this assessment
were less than 1 and therefore do not plot on an F-N curve. As such, the group risk tolerance
criteria outlined in Section 6.3.1 is met.
6.5.2.

Buildings

A total of ten townhouses and two townhouse duplexes within the TRIO were impacted by
modeled debris flood scenarios. The estimated building damage costs for the 30 to 100-year
and 100 to 300-year return period events ranged from $150,000 to $360,000 depending on the
scenario considered. Combining all scenarios, the annualized unmitigated building damage
cost is estimated as $7,700. The estimated building damage costs are based only on a portion
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of assessed building values and do not include damage to contents or inventory. If these were
considered, actual damage costs would increase. Indirect costs are also not considered.
BGC understands Devonian is considering the following mitigation measures (B. Talbot, email,
April 22, 2017; pers. comm. A. Esarte, June 28, 2017):
•
•
•

use of an Insulating Concrete Form (ICF) foundation 5 to minimize fibreglass insulation
raising the height of the foundation wall to a minimum of 1 m, and where there are stud
spaces within that 1 m height area, use of spray foam insulation.
Raising mechanical or electrical components of the building structure a minimum of 1m
above of the foundation level.

The above mitigation measures are not explicitly considered in the risk assessment. If these
were considered, actual damage costs may decrease.

5

According to Devonian, ICF foundation is basically waterproof.
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7.0

CONCLUSIONS AND CONCEPTUAL MITIGATION RECOMMENDATIONS

7.1.

Conclusions

This assessment can be summarized as follows:
TRIO development:
1. Debris floods of variable magnitudes on Stewart Creek will reoccur and reach the
proposed TRIO development with the current topography and channel configuration.
Flow velocities will be relatively low (1-2 m/s), but for the return period events
considered, water depth could reach up to 1.4 m above the final slab elevation for the
lowest proposed building. These water depths are due to the flooding of the storm
water pond. Water can only exit this depression by flow downstream in Stewart Creek
once the elevation difference between the present concrete box culvert on Stewart
Creek and the channel low point upstream has been overcome. This has been
confirmed by an onsite survey completed by IBI Group dated April 17, 2017.
2. BGC assessed life loss and economic risk for the proposed development as per the
Guidelines and in accordance with Canmore steep creek policy. The risk assessment
showed that the risk to individuals does not exceed Canmore’s risk tolerance threshold
for proposed development. Group risk was found to be tolerable. Annualized building
damage costs were estimated as $7,700.
Stewart Creek Phase 3 development:
1. No building footprint for the current Stewart Creek Phase 3 development is subject to
inundation by water or debris for the modelled event frequencies. Therefore, no
corresponding life loss or economic risk assessment was conducted.
2. Erosion potential was assessed for Lots 26 to 30. This analysis demonstrated that
shear stresses are likely to be too low to entrain substantial bank material. An ultimate
slope angle of repose was estimated and extrapolated backwards to assign a
reasonable minimum setback for buildings along this section of Stewart Creek,
resulting in a recommended setback of at least 2.5 m from the top of bank. This is a
setback based solely on the potential for erosion of the toe of the slope, and is based
on the slope vegetation being undisturbed. This setback does not consider sliding
stability of the slopes that is outside of the scope of this report. BGC understands that
these slopes were evaluated by others prior to subdivision approval (E2K 2015), and
that current development approvals require a much greater limit of disturbance setback
from the top of bank.
7.2.

Conceptual Mitigation Recommendations

To minimize economic losses due to Stewart Creek flooding, several options were discussed
with the developer and Canmore. The following mitigation options were considered for the
TRIO development:
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1. Minimize loss potential by not allowing habitable basements or storage of valuable
contents at the ground level. BGC understands this an acceptable risk management
approach for the builder of TRIO on Lot 11 Block 15 and for the Town of Canmore (C.
Ollenberer, TSMVPL, email, June 22, 2017; pers. comm. A. Esarte, Canmore).
2. Increase of the slab elevations above the modeled water surface elevations. This
would likely require a redesign of the proposed development. Given the relatively low
annualized loss potential, this redesign may not be warranted. BGC understands this
is considered a less desirable option by builder of TRIO on Lot 11 Block 15 (C.
Ollenberer, TSMVPL, email, June 22, 2017).
3. Construction of a cutoff berm shown on Drawing 04 with a height of up to approximately
3 m. The exact location and configuration would have to be determined in a separate
study. This berm would prevent Stewart Creek flows from flowing towards the TRIO
development and reduce flooding risk from the assessed events at the TRIO
development. Flooding of the storm water pond near the TRIO development could still
occur due to local surface water inflow but no longer due to flows from Stewart Creek.
Flooding from local runoff into the storm water pond was not investigated by BGC.
Additional model runs would be required should this option be chosen to confirm the
height of such a cutoff berm and examine the effects of removing the storm water pond
storage area on downstream flooding. This measure should evaluate if a steepening
of Stewart Creek grade between the westernmost channel bend and the concrete box
culvert as shown in Drawing 04, to help reduce pond formation, is warranted. The
impacts of such a cutoff berm to the golf course operations have not been assessed by
BGC.
Canmore and TSMVPL have indicated that this option is not desirable as it would
constitute a major project and possibly prevent excess water from the infiltration pond
flowing back into Stewart Creek.
4. Stewart Creek could be directed into the Golf Course pond and from there directed
north towards the existing concrete box culvert. If the channel were designed with
sufficient capacity, this could limit or prevent flooding to the west. A possible channel
alignment is shown in Drawing 04. This may require a reconfiguration of the existing
golf course at this location and should be evaluated by TSMVPL. BGC understands
that the builder of TRIO and the Town of Canmore are in favor of pursuing local
mitigation options instead of global mitigation (i.e. Option 1 above), therefore this option
was not pursued further.
BGC understands that the Town of Canmore and the builder of TRIO on Lot 11, Block 15 have
selected Option 1 as the preferred option.

Stewart Creek Final_2017-07-04

Page 40

BGC ENGINEERING INC.

Three Sisters Mountain Village Properties Ltd,

July 4,2017

Stewart Creek Hazard and Risk Assessment FINAL

Project No,: 1531-002

8.0 CLOSURE
We trust the above satisfies your requirements for this assignment. Should you have any
questions or comments, please do not hesitate to contact us.
Yours sincerely,

BGC ENGINEERING INC.
per:

i^:pn
.^s'

^\.

Matthias Jakob, Ph.D.., P.Geol.

Sarah Kimball, M.Sc., P.Geol.

Principal Geoscientist

Engineering Geologist

Reviewed by:
Hamish Weatherly, M.Sc. P.Geol.

Principal Hydrologist
APEGA Permit to Practice: 5366
SK/MJ/HW/map/mm
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APPENDIX A
REGIONAL DEBRIS-FLOW AND DEBRIS-FLOOD FREQUENCYMAGNITUDE CURVES
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Regional Debris-flow and Debris-Flood
Frequency-Magnitude Curves
Jakob, M., Bale, S., and McDougall, S.
BGC Engineering Inc., Vancouver, BC, Canada
Friele, P.
Cordilleran Geoscience, Squamish, BC, Canada
ABSTRACT
Frequency-magnitude (F-M) relationships of debris flows and debris floods are notoriously difficult to compile because of
the paucity of direct observations, the discontinuous nature of the event occurrence, the obfuscation of field evidence due
to progressive erosion or debris inundation and, finally, the inherent challenge of finding suitable statistical methods to
analyse the dataset. Detailed F-M analyses are also rather costly and invasive given the plethora of field and analytical
techniques involved in their generation. Some reprieve can be granted once a number of reliable F-M curves have been
assembled in a specific region. These curves can be applied to watersheds for which detailed studies are unavailable,
unaffordable or impractical due to lack of datable field evidence. Individual F-M curves require normalization by fan area
or fan volume to account for the different geomorphic activity and processes inherent in watersheds with variable sizes,
debris production and sediment output. We showcase regional F-M curves for debris flows in southwestern British
Columbia and debris floods in the Bow River valley near Canmore. These curves are statistically analysed to estimate
error around the logarithmic best-fit estimate. Strong negative deviations of watersheds for which detailed F-M relationships
have been established from the fitted curve could herald inherent watershed stability, while strong positive deviations could
signal extraordinary watershed mass movement processes or suggest that the fan may be largely of paraglacial origin. We
caution against the indiscriminate use of regionally based F-M curves, especially in watersheds where multiple geomorphic
upland processes are suspected that result in bi-model data population distributions, thus violating underlying statistical
assumptions.
RÉSUMÉ
Les relations entre la fréquence et la magnitude (FM) des coulées de débris et les inondations de débris sont reconnues
pour être difficiles à compiler en raison de la rareté des observations directes, la nature épisodique des événements, des
évidences de terrain qui s’effritent en raison de l'érosion progressive ou des inondations de débris et, aussi, du défi inhérent
à identifies des méthodes statistiques appropriées pour analyser l'ensemble des données. Les analyses détaillées F-M
sont également coûteuses et invasives étant donné le nombre de techniques de terrain et d’analyses de laboratoire requis
pour leurs créations. Un sursis peut être accordé une fois qu’un certain nombre de courbes F-M fiables ont été assemblés
dans une région spécifique et celles-ci peuvent être appliqués aux bassins versants pour lesquels des études détaillées
ne sont pas disponibles, inabordables ou impossible en raison du nombre insuffisant d’échantillons de terrain disponible
pour la datation. Chaque courbe F-M nécessite une normalisation en utilisant la superficie ou le volume du cône de
déjection pour tenir compte de la différence d'activité géomorphologique et des processus inhérents dans les bassins
versants de tailles variables, ainsi que de la production de débris et sédiments. Nous présentons des courbes régionales
F-M pour les coulées de débris du sud-ouest de la Colombie Britannique et d’inondations de débris dans la vallée de la
rivière Bow, près de Canmore. Ces courbes sont analysées statistiquement pour estimer l'erreur autour de l'équation
logarithmique ayant la meilleure concordance. Des écarts négatifs prononcés pour des bassins versants pour lesquels
des F-M relations détaillés ont été établies à partir de la courbe ajustée pourraient annoncer une stabilité inhérente du
bassin versant tandis que de fortes déviations positives pourraient signaler des processus extraordinaires de mouvement
de terrain dans ces bassins versants ou suggérer que le cône de déjection est en grande partie d'origine paraglaciaire.
Nous mettons en garde contre l'utilisation sans fondement des courbes F-M construite à base de données régionale, en
particulier dans les bassins versants où on soupçonne la présence de plusieurs processus géomorphologiques de
montagne ce qui résulte en des répartitions bimodales de la population de données, ce qui va à l’encontre des hypothèses
du model statistiques.

1

INTRODUCTION

Debris flows and debris floods occur almost daily
somewhere on Earth. This is unsurprising given the millions
of steep mountain creeks globally and the notion that debris
flows are often the dominant process in delivering upland
sediments to the receiving valley floodplains via their fans
or direct confluence. ‘Debris flow’, as defined by Hungr et
al. (2014), is a very rapid, channelized flow of saturated

debris containing fines (i.e. sand and finer fractions) with a
plasticity index of less than 5%.
Debris flows originate from single or distributed source
areas in regolith mobilized by the influx of ground- or
surface water. Liquefaction occurs shortly after the onset of
landsliding due to turbulent mixing of water and sediment,
and the slurry begins to flow downstream, entraining
additional water and channel debris. Typical debris flows
require a channel gradient of at least 27% (15o) for

transport over significant distances (Takahashi, 1991) and
have volumetric sediment concentrations in excess of 50%.
Debris flows are difficult and costly to forecast
temporally and are often lethal because they travel long
distances at extremely rapid velocities (e.g. Allstadt 2013).
Debris flows are characterized by extreme impact forces.
A ‘debris flood’ is “a very rapid surging flow of water
heavily charged with debris in a steep channel” (Hungr et
al., 2001). Transitions from water flows to debris floods
occur at minimum volumetric sediment concentrations of 3
to 10%, the exact value depending on the particle size
distribution of the entrained sediment and the ability to
acquire yield strength. Since debris floods are
characterized by heavy bedload transport, rather than by a
more homogenous mixture of suspended sediments typical
of hyperconcentrated flows (Pierson, 2005), the exact
definition of sediment concentration depends on how
sediment is transported in the water column. Debris floods
occur on creeks that are not steep enough to convey debris
flows. Unlike the latter, they transport only a portion of the
available sediment load in the alluvial beds to the fan. In
that they act as a conveyor belt of debris transport with the
severity and duration of the storm being the on-off switch
for the conveyor. Debris floods are somewhat slower than
debris flows and lack the highly destructive frontal surge,
but are characterized by the potential for severe bank
erosion which can undermine structures even at
considerable setback distance to the stream channel.
Fans have long been viewed as the comparatively safer
place to live in flood-prone mountain valleys. In more
recently developed areas, no records of damaging debris
flows or debris floods may exist, instilling the illusion of a
lack of hazard. Moreover, hydrogeomorphic hazards are
still poorly understood or appreciated by various levels of
government and the public alike (Church 2013, Jakob et al.
2015).
Most debris-flow hazard assessments require that the
magnitude of events be established for a range of return
periods. This is the basis for risk assessments in which life
loss and/or economic consequences are systematically
included. Magnitude may be expressed as the total volume
of debris mobilized, its peak flow rate, or both. Frequency
is the annual probability of events, or its inverse, the return
period. Debris-flow intensity is estimated by combining
velocities and flow depth as a surrogate for impact force,
which is a proxy of its destructiveness (Jakob et al. 2012).
Since runout modelling and risk analysis follow the
establishment of the frequency-magnitude (F-M)
relationship, any error introduced in its estimate will
propagate through the hazard and risk analyses and
potentially over- or under-estimate risk. By extension this
may lead to over- or under-design of risk reduction
measures.
To establish reliable F-M curves, especially for longer
return periods (sometimes up to a 10,000-year return
period), requires a combination of several absolute dating
methods, test trenching, hydrology, sedimentology and
geomatics applications to interpolate results across a fan’s
surface. It also relies on empirical relationships between
debris-flow volumes and peak flows as well as areas
inundated by debris and their associated volumes. Such

studies can take several months and their costs may range,
depending on the size of the fan and assets at risk, from
tens of thousands of dollars to $1,000,000. While such
capital expenditures are often justifiable for large urban
developments, they are more difficult to justify, or are
affordable, for single land owners who wish to subdivide
their property. In areas where comprehensive studies on
debris-flow or debris-flood frequencies and magnitude
have been conducted, a simple normalization procedure
based on fan area or fan volume can be applied to
approximate F-M relationships and potentially reduce the
need for invasive and costly field investigation.
In this paper, we show how regional frequencymagnitude relationships were used to establish a fan-area
or fan-volume normalized F-M relationship for two study
areas: one focuses on debris flows in southwestern British
Columbia and the other relates to debris floods in the
Canadian Rocky Mountains. The respective regional F-M
curves may be transferred to other locations as a screening
tool with caution. Over time, as more detailed debris-flow
and debris-flood studies are being conducted and feeding
into a common dataset, more regional F-M curves can be
developed and refined.

2

STUDY AREA

Two study areas are considered in this paper, as shown in
Figure 1. One area is located in southwestern B.C.’s Coast
Mountains, and the other is located in the eastern Rocky
Mountains of Alberta, centred around the Town of Canmore
and the Hamlet of Exshaw.

undercut slopes, many of which are criss-crossed by
discontinuities created by earlier tectonic events. Many of
these joints, foliations and faults are favorably oriented for
slope movement and thus exert an important control on
modern-day mass movements (Holm et al. 2004).
2.2

Figure 1. The left-hand circle pertains to the debris-flow
study areas in southwestern British Columbia, and the right
hand circle pertains to the debris-flood study area in
southwestern Alberta.
2.1

Southwestern British Columbia

The main geological structures in the study area are midCretaceous to early Tertiary in age and include systems of
west and east-vergent contractional faults, right-lateral
strike-slip faults and extensional faults. The majority of sites
included in this study are located in the Coast Plutonic
Complex (Wheeler and Gabrielse 1971). One major
volcanic centre is included (Mount Garibaldi, drained by
Cheekye River) with Quaternary volcanic activity.
Quaternary glaciation has strongly influenced
geomorphic processes in the southwestern Coast
Mountains. Extensive blankets of basal and ablation till
mantle slopes at most sites included in this paper.
Mesozoic and late Cenozoic tectonics determined the
major alignment of valleys within the study area, which
developed from prolonged Cenozoic fluvial erosion.
Multiple glaciations during the Pleistocene occurred in
which valleys were deepened and widened. At higher
elevations, glacial landforms developed, including cirques,
horns, arêtes, and overdeepened valley heads. Below
approximately 2200 m, glacial erosion developed rounded
ridges and roche moutonnée features. The erosional
legacy of glaciation was an extensive system of steep,

Southwestern Alberta

The Canadian Rocky Mountains are a fold and thrust belt,
where thick units of more erosion-resistant Paleozoic
carbonates were folded and thrust progressively in a northwesterly direction over more friable Mesozoic sandstones
and shales.
Four main rock sequences can be
characterized in the Canmore region.
The oldest unit at the base is part of the North American
cratonic plate. The next unit is the Pre-Cambrian to LowerCambrian carbonate rock unit composed of weathered
rock. The ~ 6.5 km thick middle carbonate unit consists of
marine carbonates (limestone and dolostone) and shale.
The upper unit (~ 5 km thick) is a young Jurassic to Tertiary
unit of sandstone, shale, conglomerate and coal.
Osborn et al. (2006) describe the final stages of
mountain building as being associated with differential
erosion of various units. The softer Mesozoic rocks led to
rounded mountain tops exposing the underlying rocks that
can support steeper and higher slopes. Most geologic units
flanking Bow River valley are primarily composed of thick
Carboniferous and Devonian successions.
The majority of the rock formations are sedimentary
with minor metamorphic components. Geologic formations
that are more resistant to erosion are more conducive to
the formation of cliffs, while more recessive units tend to
form sloping ledges.
Thrust faults and folds in the region strike in a northwest
to southeast direction. Two common joint sets can be
differentiated: strike joints parallel to the orientation of
bedding planes and dip joints that are perpendicular to
bedding. The main channel of Cougar Creek and adjacent
tributaries is oriented approximately at a right angle to the
main thrust fault belt. The deep incision through the
regional structural grain favours large scale instability in the
watershed, primarily rockslides and rock avalanches.
Large-scale failures of this type can and have travelled into
the valley bottom where they can dam creeks, creating a
sizable impoundment given the low overall creek channel
gradient (5%). BGC (2014b) has documented at least
twelve relic landslide dams along the mainstem channel of
Cougar Creek.

3

METHODS

The hypothesis that guided this study is that the fan area
or fan volume (where reasonably well preserved) is a proxy
for a watershed’s geomorphic activity. Larger or more
voluminous fans should indicate a higher frequency and/or
higher magnitude hydrogeomorphic events compared to
smaller or less voluminous fans. According to this
hypothesis, it should be possible to normalize detailed sitespecific F-M curves by either fan area or fan volume.
Combining several detailed F-M curves and plotting a bestfit line with reasonable statistical fit then provides a

regionally-averaged F-M estimate, which can be used to
estimate F-M curves for creeks where detailed F-M data
are not available. The statistical analysis allows plotting of
confidence or prediction intervals that exemplify expected
error bounds.
BGC completed quantitative debris-flow and debrisflood hazard assessments for 15 steep creek fans in the
Town of Canmore and Municipal District of Bighorn, located
about 100 km west of Calgary. Detailed hazard and risk
assessments were completed for 10 of those fans (BGC,
2014a,b,c,d,e,f; BGC 2015a,b,c,d,e,f,g), seven of which
were prone to debris floods. These fans form the basis for
the regional debris-flood F-M curves for southwestern
Alberta, as presented in this paper.
Several detailed debris-flow hazard and risk
assessments have been completed in southwestern B.C.
for different clients over a period of approximately 10 years.
The studies were carried out over the past 10 years by BGC
Engineering and Cordilleran Geoscience.
The hazard assessments entailed the reconstruction of
detailed F-M relationships for debris floods and debris
flows. The methods to decipher magnitudes and
frequencies of past events included dendrochronology to
date events and delineate previous deposits from impact
scars and reaction wood, and stratigraphic analysis of
natural exposures and backhoe excavated test pits. In
stratigraphic
analysis,
radiocarbon
dating
and
tephrachronology was employed to provide chronological
control for frequency analysis. Empirical formulae relating
debris-flow or debris-flood area to debris volume allowed
back-calculation of debris volumes where only areas had
been measured. In two cases, bimodality was identified in
the population of hydrogeomorphic events and they were
analysed separately. In the case of Cougar Creek (Bow
River Valley), rock slide deposits along the creek channel
provided evidence of episodic landslide damming.
Landslide dams were reconstructed and their respective
breaches were modelled numerically to arrive at peak
discharge and sediment volume estimates. Frequency of
such events were estimated by dividing the number of likely
landslide dams by 10,000 years, which encompasses the
approximate time of deglaciation in the watershed.
In the case of Cheekye River (southwestern B.C.), three
very large events were deciphered. One debris flow, the socalled Garbage Dump event, was reconstructed through
excavator-assisted trenching on the fan and radiocarbon
dating of organic materials found in the deposit. This
allowed extrapolation of the measured thickness in various
trenches. In addition, high resolution LiDAR allowed the
spatial delineation of the Garbage Dump debris-flow
deposit. The other two volumes from Cheekye River debris
flows were estimated indirectly: Evidence of two debris
flows were found in the lake bottom sediments of Stump
Lake (Clague et al. 2003). For debris flows to discharge
into this lake, they would have to overflow a bedrock sill
separating Cheekye River channel from the lake. The
cross-section was measured and the flow velocity
estimated to arrive at a peak discharge estimate. Finally,
an empirical relationship developed by Mizuyama (1992)
between peak discharge and total volume for volcanic
debris flows was employed to arrive at a debris-flow volume
estimate (Clague et al. 2003). Consequently, those two

event volumes are associated with significant error
compared to the Garbage Dump debris flow. The very large
debris flows from the Mount Garibaldi volcanic complex are
thought to originate from rock avalanches evolving into
debris flows and were thus analysed separately from the
events thought to be triggered by heavy rain or rain-onsnow events (Jakob and Friele 2010).
For each project, a frequency-magnitude curve was
established using a combination of techniques but relying
on the Gutenberg-Richter cumulative frequency method
(Gutenberg and Richter, 1954) as well as the Pareto
distribution (summarized in Jakob, 2012).
The regional relations shown in Figures 2, 3 and 4
predict the sediment volume ( ) in m3 generated for
various return period (T) events and normalized by fan area
( ) and fan volume ( ) in km2 or km3. Log fits were added
as they most closely represent the data distributions.

4

RESULTS

F-M curves from southwestern Alberta and southwestern
B.C. for debris floods and debris flows were combined to
produce regional curves normalized by fan area and fan
volume (Figures 2 to 4).
The regional debris-flow relation (Equation 1, Figure 2)
was developed by BGC from the detailed study of nine
creeks in southwestern BC and has a coefficient of
determination (R2) of 0.65.
54,230 ln T

161,714

[Eq. 1]

The regional debris-flood relation (Equation 2, Figure 3)
normalized by fan area was developed by BGC from the
detailed study of seven creeks in the Bow Valley, near
Canmore, Alberta (BGC, 2014d, 2015a, b, c, f) with an R2
of 0.51.
4116 ln T

1786

[Eq. 2]

In the detailed hazard assessment of debris floods and
debris flows in the Bow Valley, BGC also estimated the
volume of fans by comparing the fan surface topography to
the inferred valley bottom surface. These data were used
to create a second regional debris-flood relation normalized
by fan volume (Equation 3, Figure 4). This relation is based
on the detailed study of five creeks and has an R2 of 0.54.
353 ln T

224

[Eq. 3]

In the case of Cougar Creek (Figure 2 and 3), there is a
strong deviation from the regional best fit. Not shown on
Figures 2 to 4 are confidence bands and prediction limits,
though those can be added for the specific creeks as
needed. This can be attributed to Cougar Creek also being
subject to landslide dam outbreak floods, which implies that
a secondary debris-flood generating process is acting in
the watershed. The danger of ignoring such process
bimodality is further stressed in Section 5. In the case of
Mackay Creek (Figure 2), fan erosion has been considered
as a process to increase debris flow volumes. This may

explain the strong deviation from the best fit line in this
case.

Figure 4. Regional frequency-magnitude curve for Bow
Valley debris floods normalized by fan volume.

Figure 2. Regional frequency-magnitude curve for
southwestern B.C. debris flows normalized by fan area.

In the case of debris floods, the amount of debris
available to be mobilized is controlled by the duration of a
rainstorm with sufficient severity that results in discharge
above a critical shear stress threshold for full surface gravel
layer mobilization (typically defined as the mobilization
threshold for the 95%th percentile grain size). This, in turn,
is controlled by the regional meteorology, which again limits
the volume and the intensity of rainstorms. In many cases,
this implies that, for example, a 10,000-year return period
event may not be much larger than a 1,000-year return
period event, unless a bi-modal geomorphic process
distribution can be identified that acts only at higher return
period classes (see the example of Cougar Creek).
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Figure 3. Regional frequency-magnitude curve for Bow
Valley debris floods normalized by fan area.
All graphs (Figure 2 to 4) are plotted as log-log graphs,
yet show an asymptotic best curve fit. The physical basis
for the asymptotic nature of the best fit line lies in the fact
that sediment supply (or water) is limited in most instances.
Debris flows cannot become indefinitely large due to
source material depletion. This is either controlled by the
available sediment in a channel system for supply-limited
watersheds, or by the volume of landslides that may feed
into the debris-flow channel system.

DISCUSSION

Regionally-based debris-flow and debris-flood frequencymagnitude curves are not to be used indiscriminately or in
lieu of detailed hazard assessments, especially where
hydrogeomorphic events can results in severe economic
losses, environmental degradation or life loss. Regional
curves developed in one region are likely not valid in
another without some adjustments. Differences in bedrock
or surface geology or watershed morphometry as well as
the degree of watershed vegetation and regional climate
may, to some degree, invalidate the regional curves
developed elsewhere. However, they are useful at a
screening level in absence of any other method because
the general relationship between fan area/volume and
geomorphic activity persists irrespective of the above
factors.
Another complicating factor is introduced by multiple
processes generating debris flood or flows in a watershed.
For example, a watershed subject to outburst floods in
addition to regular floods may have a deflection point in its
F-M curve that would be masked by lumping of data in the
regional F-M curves. Cougar Creek serves as an example
(Figure 5). Similarly, F-M curves from watersheds with
steep fans that are subjected to fan erosion in the proximal
portions of a fan and re-deposition in the distal fan
segments, may lead to overestimation of debris-flow
volumes for respective return periods.

approximately a 100-year event. However, Jakob et al.
(1997) describe the contribution of sediment in the 1995
event to be largely from the remobilization of fan deposits
rather than from sediment recruited in the watershed. The
process of debris flows described in the F-M relation above
are for the latter (watershed sediment recruitment).
Therefore, while peak flows were relatively low for the 1995
event (250 m3/s, Jakob et al. 1997), corresponding to a 30year return period, the sediment recruitment was atypically
high.
The channel upstream of the fan apex has not been
surveyed by BGC and the volume of entrainable sediment
is unknown. However, between the elevations of 860 m
and 1,150 m, an unstable rock mass has been identified on
air photographs which frequently supplies debris to the
channel.
Figure 5. Frequency-magnitude curve for Cougar Creek,
Canmore. The change from “normal” debris floods to
landslide-generated
outbreak
floods
occurs
at
approximately the 300 year return period.
The methods introduced in this paper are not suitable
for fans that have been truncated by higher-order streams.
In those cases, a measurement of fan area or fan volume
would underestimate the true values and result in
underestimates of debris-flow or debris-flood volumes for
the respective return periods. Finally, for those fans
bordering lakes or oceans, measuring the fan area or
volume could be misleading as parts of the fan are
invariably under water and thus not accounted for on
topographic maps. Therefore, some bathymetry
information is needed, or at least high resolution air photos
or satellite images should be used to trace the fringe of the
fan visible through shallow water.
Figure 6. Application of the regional F-M curve for
southwestern B.C. for Hope Creek.
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APPLICATION

BGC applied the regional debris-flow relation developed for
southwestern B.C. to Hope Creek as part of a screeninglevel study. Such studies are frequently being conducted to
obtain a preliminary understanding of the nature of the
hazard without large capital expenditures necessary for a
comprehensive hazard study. They do not, however,
replace such studies if the screening-level hazard study
indicates a high loss potential.
Hope Creek is located at the fringes of the Town of
Hope, B.C and has a history of large debris flows, including
an event in 1984, two events in 1995 and an event in 2002.
Elements at risk include two highways, a railway, several
buildings and an oil pipeline. The fan area is 0.65 km2
The results (Figure 6) suggest that debris-flow sediment
volumes range from 23,000 m3 for frequent events (30-year
return period) to 210,000 m3 for rare events (1000-year
return period).
The 1995 debris flow on Hope Creek had a volume of
50,000 m3 (Jakob et al. 1997) and the 2002 debris flow had
a volume of 13,000 m3, as estimated by Linear Consulting
and Golder Associates (2002). Based on the F-M relation
for Hope Creek, the 2002 event was approximately a 30year return period event. The volume of sediment
mobilized in the 1995 event was equivalent to

It is somewhat contradictory that the 95% prediction limit
approaches the best fit line. The prediction intervals define
a range of values within which a response is likely to fall
given a specified value of a predictor. In hydrology, the
confidence and prediction limits result in “trumpet” curves
with a widening of the bounds for higher return period. In
this case, a narrowing of the 95% prediction limit for higher
return periods can be attributed to the supply limitations for
all studied fans.
Figure 6 was then used in two ways: First as volume
input for a runout model, and second, to solve an empirical
relationship between peak discharge and total volume of
debris flows to estimate the former. Peak flow rate and
volume was then combined to construct a debris flow
hydrograph as input to a runout model.
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CONCLUSION

A reliable debris-flow risk assessment requires an
underpinning F-M model (Moon et al. 2005). Those are
notoriously difficult and/or costly to develop. Tools to
decipher past events in time and magnitude exist. Absolute
dating methods such as radiocarbon, dendrochronology
and tephrochronology, or varve counting where the

receiving water body is a lake can be combined with
empirical formulae, careful mapping and stratigraphic
analyses to construct F-M data pairs. Application of
extreme value statistics aids to generate F-M curves from
the data and allows attribution of error bounds. Consulting
practice has demonstrated that combination of such
techniques can be very costly and, if not done rigorously,
can lead to erroneous results. An incorrect F-M relationship
will result in false intensity maps and, in cases of
substantial error, fictitious risk estimates. In some cases,
budget restrictions simply do not allow application of such
rigorous methods and lesser effort is still preferable to
poorly supported professional judgment. A regional F-M
relationship, as developed in this paper based on fan area
or fan volume normalization, provides a tool to constrain
debris-flow magnitudes for a variety of return periods with
minimal effort and without the necessity of field studies.
It would be naïve to believe that this method can fully
replace detailed field studies, especially for high
consequence scenarios such as larger urban or industrial
developments. For this reason, the technique presented in
this contribution is not meant to replace the said F-M
estimation methods and rigorous field-based methods. In
Canada, the level of effort appropriate for such studies is
well described, for example, in the APEGBC Guidelines for
Flood Assessments in a Changing Climate (2010) and the
Draft Alberta Guidelines for Steep Creek Risk
Assessments (2015).
Notwithstanding, the methods discussed herein are
beneficial in (a) quickly identifying the scale of a debrisflow- or debris-flood hazard and (b) custom-tailoring efforts
suited for a specific debris-flow or debris-flood risk
assessment. The practitioner using this technique is
cautioned against blind application. An understanding of a
watershed’s geomorphic processes and hazard chains is
still crucial as multiple watershed and fan processes can
invalidate the regional approach.
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NOTES:
1. ALL DIMENSIONS ARE IN METRES UNLESS OTHERWISE NOTED.
2. THIS DRAWING MUST BE READ IN CONJUNCTION WITH BGC'S REPORT TITLED "STEWART CREEK HAZARD AND RISK ASSESSMENT - FINAL," DATED JULY 2017.
3. BASE TOPOGRAPHIC DATA BASED ON LIDAR PROVIDED BY McELHANNEY, DATED AUGUST AND OCTOBER 2013.
4. CREEK GRADIENT IS CALCULATED FROM THE DIGITAL ELEVATION MODEL GENERATED FROM LIDAR DATA AND IS CONSIDERED APPROXIMATE.
5. PROJECTION IS NAD 83 UTM ZONE 11.
6. THE FAN BOUNDARY AS DRAWN IS APPROXIMATE AND DELINEATES THE LANDFORM. THE BOUNDARY SHOULD NOT BE CONSTRUED AS A HAZARD MAP, NOR DOES IT SHOW THE SPATIAL EXTENT OF POTENTIAL FLOODING.
7. UNLESS BGC AGREES OTHERWISE IN WRITING, THIS DRAWING SHALL NOT BE MODIFIED OR USED FOR ANY PURPOSE OTHER THAN THE PURPOSE FOR WHICH BGC GENERATED IT. BGC SHALL HAVE NO LIABILITY FOR ANY DAMAGES OR LOSS
ARISING IN ANY WAY FROM ANY USE OR MODIFICATION OF THIS DOCUMENT NOT AUTHORIZED BY BGC. ANY USE OF OR RELIANCE UPON THIS DOCUMENT OR ITS CONTENT BY THIRD PARTIES SHALL BE AT SUCH THIRD PARTIES' SOLE RISK.
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