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EXECUTIVE SUMMARY
The Fraser Valley Regional District (FVRD) retained BGC Engineering Inc. (BGC) to carry out a
landslide hazard assessment. It focused on estimating probability, runout and encounter
probability at specific locations from rock avalanches1 originating at the informally named Timber
Camp Linears (TCL). BGC understands that this landslide hazard assessment was requested to
help guide land use in areas potentially affected by rock avalanche runout.
The results presented in this report are based on:
• Desktop study.
• Rock avalanche probability estimate.
• Fieldwork at TCL including geomorphic and engineering geological mapping and hand
trenching of linears.
• Rock avalanche runout analysis.
This report does not consider hazard associated with a rock avalanche initiating from slopes other
than the TCL. It does not include a risk assessment for a rock avalanche initiating from TCL and
reaching any downslope infrastructure (residential, recreational, transportation or otherwise). This
report excludes a hazard assessment of other geohazards, such as floods, snow avalanches,
debris flows, debris avalanches and rock falls originating from any slopes or creeks within the
study area including the TCL. This report also does not consider liquefaction potential due to
seismic loading nor provide a full dynamic analysis of potential coseismic landslide triggers.
To help estimate the frequency of rock avalanches at the TCL, a regional rock avalanche
frequency was derived based on an inventory of large rapid rock slope failures identified in the
study area. The regional rock avalanche frequency estimate was adjusted to reflect the conditions
specific to the TCL based on the desktop study and field observations.
Bedrock Geology and Rock Mass Descriptions
BGC determined that the lower part of the slope is composed of massive limestone, fissile limey
shale, and medium- to coarse-grained sandstone. Based on a limited number of outcrops near
the TCL features, the geology of the upper slope was interpreted to be composed of
shale/siltstone and medium- to coarse-grained sandstone. Discontinuity orientation
measurements in the upper and lower slope identified a bedding plane, three main discontinuity
sets, and a potential fourth minor discontinuity set. Based on the limited discontinuity
measurements collected for this project, the upper and lower parts of the slope are considered to
have similar principal discontinuity orientations. The rock mass quality was observed to be highest
in the massive limestone (Geological Strength Index (GSI) range between 45 and 60),
intermediate in the medium- to coarse-sandstone (GSI range between 40 and 55) and lowest in

1

Rock avalanches are landslides defined by Hungr et al. (2014) as: Extremely rapid (> 5 m/s), massive,
flow-like motion of fragmented rock from a large rock slide or rock fall. In this study, large is taken to describe
landslides with a volume greater than 1,000,000 m3.
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the limey shale (GSI range between 30 and 45). Regional tectonic history of the study area could
have resulted in lower rock mass quality of the limey shale due to strain localization.
Geomorphic Observations and Current TCL Activity
BGC noted that individual linear features that collectively form the TCL are assessed as up to 5 m
deep, 25 m wide and 75 m long. No signs of recent (over last few decades) or ongoing largescale slope movement such as soil and/or vegetation disturbance were observed during the site
visits. Desktop mapping to supplement the fieldwork noted that lineaments of similar orientation
were visible in the LiDAR data and in historical aerial photographs in three other locations south
of the TCL. If all the linears observed in the LiDAR and historical aerial photographs are related,
then they:
• Cannot be glacial features since the failure surface of the Cheam Slide where some linears
occur was only exposed post-5,000 BP, after deglaciation.
• Cannot be associated with post-glacial slope relaxation (sackung or deep-seated
gravitational slope deformation (DSGSD)) as they developed long after deglaciation.
• Could be related to bedrock or tectonic fabric.
• Could be related to karst processes
Kinematic Analysis
The kinematic analysis based on the discontinuity orientations measured suggest that planar
sliding, wedge sliding and toppling are feasible failure mechanisms at the TCL slope. Based on
the sub-horizontal tabular block shape observed, planar and wedge sliding are considered to be
more likely failures mechanisms than toppling. The results of the kinematic analysis and lineament
mapping were used to define potential landslide volumes of 45 and 82.5 million m3.
Rock Avalanche Runout Analysis
A three-dimensional landslide runout model was used to estimate the hazard zone associated
with a potential 45 to 82.5 million m3 failure from the TCL. The 3D runout model was calibrated
using the runout extent of the adjacent prehistoric Cheam Slide. The potential splash zone which
could result from undrained loading and liquefaction when a rock avalanche impacts saturated
alluvial sediments in a valley or floodplain was also considered when defining the hazard zone
associated with the maximum runout of a potential TCL rock avalanche.
Rock Avalanche Frequency Assessment
A desktop rock avalanche inventory over a 2,800 km2 rectangular area centred on the TCL slope
allowed the derivation of a regional rock avalanche frequency. A total of 23 rock avalanches were
counted which resulted in a density of 1 rock avalanche per 122 km2 during the last 10,000 years
(or 8.2 * 10-7 rock avalanches per year per km2).
The results of the fieldwork and desktop analyses were considered to adjust the regional rock
avalanche frequency to the conditions specific to the TCL slope (estimated surface area of
1.42 km2). The first step was to consider the spatial distribution of rock avalanches to account for
any clustering near the study area. This was done by estimating the rock avalanche frequency for
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concentric circles of various radius centered on TCL slope. Based on this first step, the regionalscale rock avalanche frequency estimates were updated to a range between 2.15 * 10-6 per year
per km2 and 1.08 * 10-5 per year per km2. The estimated range of rock avalanche frequencies
represents the different assumptions made regarding the area over which the frequency is
estimated. BGC further increased the estimated frequency of rock avalanches at TCL by an order
of magnitude to account for the similar geological conditions (including the identification of two
potential slope failure scenarios) to those previously documented for the adjacent Cheam Slide.
The resulting adjusted estimated rock avalanche frequency for the TCL slope ranges between
2.15 * 10-5 per year (a 1 in 47,000 chance per year) and 1.08 * 10-4 per year (a 1 in 9,000 chance
per year).
An estimated rock avalanche encounter probability is provided for specific areas in the valley
bottom below the TCL. The encounter probability, which refers to the chance of a rock avalanche
reaching specific areas, is sometimes used for land use decisions. BGC found that for the area
described by the red circle (Drawing 01), which coincides roughly with Highway 1, the encounter
probability is approximately 1:9,000. A second orange circle that extends approximately 300 m
beyond the red one is associated with an approximate encounter probability of 1:10,000. Finally,
a green circle that dissects approximately the middle of the Cheam rock avalanche deposit
(immediately northwest of the Cheam Lake wetlands), reflects an encounter probability of
approximately 1:18,000. The estimated encounter probabilities shown on Drawing 01 are highly
sensitive to the results of the rock avalanche frequency estimate and thus should not be
interpreted to be exact representations of the physical truth. However, the FVRD may consider
these lines a useful tool to inform land use decisions.
Summary
The results of the fieldwork and analyses presented in this report suggest that the same
discontinuity orientations thought to have led to the Cheam Slide are present at the TCL. As such,
rock avalanches associated with planar or wedge sliding along discontinuities are possible. No
evidence was identified in the field or in the review of the LiDAR data of recent or ongoing largescale slope deformations. The hazard zones associated with the maximum runout of a potential
TCL rock avalanche were defined by integrating the result from three-dimensional numerical
runout modelling and empirical observations of splash zone which could result from undrained
loading and liquefaction when a rock avalanche impacts saturated alluvial sediments in a valley
or floodplain. Based on the review of a regional rock avalanche inventory, combined with fieldwork
and analyses presented in this report, the probability of a rock avalanche from the TCL is
estimated as a 1 in 9,000 to 1 in 47,000 chance per year. If evidence of large-scale slope
deformations or extensive limestone dissolution are observed in the future, these probability of
occurrence estimates should be re-assessed. Estimated rock avalanche encounter probabilities
were provided for specific area in the valley bottom below the TCL, and range from 1:9,000 to
1:18,000 for locations near the Trans-Canada Highway, or immediately northwest of the Cheam
Lake wetlands, respectively.

N:\BGC\Projects\0409 FVRD\003 Timber Camp\08 Reporting\R1\FVRD_BridalFallsLandslideHazAsses_2018-02-01.docx

BGC ENGINEERING INC.

Page iii

Fraser Valley Regional District
Bridal Falls Landslide Hazard Assessment: Timber Camp Linears - REVISION 1

February 1, 2018
Project No.: 0409003

TABLE OF CONTENTS
EXECUTIVE SUMMARY ........................................................................................................ i
TABLE OF CONTENTS ....................................................................................................... iv
LIST OF TABLES .................................................................................................................. v
LIST OF FIGURES ................................................................................................................ v
LIST OF APPENDICES ...................................................................................................... viii
LIST OF DRAWINGS ......................................................................................................... viii
LIMITATIONS ....................................................................................................................... ix
1.0

INTRODUCTION .......................................................................................................... 1
Scope ....................................................................................................................... 1
1.1.1. Limitations ............................................................................................................. 1

2.0

DESKTOP STUDY ....................................................................................................... 3
Geology .................................................................................................................... 3
Seismicity ................................................................................................................ 5
Climate and Physiography ..................................................................................... 8
Previous Landslide Work in the Bridal Falls Area ............................................. 11
Rock Avalanche Inventory ................................................................................... 14
2.5.1. Methodology ....................................................................................................... 14
2.5.2. Inventory ............................................................................................................. 14
Linear Depressions in Alpine Environments ...................................................... 15

3.0

FIELDWORK .............................................................................................................. 18
Geomorphology and Surficial Geology............................................................... 19
Rock Mass Characterization ................................................................................ 21
3.2.1. Upper Slope Section ........................................................................................... 21
3.2.2. Lower Slope Section ........................................................................................... 23

4.0

KINEMATIC ANALYSIS ............................................................................................ 28

5.0

ESTIMATION OF FAILURE VOLUME AND FREQUENCY ...................................... 32
Geohazard and Linear Feature Inventory Map ................................................... 32
Potential Slope Failure Scenarios ....................................................................... 35
Failure Frequency ................................................................................................. 36
5.3.1. Limitations ........................................................................................................... 39

6.0

NUMERICAL RUNOUT MODELLING ....................................................................... 40
Introduction ........................................................................................................... 40
Modelling Approach and Input............................................................................. 40
6.2.1. DAN3D Overview ................................................................................................ 40
6.2.2. Sliding Surface .................................................................................................... 40
6.2.3. Model Calibration ................................................................................................ 41
Modelling Results.................................................................................................. 42

7.0

DETAILED HAZARD ASSESSMENT ........................................................................ 44
Comparison with Other Rock Slope Assessment Methodologies ................... 44

N:\BGC\Projects\0409 FVRD\003 Timber Camp\08 Reporting\R1\FVRD_BridalFallsLandslideHazAsses_2018-02-01.docx

BGC ENGINEERING INC.

Page iv

Fraser Valley Regional District
Bridal Falls Landslide Hazard Assessment: Timber Camp Linears - REVISION 1

February 1, 2018
Project No.: 0409003

Excess Runout (“Splash Zone”) .......................................................................... 46
Runout Extent Associated with Potential TCL Rock Avalanche ...................... 48
7.3.1. Maximum Credible Runout Extent ...................................................................... 48
7.3.2. Encounter Probability .......................................................................................... 50
7.3.2.1. Limitations ................................................................................................. 54
Encounter Probability Threshold......................................................................... 54
8.0

SUMMARY AND CONCLUSIONS ............................................................................. 56
Geology .................................................................................................................. 56
Current TCL Activity ............................................................................................. 56
Kinematic Analysis ............................................................................................... 56
Rock Avalanche Runout Analysis ....................................................................... 57
Rock Avalanche Frequency Assessment ........................................................... 57

9.0

CLOSURE .................................................................................................................. 58

REFERENCES .................................................................................................................... 59

LIST OF TABLES
Table 2-1.

Rock-stratigraphic units (after Monger 1966). ............................................. 3

Table 7-1.

Rock avalanche encounter probability calculation for select locations on
the Fraser Valley floor below the TCL. ...................................................... 53

Table 7-2.

Summary of large landslide hazard-based management strategies in
BC.............................................................................................................. 55

LIST OF FIGURES
Figure 1-1.

Location map with hillshade representation of the LiDAR data. LiDAR
data used include acquisitions from 2016 for the upper slope, 2015 for
the lower slope, and 2008 for the valley floor. ............................................. 2

Figure 2-1.

Geology of the TCL area (geology from Cui et al. 2015). ............................ 4

Figure 2-2.

Interpreted geological cross section based on Monger (1966) and
additional field observations by BGC........................................................... 5

Figure 2-3.

A) Mean peak ground acceleration, as a fraction of gravitational
acceleration “g” (1g = 9.81 m/s2), at a probability of 2%/50 years for
firm ground conditions (NBCC Site Class C). B) Seismic hazard map. ....... 7

Figure 2-4.

Inventory map of the earthquakes (1700-2010) in southwestern British
Columbia and northwestern Washington (Halchuk et al. 2015). ................. 8

Figure 2-5.

Monthly climate normal between 1981 and 2010 for the Chilliwack (A)
and Agassiz (B) weather stations (data from Environment Canada,
2014). .......................................................................................................... 9

N:\BGC\Projects\0409 FVRD\003 Timber Camp\08 Reporting\R1\FVRD_BridalFallsLandslideHazAsses_2018-02-01.docx

BGC ENGINEERING INC.

Page v

Fraser Valley Regional District
Bridal Falls Landslide Hazard Assessment: Timber Camp Linears - REVISION 1

February 1, 2018
Project No.: 0409003

Figure 2-6.

Study area and inventory of post-glacial rock avalanches in the study
area. .......................................................................................................... 10

Figure 2-7.

Summary of discontinuity orientation data presented in Naumann
(1990) showing the presence of discontinuity sets that could have
provided a failure surface and backscarp (rear release surface) to the
Cheam Slide. ............................................................................................. 11

Figure 2-8.

Conceptual model from Naumann (1990) of the Cheam Slide failure
mechanism as an asymmetrical wedge. .................................................... 12

Figure 2-9.

Timber Camp Linears based on mapping conducted by Cordilleran
Geoscience and Braun Geotechnical on September 13, 2013 (as shown
in the FVRD 2016). .................................................................................... 13

Figure 2-10.

Example of linear depressions in alpine environments created by
different processes A) preferential erosion along geological contacts, B)
glacial meltwater, C) glacial debutressing, D) deep-seated gravitational
deformation................................................................................................ 16

Figure 3-1.

Overview of the field stations visited in November 2016 and February
2017........................................................................................................... 18

Figure 3-2.

Field expression of one of the TCL (BGC photograph, November 29,
2016). See Figure 3- 1 for location. ........................................................... 19

Figure 3-3.

Surficial material interpreted as till exposed at base of overturned tree
within the TCL features (BGC photograph, November 29, 2016). See
Figure 3-1 for location................................................................................ 20

Figure 3-4.

Highly weathered outcrop or colluvium material exposed at base of
overturned tree along the southern edge of the TCL (BGC photograph,
November 29, 2016). See Figure 3-1 for location. .................................... 20

Figure 3-5.

Geology and rock mass observed in the area around the TCL features.
A) a close up of the coarse sandstone unit, B) overview of outcrop with
both shale and medium to coarse-grained sandstone units. Note the
daylighting oblique discontinuity (white line), C) Assessed rock mass
quality range using the GSI chart (BGC photographs, November 29,
2016). ........................................................................................................ 22

Figure 3-6.

Stereonet of discontinuity surface orientations measured at bedrock
outcrops near the TCL features. ................................................................ 23

Figure 3-7.

Geology and rock mass A) Outcrop where the massive limestone unit
overlies fissile limey shale unit, B) Outcrop where fissile limey shale unit
overlies massive limestone unit, C) Rock mass quality estimate using
the GSI chart (BGC photographs, February 25, 2017). ............................. 24

N:\BGC\Projects\0409 FVRD\003 Timber Camp\08 Reporting\R1\FVRD_BridalFallsLandslideHazAsses_2018-02-01.docx

BGC ENGINEERING INC.

Page vi

Fraser Valley Regional District
Bridal Falls Landslide Hazard Assessment: Timber Camp Linears - REVISION 1

February 1, 2018
Project No.: 0409003

Figure 3-8.

Additional structural features observed. A) Minor fold in the limey shale
unit, B) Local daylighting fracture and slickensided surface, C) Sharp
contact between the medium-grained sandstone unit and the massive
limestone unit, D) Potential boudin structures observed in the lower
slope. ......................................................................................................... 26

Figure 3-9.

Stereonet of discontinuity surface orientations measured in the lower
slope section.............................................................................................. 27

Figure 4-1.

Slope map of the TCL based on LiDAR data. ........................................... 29

Figure 4-2.

Summary of kinematic analyses performed for the TCL area. Kinematic
instability fields are highlighted in pink. ..................................................... 30

Figure 4-3.

Re-constructed stereonet kinematic analysis based on average
discontinuity set reported in Naumann (1990). .......................................... 31

Figure 5-1.

Geohazard and linear feature inventory in the study area. ........................ 33

Figure 5-2.

Aerial photograph from 1959 showing the TCL and lineaments to the
northeast and southwest (in the Cheam Slide scar). ................................. 34

Figure 5-3.

Detailed view of the geohazard and linear feature inventory. .................... 35

Figure 5-4.

Potential failure surface scenarios for a rock avalanche initiating from
the TCL. A) assuming a single continuous failure plan with a dip of 30°.
B) Assuming a compound failure surface with planes dipping at 20° and
66°. ............................................................................................................ 36

Figure 5-5.

A) Total inventory area and concentric area used in estimating landslide
frequency, Elevation model based on data from Natural Resources
Canada (NTS 1: 50,000 map sheets). B) Landslide frequency estimates
as a function of the inventory area and criteria for calculating the
inventory area. ........................................................................................... 38

Figure 5-6.

Assumed potential failure area from the TCL slope used to calculate the
rock avalanche frequency specific for this site. ......................................... 39

Figure 6-1.

Rock avalanche deposit thickness for A) Calibrated Dan3D-Flex results
for the Cheam rock avalanche. B) Cheam rock avalanche deposit
depths estimated from LiDAR.................................................................... 42

Figure 6-2.

Modelled rock avalanche deposit thickness for the selected two mobility
ranges A) assuming a single continuous failure plan with a dip of 30°.
B) Assuming a compound failure surface with planes dipping at 20° and
66°. ............................................................................................................ 43

Figure 7-1.

Rapid susceptibility assessment for massive rock slope failure at the
TCL based on the methodology presented in Jaboyedoff et al. (2012). .... 45

N:\BGC\Projects\0409 FVRD\003 Timber Camp\08 Reporting\R1\FVRD_BridalFallsLandslideHazAsses_2018-02-01.docx

BGC ENGINEERING INC.

Page vii

Fraser Valley Regional District
Bridal Falls Landslide Hazard Assessment: Timber Camp Linears - REVISION 1

February 1, 2018
Project No.: 0409003

Figure 7-2.

Histogram of the TCL hazard rating within the rock slope hazard
classification proposed by Hermann et al. (2012). .................................... 46

Figure 7-3.

Estimated Cheam Slide splash zone, defined based on valley floor
morphology as shown in hillshade representation of the LiDAR. .............. 47

Figure 7-4.

Histogram of splash ratio from the published literature and the Cheam
Slide splash zone (Figure 7-3)................................................................... 48

Figure 7-5.

Maximum runout map for potential rock avalanches from Timber Camp
Linears, assuming different mobilities. ...................................................... 49

Figure 7-6.

Cumulative probability of rock avalanches initiating with a certain
volume using the same southwestern British Columbia dataset shown
in Figure 2-6. ............................................................................................. 51

Figure 7-7.

Empirical rock avalanche runout exceedance probability based on a
Western Canada rock avalanche dataset and the method suggested by
McDougall (2017). ..................................................................................... 52

LIST OF APPENDICES
APPENDIX A

ROCK AVALANCHE INVENTORY

APPENDIX B

IMAGERY CONSULTED

APPENDIX C

LIKELY POST-FAILURE VELOCITY (GLASTONBURY AND FELL,
2008)

APPENDIX D

COMPILATION OF INPUT PARAMETERS USED IN PREVIOUS
DAN3D MODELS

LIST OF DRAWINGS
DRAWING 01

CALCULATED PROBAILITY OF ROCK AVALANCHE ENCOUNTER

N:\BGC\Projects\0409 FVRD\003 Timber Camp\08 Reporting\R1\FVRD_BridalFallsLandslideHazAsses_2018-02-01.docx

BGC ENGINEERING INC.

Page viii

Fraser Valley Regional District
Bridal Falls Landslide Hazard Assessment: Timber Camp Linears - REVISION 1

February 1, 2018
Project No.: 0409003

LIMITATIONS
BGC Engineering Inc. (BGC) prepared this document for the account of Fraser Valley Regional
District. 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 a third party makes of this document or
any reliance on decisions to be based on it is the responsibility of such third parties. BGC accepts
no responsibility for damages, if any, suffered by any third party 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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INTRODUCTION

The Fraser Valley Regional District (FVRD) retained BGC Engineering Inc. (BGC) to carry out a
landslide hazard assessment. It focused on estimating probability and runout from rock
avalanches2 originating at the informally named Timber Camp Linears (TCL; Figure 1-1). BGC
understands that this landslide hazard assessment was triggered to help guide land use in areas
potentially affected by rock avalanche runout. Probability of occurrence threshold values for large
landslides have previously been suggested by Cave (1992) for development approvals by local
government, by APEGBC (2010) in their Guidelines for Legislated Landslide Assessments for
Proposed Residential Development in British Columbia (Appendix C) and in the BC Ministry of
Transportation and Infrastructure (MOTI) Natural Hazard Risk Assessment document
(MOTI 2015) for residential development applications.
Scope
The scope of the assessment presented in this report is to estimate the potential rock avalanche
failure mechanisms and associated range in failure volumes, and estimate spatial runout and
encounter probability for rock avalanches originating at the TCL. To achieve these goals, BGC
carried out the following study components:
• Desktop study.
• Rock avalanche probability estimate.
• Fieldwork at TCL including geomorphic and engineering geological mapping and hand
trenching of linears.
• Rock avalanche runout analysis.
• Rock avalanche encounter probability at specific locations.
BGC understands that a second stage assessment focusing on the detailed assessment of rock
avalanche risk may be pursued by FVRD as a follow up study to this report.
1.1.1.

Limitations

BGC’s scope excluded:
• A hazard assessment for a rock avalanche initiating from slopes other than the TCL.
• A risk assessment for a rock avalanche initiating from TCL and reaching any downslope
infrastructure (residential, recreational, transportation or otherwise).
• An assessment of other geohazards, such as floods, snow avalanches, debris flows,
debris avalanches and rock falls originating from any slopes or creeks within the area
shown on Figure 1-1 including the TCL.
• Liquefaction potential due to seismic loading.
• A full dynamic analysis of potential coseismic landslide triggers.

2

Rock avalanches are landslides defined by Hungr et al. (2014) as: Extremely rapid (> 5 m/s), massive,
flow-like motion of fragmented rock from a large rock slide or rock fall. In this study, large is taken to describe
landslides with a volume greater than 1,000,000 m3.
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Figure 1-1. Location map with hillshade representation of the LiDAR data. LiDAR data used include
acquisitions from 2016 for the upper slope, 2015 for the lower slope, and 2008 for the
valley floor. All data was provided by the FVRD.
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DESKTOP STUDY
Geology

The Cascade Mountains in southern British Columbia consist of a central, north-northwest
trending, gneissic and granitic core, flanked on the east and west by belts of sedimentary and
volcanic rocks which locally have been subjected to greenschist facies grade metamorphism
(Monger 1966). The rock units on the north side of the Fraser Lowland appears to be the extension
of the Cascade Mountains as they transition to the Coast Mountains (Monger 1966).
Bedrock around the TCL consists of the Devonian to Permian Chilliwack Group, and Early
Jurassic Cultus Formation (Figure 2-2; Monger 1989). These two units are located west of the
Mount Barr Batholith, which consists of Miocene granodiorite and which outcrops northeast of the
Cheam Range. Table 2-1 details the stratigraphic units described by Monger (1966) for both the
Cultus Formation and Chilliwack Group. Bedding dips gently to moderately to the northeast.
Table 2-1. Rock-stratigraphic units (after Monger 1966).
Age
Late Triassic to Late
Jurassic

Name
Cultus Formation

Lithology
Fine- to medium-grained volcanic arenites,
argillite and slates; very minor flows

Permian Volcanic
Sequence

Altered basic to intermediate flows, tuffs, minor
chert and minor argillite

Early Permian

Permian Limestone

Limestone, typically cherty; in part laterally
equivalent to the Permian volcanic sequence

Upper Clastic
Sequence

Coarse- to medium-grained volcanic arenites,
argillites, local conglomerates, tuffaceous
towards top.

Red Mountain
Limestone

Limestone, typically argillaceous

Lower Clastic
Sequence

Argillites, fine- to medium-grained volcanic
arenites

Permian and (?)
Pennsylvanian
Lower
Pennsylvanian
Lower
Pennsylvanian (?)

Chilliwack Group

Early Permian

Three major tectonic nappes3 separated by flat-lying faults were formed by tectonic deformation
after deposition of the rock units (Monger 1966). The direction of tectonic transport of the nappes
was to the northwest. The Liumchen Nappe thrusts over autochthon4 bedrock, and the McGuire
Nappe thrusts over the Liumchen Nappe. A second phase of deformation was superimposed onto
the structures of this first phase. The principal stress direction during the second phase was
northeast-southwest, and generated reverse faults with northeast dipping faults as well as large
open folds.

Nappes are defined as “giant overturned to recumbent (see footnote 5) folds occupying thrust sheets that
have moved more than approximately 10 km relative to footwall rocks (Ramsay and Huber 1987). Fold
nappes are commonly “rootless”, that is, the thrust sheets do not connect anywhere with rocks and
structures in the autochthonous (see footnote 6) bedrock (Davis and Reynolds 1996).
4
Autochthon refers to bedrock at its original location, prior to tectonic thrusting (Davis and Reynolds 1996).
3
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Figure 2-1. Geology of the TCL area (geology from Cui et al. 2015).

Figure 2-2 shows a cross section interpretation based on observations reported by Monger (1966)
and additional outcrop observations by BGC (see Section 3.2.2). The cross section suggests that
the stratigraphic units of the Chilliwack Group on the northwest side of the mountain, above Bridal
Falls, form a recumbent fold5 and that a thrust fault lies in the lower part of the mountain range. It
should be noted that both Naumann (1990) and Thurber (1991) did not find evidence of the
proposed thrust fault, partly due to the abundant vegetation and ruggedness of the terrain.

5

Recumbent fold means that a fold lies on its side (Davis and Reynolds 1996).
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Figure 2-2. Interpreted geological cross section based on Monger (1966) and additional field
observations by BGC.

Surficial geology maps of the valley floor and lower slopes of the western portion of the study area
were compiled by Armstrong (1977) and Levson et al. (1996). Bedrock is locally overlain by up to
2 m of glacial, colluvial, or eolian (minor) sediments. Thicker accumulations of till, glaciofluvial and
glaciomarine sediments have been mapped in valleys, such as the Chilliwack River Valley. In the
Fraser Lowland, sediments consist predominantly of fluvial sandy gravels and silty sand floodplain
deposits. Several alluvial fans and landslide colluvium flank the adjacent slopes. Locally,
lake/marsh sediments overlay glaciofluvial and colluvial sediments. The debris of the Cheam Slide
overlays glaciofluvial and lake/marsh sediments (Orwin et al. 2004).
The Pleistocene glacial history of British Columbia was summarized by Clague and Ward (2011).
After a series of glacial advances and retreats between 13 to 10.5 14C ka before present (BP), the
ice sheet occupying the Fraser Lowland retreated east of Abbotsford and the aerial extent of
glaciers in the Coast Mountains by 9.5 14C ka BP is considered to be similar to present day
(Clague and Ward 2011). The topography of the study area shows numerous characteristics of
previously glaciated terrain, including U-shaped valleys, hanging valleys, and cirques. At the peak
of the most recent phase of Pleistocene glaciation (the Fraser Glaciation) the Fraser Lowland was
covered by more than 1,800 m of ice (Armstrong 1981).
Seismicity
Earthquakes can trigger rock avalanches. Consequently, it is important to consider regional
seismicity in the hazard assessment of the TCL.
The seismicity of the study area is relatively high (Figure 2-3), due to the proximity to the Cascadia
subduction zone located west of Vancouver Island. Keefer (2002) suggested that earthquakes
with a magnitude greater than Magnitude 6 can be considered as capable to trigger rock
avalanches. Figure 2-4 shows the distribution of earthquakes between 1700 and 2010 in
southwestern British Columbia and northwestern Washington (Halchuk et al. 2015), illustrating
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the presence of earthquakes with magnitude greater than Magnitude 6 almost exclusively along
the subduction zone.
Several studies have demonstrated that, although high magnitude earthquakes are frequent in
southwestern British Columbia, earthquakes are only one of the potential triggers for rock
avalanches. Although there are examples of rock avalanches triggered by earthquakes
(e.g., Jibson et al. 2006) several cases in the study area are not associated with seismic events
(e.g., Naumann 1990; Clague and Shilts 1993; Weichert et al. 1994; Delaney and Evans 2014).
In summary, no large earthquakes that could have triggered rock avalanches were recorded in
the study area between 1700 and 2010 (Halchuk et al. 2015). Distal large magnitude earthquakes
(e.g., relationship from Keefer 1984 and 2002) and cyclic loading from numerous small
earthquakes (e.g., Gishig et al. 2015) can both influence the stability of rock slopes through
progressive rock mass weakening. These two factors are accounted for implicitly in the regional
rock avalanche inventory compiled. Therefore, the estimated hazard frequency includes
earthquake-triggered landslides.
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Figure 2-3. A) Mean peak ground acceleration, as a fraction of gravitational acceleration “g”
(1g = 9.81 m/s2), at a probability of 2%/50 years for firm ground conditions (NBCC Site
Class C6). B) Seismic hazard map. Both maps are based on the 2015 edition of the
National Building Code of Canada (NRCan 2016).

6

Site Class C is defined by the NBCC (2015) as a location having very dense soil and soft soil with an
average shear velocity from 360 to 760 m/s, average standard penetration resistance greater than 50 blows
per 30 cm of advance, soil undrained shear strength greater than 100 kPa. These are the average
properties in the top 30 m of the soil profile.
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Figure 2-4. Inventory map of the earthquakes (1700-2010) in southwestern British Columbia and
northwestern Washington (Halchuk et al. 2015).

Climate and Physiography
Climate and physiographic setting can influence the occurrence of rock avalanches. Rainfall and
snowmelt affect pore water pressure changes along rock discontinuities, which can trigger rock
avalanches. Physiography explains the distribution, relief and steepness of mountain slopes.
The valley bottom in the study area is part of the coastal Western Hemlock Moist Sub-Maritime
biogeoclimatic zone (MFLNRO 2014). At subalpine elevation, the area consists of the Mountain
Hemlock Maritime Mountain zone, characterized by cool and wet climate. Above tree line, it
transitions to the Alpine Tundra zone. The climate normal for the Chilliwack and Agassiz
meteorological stations (in the Fraser Valley) for the period between 1981 and 2010 (Environment
Canada 2014) are summarized in Figure 2-5. The Chilliwack station is located at latitude 49.17°N,
longitude 121.92°W, and an elevation of 11 metres above sea level (masl). The Agassiz station
is located at latitude 49.24°N, longitude 121.76°W, and an elevation of 15 masl. A significant
amount of the precipitation amounts shown in fall as snow on the upper part of the slope in the
winter and spring time.
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Figure 2-5. Monthly climate normal between 1981 and 2010 for the Chilliwack (A) and Agassiz (B)
weather stations (data from Environment Canada, 2014).

The study area of the rock avalanche inventory includes most of the Skagit Range, the Fraser
Lowland around the Chilliwack area, and the southern tip of the Coast Mountains (Figure 2-6).
The Skagit Range consists of the southwestern part of the Cascade Mountains in British Columbia
(Monger 1966). It is characterized by steep and rugged topography, and high relief. The elevation
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relief between Bridal Falls, located in the Fraser Lowland, at the base of the Cheam Range, and
Cheam Peak (2,107 masl), about 4 km eastward, is approximately 2,000 m. The TCL are located
on the northern flank of the Cheam Range, upslope of Bridal Falls, at an elevation of
approximately 900 masl. This northern flank transitions to the low relief and flat slopes of the
Fraser River Floodplain. North of the flat Fraser Lowland, the southern tip of the Coast Mountains
consists of lower mountains reaching elevations up to approximately 1,300 masl.

Figure 2-6. Study area and inventory of post-glacial rock avalanches in the study area. Digital
elevation model based on data from Natural Resources Canada (NTS 1: 50,000 map
sheets).

Numerous alluvial/colluvial fans have developed at the base of the Cheam Range, at the edge of
the Fraser Lowland. In addition, the debris of a large (175 million m3) rock avalanche (the Cheam
Slide) was deposited at Bridal Falls. Mass movements including landslides, rockfalls, debris flows
and snow avalanches are common along the mountain slopes and stream channels.
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Previous Landslide Work in the Bridal Falls Area
The Bridal Falls areas has a long history of slope instability at all scales. This review of previous
work includes both the hazard assessment for large rock slope instabilities with volume greater
than 1,000,000 m3 and the previous work related to the TCL.
A preliminary assessment of geotechnical hazards for the Bridal Falls area was undertaken by
Golder Associates (1984). Although the report mentions the occurrence of several major ancient
landslides in the area, including the Cheam Slide, this type of mass movement was not part of
the scope of this preliminary hazard assessment for new developments. The Cheam Slide was
first described in a bachelor’s thesis by Smith (1971). Subsequently, Naumann (1990)
investigated the Cheam Slide and interpreted the geometry of the failure as a large asymmetrical
wedge. The wedge is formed by the intersection of a southwest plane dipping at 21° towards
NNW (340°), and a northeast plane dipping at 39° towards W (265°) (Figure 2-7). The southwest
plane was shown to correspond to a thrust fault, while the orientation of the northeast plane was
observed to correspond to the orientation of a joint set. A backscarp with a dip of 85° towards
WNW (295°), appears to be controlled by another joint set (Figure 2-8). Orwin et al. (2004)
characterized the Cheam Slide deposit.

Figure 2-7. Summary of discontinuity orientation data presented in Naumann (1990) showing the
presence of discontinuity sets that could have provided a failure surface and backscarp
(rear release surface) to the Cheam Slide.
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Figure 2-8. Conceptual model from Naumann (1990) of the Cheam Slide failure mechanism as an
asymmetrical wedge.

Naumann (1990) noted the presence of graben-like features (the TCL) on a spur northeast of the
Cheam Slide source area. He suggested that their formation could be related to either tension
forces associated with the development of the Cheam Slide, or by relaxation of the oversteepened
slope from glacial debuttressing. The presence of these features highlighted the possibility of a
future large-scale slide at this location. Thurber (1991) was contracted to review the slide
potential.
Thurber (1991) suggested that the TCL may also represent meltwater erosion features. However,
a recent re-evaluation by Cordilleran Geoscience and Braun Geotechnical (CGBG 2014)
suggested that the linears represent slope distress features. CGBG (2014) identified four 15-20 m
tall, scarps sloping downhill interspersed with parallel linears with upslope facing, 2-4 m tall scarps
(Figure 2-9). CGBG (2014) estimated the hazard level associated with rock avalanche to be
greater than 1 in 10,000 per annum and possibly greater than 1 in 2,500 per annum.
CGBC (2014) also noted the presence of tension cracks at two other locations to the south and
northwest of Cheam Peak, respectively. These features highlight the possibility for landslide
initiation at other locations within the study area. The feature to the northwest of the peak had
previously been noted by Hardy BBT (1991). BGC did not visit those locations as it was outside
the stated scope (Section 1.1).
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Figure 2-9. Timber Camp Linears based on mapping conducted by Cordilleran Geoscience and
Braun Geotechnical on September 13, 2013 (as shown in the FVRD 2016).
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Rock Avalanche Inventory
2.5.1.

Methodology

Rock avalanches usually occur only once at a given location (or in the rare cases where they
occur more than once, it can be thousands of years between events). It is therefore not possible
to calculate frequencies of occurrence for a specific slope based on repeated events, such as
commonly done for debris flows or rock falls. Instead, a regional rock avalanche inventory was
developed to characterize the frequency of rock avalanches in the region surrounding the TCL.
If rock avalanches are inventoried over a specific region, a regional spatial average can be
calculated by dividing the number of rock avalanches by the area of investigation. Given the
assumption that all the catalogued rock avalanches occurred during the past 10,000 years
(i.e., following deglaciation), one can then determine the annual regional average (the frequency)
by dividing the spatial density average by 10,000 years. This regional frequency density can then
be adjusted for the area of the slope of interest using site specific desktop and field observations
to estimate a range of rock avalanche frequency specific to the area of interest.
For this study, rock avalanches are inventoried to allow an estimation of their frequency given
their occurrence in the last 10,000 years. Rock avalanche is defined by Hungr et al. (2014) as:
Extremely rapid (> 5 m/s), massive, flowlike motion of fragmented rock from a large rock slide or
rock fall. Only rock slope failures with a volume greater than 1,000,000 m3 were included in the
inventory. This corresponds to a volume threshold commonly used in references for rock
avalanches with high mobility (Hsu 1975; Glastonbury and Fell 2010). Where no volume
information was available from the published literature for the rock slopes considered in this study,
a scar area of 100,000 m2 was used as a proxy (i.e., assuming a 10 m thick failure depth). The
following sections summarize this process, and Section 5.3 describes how the results were
adjusted for site specific observations for the TCL.
2.5.2.

Inventory

A regional inventory of rock avalanches (Figure 2-6) was compiled using previously published
work (Savigny 1994; Evans and Savigny 1994; Thomson 1998; Orwin et al. 2004) and by
reviewing the available Google Earth imagery and aerial photographs. The inventory area was
centered on the TCL and extended 70 km to the east and west and 40 km to the north and south
(see blue box on Figure 2-6). The inventory for this project only included landslides that occurred
since the last glaciation (~10,000 years ago), as pre-glacial or glacial rock avalanches are
obscured or no longer identifiable due to glacial erosion.
Features of deep-seated gravitational slope deformations (DSGSD), such as uphill facing scarps
or ridge top trenches and graben, were identified at numerous locations within the inventory area.
In addition, large scale DSGSD, involving significant parts or even entire mountain flanks, were
observed at five locations. DSGSD, also called mountain slope deformation, sackung, or rock
mass creep, are defined by Hungr et al. (2014) as: Large-scale gravitational deformation of steep,
high mountain slopes, manifested by scarps, benches, cracks, trenches and bulges, but lacking
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a fully defined rupture surface. Extremely slow or unmeasurable movement rates. As this mass
movement type does not move rapidly and has limited travel distance, they were not included in
the inventory. However, it should be noted that, over time, slow mountain slope deformations can
sometimes evolve into extremely rapid rock avalanches (Pedrazzini et al. 2013), or they can
deform at a slow to very slow rate for millennia (Hippolyte et al. 2012). The DSGSDs were not
included in the inventory compiled for this project because it is not possible to know if they will
eventually fail rapidly.
Twenty three rock avalanches were identified within a 2,800 km2 area (see Section 5.3 for
adjusted value excluding valley bottom) that meet the threshold criteria described above. A list of
the rock avalanches identified, including their location and size estimates, is provided in
Appendix A. BGC believes that our inventory captures the majority of past rock avalanches,
because rock avalanches with volumes greater than 1,000,000 m3 leave a detectable legacy on
the landscape. This is also validated by comparing our rock avalanche density estimate with other
studies (e.g., Savigny 1994; Thomson 1998).
Linear Depressions in Alpine Environments
The purpose of this section is to review the processes that can lead to the formation of linear
depressions in alpine environment. The presence of the TCL north the Cheam Slide scar has
been known since the work of Naumann (1990). A better understanding of the TCL is important
because they are common features in high alpine environments of British Columbia that have
been interpreted as precursors to large-scale slope failures.
Linear depressions can be the expression of one of four processes:
1. Preferential erosion along a geological or tectonic boundary (Figure 2-10A).
2. Erosion along a lateral moraine glacial meltwater channel (Figure 2-10B).
3. Slope deformation associated with glacial debuttressing (Figure 2-10C).
4. Deep-seated gravitational slope deformation (Figure 2-10D).
Preferential erosion along a geologic contact can occur when one type of rock is weaker than the
neighbouring one. Tectonic boundaries, such as faults, represent zones of weaker material, as
the rock mass may be more fractured and can be eroded more easily or be weakened by the
development of often clay-rich fault gouge. Holland (1976) discusses numerous locations in
British Columbia where these linear depressions associated with geological or tectonic
boundaries form large-scale features in the landscape.
Lateral meltwater channels are small creeks that are found along the margins of an ice sheet or
glacier, between the ice and the hillside. The water erodes channels that create linear depressions
in the hillside which can run parallel or slightly oblique to the contours of the hillside instead of
running dirrectly down slope (Kumar 2011).
Glacial debuttressing refers to the conditions of lateral stress release in the valley sides
associated with glacier downwasting and retreat. While glaciers and ice sheets rounded off
serrated ridges and peaks during glaciations, they also tended to oversteepen slopes. This was
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accomplished by glacial scour over many thousands of years. Such scour can remove toe
support, leading to daylighting of steeply-dipping discontinuities. It can also steepen an existing
slope such that the factor of safety approaches unity. During valley glacier occupation, the ice
itself buttresses the slope. Once the glaciers have disappeared, this buttress no longer exists,
and rock slopes can deform in response to the new stress conditions (McColl 2012). Some of the
others factors (convergence of glaciers, slope morphology, deglaciation sequence, geology, and
tectonics) that contribute to the post-glacial adjustment of a slope are discussed in McColl (2012).

Figure 2-10. Example of linear depressions in alpine environments created by different processes
A) preferential erosion along geological contacts, B) glacial meltwater, C) glacial
debutressing, D) deep-seated gravitational deformation. The number in each panel
refers to BC Government aerial photographs. The red line in each panel provide the
general orientation of linear depressions.

Deep-seated gravitational slope deformations (DSGSDs) have been described in mountainous
regions around the world (Agliardi et al. 2012; Panek et al. 2015). DSGSDs were not included in
the regional avalanche inventory for this project because it is not possible to know if they will
eventually fail rapidly. The following description of DSGSDs has been included for technical
completeness.
No single deformation mechanism has been identified for DSGSDs, as they develop through
complex interactions between the lithology, structure, height and shape of mountains, stress
conditions, seismicity and human activity (Agliardi et al. 2012). DSGSDs have often been
associated with deglaciation, but a review of the literature by Panek et al. (2015) has found that
DSGSDs can also occur in areas that have not been glaciated. Linear depressions such as the
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TCL have been previously interpreted as evidence of DSGSDs in British Columbia (Bovis and
Evans 1996).
In summary, it may be difficult to identify a single process responsible for the TCL oriented parallel
to the topographic contours. Detailed surface and sub-surface investigations are needed to
conclusively determine the genesis of these features. One aspect of the fieldwork performed as
part of this project aimed to test whether evidence of deformation along these linear depressions
could be documented irrespective of their origin. Should the presence of active deformation along
these linear depressions be documented, it would provide an argument to adjust (conservatively)
the regional rock avalanche frequency estimates presented in Section 5.3. Conversely, the
absence of documented movement along the linear depressions would support the adoption of
the regional rock avalanche frequency estimates presented in Section 5.3.
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FIELDWORK

Drs. Matthias Jakob (P.Geo.) and Marc-André Brideau (P.Geo.) conducted a site visit on
November 29, 2016. During the field visit, field orientation was provided with an iPad with GPS
functionality that included the locations of the observation points from CGBG (2014). A few of the
same field sites were visited for comparison with the observations recorded as part of the CGBG
(2014) work. A follow up site visit was conducted by Dr. Brideau on February 25, 2017 to acquire
additional discontinuity orientation measurements in the lower part of the slope. The locations
investigated during both field visit by BGC are provided in Figure 3-1.

Figure 3-1. Overview of the field stations visited in November 2016 and February 2017. Timber
Camp Linears sites visited by CGBG (2014) are provided for reference.
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Geomorphology and Surficial Geology
Geomorphic observations including width, length and depth of selected linears along with
observations of potential recent slope movement (soil and/or vegetation disturbance) were
collected at 19 stations along the previously identified TCL (Figure 3-1). The linears were
observed to be up to 5 m deep, with width of 25 m and length of 75 m (Figure 3-2). Pistol butted7
trees were occasionally noted in association with the linears but they were not frequent and rather
than related to slope deformation, may be associated with other processes (trees leaning on
others, snow creep). No signs of recent soil or vegetation disturbance were noted. The lack of
evidence indicative of recent or ongoing slope movement is consistent with the work of Thurber
(1991) and CGBG (2014). The presence of an old logging road was also noted amongst the TCL
features.
Shallow (< 50 cm deep) hand dug soil pits were excavated and soil exposures associated with
fallen trees were visited to assess the texture of the surficial material. The surficial material on the
plateau where the TCL are found is consistent in texture and lithology with till (Figure 3-3) while
the surficial material on the interpreted side-scarp of the Cheam Slide was interpreted to be
colluvium (Figure 3-4).
In summary, the field observations noted that the visited TCL are up to 5 m deep, 25 m wide and
75 m long. No signs of recent or ongoing large-scale slope movement were observed during the
site visits. This is consistent with previous work at the TCL. A previously not reported observation
is that the texture and appearance of the surficial material inside the TCL is consistent with till.

Figure 3-2. Field expression of one of the TCL (BGC photograph, November 29, 2016). See
Figure 3- 1 for location.

7

Pistol-butted trees show lower stem bending that may be due to the tree adjusting for ground movement

FVRD_BridalFallsLandslideHazAsses_2018-02-01

BGC ENGINEERING INC.

Page 19

Fraser Valley Regional District
Bridal Falls Landslide Hazard Assessment: Timber Camp Linears - REVISION 1

February 1, 2018
Project No.: 0409003

Figure 3-3. Surficial material interpreted as till exposed at base of overturned tree within the TCL
features (BGC photograph, November 29, 2016). See Figure 3-1 for location.

Figure 3-4. Highly weathered outcrop or colluvium material exposed at base of overturned tree
along the southern edge of the TCL (BGC photograph, November 29, 2016). See
Figure 3-1 for location.
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Rock Mass Characterization
This is important to identify if either bedrock structure, bedrock strength or both may be
responsible for future rock avalanches. This in turn allows an understanding how unstable the
rock slope is which in turn informs BGC’s hazard assessment via an adjustment of rock avalanche
frequency.
Observations of the geology and rock mass characteristics were collected at 14 stations
(Figure 3-1). Discontinuity orientation measurements were collected at nine of these stations.
The objectives of the geology and rock mass characterization conducted at the TCL were to:
• Confirm the distribution of the geological units anticipated based on the desktop study.
• Describe the geologic units.
• Characterize the rock mass quality to determine if a potential rock avalanche is likely to
be controlled by the existing structures, the rock mass strength, the intact rock strength or
a combination of those factors.
The rock mass is described per the intact rock strength, weathering grades and discontinuity
persistence categories outlined in ISRM (1978 and 1981). Rock mass quality is characterized in
this report using the Geological Strength Index (GSI) (Marinos et al. 2005, 2007). Field
observations are summarized below for the upper and lower slope sections.
3.2.1. Upper Slope Section
Bedrock observations and rock mass characterization were obtained at three field stations in the
area surrounding the TCL features (Figure 3-1). Two bedrock lithologies were observed:
• Shale/siltstone unit
• Medium to coarse-grained sandstone with volcanic clasts (Figure 3-5A).
These two units are interpreted to correspond to the Upper Clastic Unit from the Chilliwack Group
(Table 2-1 and Figure 2-2).
The limited number and extent of outcrops led to uncertainties in characterizing and comparing
the two different lithological units and as such the same geotechnical values were assigned to
each. The intact rock strength of both units was estimated to be between R3 (can be fractured
with single blow of rock hammer) and R4 (requires more than one block from rock hammer to be
fractured). Due to the presence of bedding and four discontinuity sets (Figure 3-5B), the GSI
structure was characterized as very blocky to blocky, disturbed, and seamy. The GSI surface was
characterized as good to fair based on the predominantly planar or undulating and rough
discontinuities. Based on these observations, the GSI range was estimated to be between 40 and
55 (Figure 3-5C). The GSI ranges along with rock strength and weathering estimates suggest that
the stability of the slope is anticipated to be structurally controlled with some lesser influence from
the rock mass strength (Hoek and Bray 1981; Brideau et al. 2009).
Figure 3-6 presents a spatial distribution of the limited number of discontinuity orientations
measured. The low number of orientation measurements primarily reflect the paucity of rock
outcrops, although additional field effort would likely add to the data set. Four discontinuity sets
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and a bedding set can be identified in Figure 3-6. The average slope orientation of 32°/326°
(dip/dip direction) was added to the stereonet for reference. This orientation is consistent with the
327° slope dip direction mentioned in Naumann (1990). The orientations of DS1 and DS2
measured by BGC are consistent with the two joint sets reported by Naumann (1990; Figure 2-7).

Figure 3-5. Geology and rock mass observed in the area around the TCL features. A) a close up of
the coarse sandstone unit, B) overview of outcrop with both shale and medium to
coarse-grained sandstone units. Note the daylighting oblique discontinuity (white line),
C) Assessed rock mass quality range using the GSI chart (BGC photographs,
November 29, 2016).
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Figure 3-6. Stereonet of discontinuity surface orientations measured at bedrock outcrops near the
TCL features.

3.2.2. Lower Slope Section
More extensive and better quality outcrops were observed in the lower slope below the TCL
plateau. Many of those outcrops are slope cuts along forestry roads. Some natural cliffs were also
visited. Three different lithologies were observed which are, in order of increasing elevation from
the start of the forestry service road:
• Fissile8 shale to limey shale unit (marl).
• Alternating 1 to 3 m thick beds of massive9 limestone and fissile limey shale (marl).
• Alternating 1 to 3 m thick beds of massive limestone and laminated10 medium-grained
sandstone.
The fissile shale to limey shale unit and the massive limestone are interpreted to correspond to
the Red Mountain Limestone Unit from the Chilliwack Group (Table 2-1 and Figure 2-2). The
medium-grained sandstone was interpreted to correspond to the Upper Clastic Unit from the
Chilliwack Group. The fissile limey shale unit was found both above and below the massive
limestone unit suggesting that these units are interbedded (Figure 3-7A and B). The fissile limey
shale was estimated in the field to have an intact rock strength of R3 while the massive limestone
is estimated as having a R4 strength. The fissile limey shale had a weathering grade between
W1.5 (Discolouration on major discontinuity surfaces) and W2 (Discolouration indicated

8

Tendency of shale to split on thin sheet of rock as it weathers.
Little to no depositional structures (e.g., bedding) noted.
10
Thin layers in sedimentary rocks associated with changes in sediment supply during deposition.
9
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weathering of rock material and discontinuity surfaces) while the massive limestone had an
estimated weathering grade of W1.5.

Figure 3-7. Geology and rock mass A) Outcrop where the massive limestone unit overlies fissile
limey shale unit, B) Outcrop where fissile limey shale unit overlies massive limestone
unit, C) Rock mass quality estimate using the GSI chart (BGC photographs,
February 25, 2017).

Karst11 dissolution features were not observed in the outcrop visited and while they have been
reported anecdotally in Thurber (1991) and CGBG (2014) neither of these previous works
observed it first-hand. Additional discussion about kart terrain is available in Section 5.1.
The estimated GSI range of the massive limestone unit was estimated as between 45 and 60
while the GSI range for the fissile limey shale unit was estimated as between 30 and 45
(Figure 3-7C). The difference in estimated GSI range between these units is due to the persistent
fissile nature of the limey shale unit which corresponds to a blocky, disturbed, and seamy GSI
structure. The GSI ranges along with rock strength and weathering estimates suggest that the
stability of the limestone rock mass is anticipated to be structurally controlled with some influence
from the rock mass strength while the stability of the limey shale unit could be strongly influenced

The term “karst” applies to a distinctive type of landscape that develops from the dissolving action of
water on soluble bedrock, primarily limestone and marble (Stokes et al., 2010). Karst landscapes are
characterized by fluted and pitted rock surfaces, shafts, sinkholes, sinking streams, springs, subsurface
drainage systems, and caves.
11
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by its rock mass strength and to lesser extent by its structural component (Hoek and Bray 1981;
Brideau et al. 2009). The medium-grained sandstone observed in the lower slope is assigned the
same GIS range (40-55) as observed in the upper slope. The GSI ranges along with rock strength
and weathering estimates suggest that the stability of the slope is anticipated to be structurally
controlled with some lesser influence from the rock mass strength (Hoek and Bray 1981; Brideau
et al. 2009).
A series of structural and erosional features were observed in the lower slope outcrops
(Figure 3-8). At the location mapped as a daylighted failure plane by CGBG (2014) on Figure 2-9,
the fissile fabric of the limey shale was observed to be overall sub-horizontal with minor folding
(Figure 3-8A). An interpreted daylighting intact rock structure (as it did not appear to form a set)
was the only discontinuity with persistence greater than 2 m that was identified as a potential
kinematic planar sliding surface (Figure 3-8B). A sharp, potentially erosional, contact was
observed between the medium-grained sandstone and the massive limestone (Figure 3-8C).
Figure 3-8D provides a different view of the same outcrop as in Figure 3-8C which suggest that
tectonic deformation features known as boudins12 may have occurred.
While the preliminary geological and geotechnical outcrop mapping conducted as part of this
study does not constitute a quantitative characterization of the strain-localization13 phenomena in
the limey shale and medium-grained sandstone relative to the massive limestone, it provides
supportive observations that it has occurred. Potential-strain localization in the limey shale unit
could have important implications for the stability of the TCL slope as it could result in not only an
overall lower rock mass strength but also with a potential anisotropy 14. The lower intact rock
strength, higher weathering grade and lower GSI range of the shale and limey shale unit all
support that this weaker unit may have accommodated more strain than the surrounding massive
limestone. The conceptual model proposed by Monger (1966) and modified by BGC (Figure 2-2)
which suggests that the Cheam Slide scar and the Timber Camp Plateau are located along an
overturned fold and thrust system would be consistent with the range of tectonic deformation
structures observed.

12

Boudins are defined in Davis and Reynolds (1996) as: Boudins form as a response to layer-parallel
extension (and/or layer-perpendicular flattening) of a stiff layers enveloped top and bottom by mechanically
soft layers. In other words, boudins form by tectonic deformation and create stiff rock pieces surrounded by
soft rock material.
13
Strain-localization takes place where a greater amount of deformation occurs in the soft layer
comparatively to the stiff.
14
Strength anisotropy refers to a material that is weaker in one or more direction.
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Figure 3-8. Additional structural features observed. A) Minor fold in the limey shale unit, B) Local
daylighting fracture and slickensided15 surface, C) Sharp contact between the mediumgrained sandstone unit and the massive limestone unit, D) Potential boudin structures
observed in the lower slope. Same outcrops as shown in Figure 3-8C.

The discontinuity orientation measurements collected in the lower slope suggest that one bedding
and three discontinuity sets (DS) are present (Figure 3-9). These are broadly consistent with the
discontinuity sets identified in the upper slope section (Figure 3-6). DS4 noted in the upper slope
15

Slickensided surfaces refer to the smoothly polished surface caused by frictional movement between
rocks.
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section was not as clearly defined in the lower section. DS1 and DS2 correspond to the northeast
failure plane and backscarp joint sets identified by Naumann (1990) in association with the Cheam
Slide (Figure 2-7).

Figure 3-9. Stereonet of discontinuity surface orientations measured in the lower slope section.

In summary, based on a limited number of outcrops near the TCL features, the geology of the
upper slope was interpreted to be composed of shale/siltstone and medium- to coarse-grained
sandstone. The lower part of the slope is composed of massive limestone, fissile limey shale, and
medium- to coarse-grained sandstone. Discontinuity orientation measurements in the upper and
lower slope identified a bedding plane, three main discontinuity sets, and a potential fourth minor
discontinuity set. The rock mass quality was observed to be highest in the massive limestone
(GSI range between 45 and 60), intermediate in the medium- to coarse-sandstone (GSI range
between 40 and 55) and lowest in the limey shale (GSI range between 30 and 45). Regional
tectonic history of the study area could have resulted in lower rock mass quality of the limey shale
due to strain localization. This is consistent with the modified cross-section from Monger (1966)
of an overturned fold shown in Figure 2-2. Based on the moderate rock mass quality and intact
rock strength observed in the outcrop mapping, a structurally-controlled failure mechanism is
likely at TCL. Kinematic analyses are conducted in Section 4.0 to evaluate if the discontinuity
orientation measures can lead to feasible structurally failure mechanisms.
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KINEMATIC ANALYSIS

The purpose of a kinematic analysis is to identify feasible structurally-controlled failure
mechanisms, such as planar sliding, wedge failure and toppling. It considers discontinuity
orientation, slope orientation and the friction angle along the discontinuity surfaces. A kinematic
analysis asks the questions: (a) Is a slope failure kinematically possible along observed geological
structures?; and (b) If so, what mechanisms of slope failure are possible? The stereographic
techniques for the kinematic analysis of these simple slope failure mechanisms are described in
Richards et al. (1978).
A kinematic analysis does not calculate a factor of safety and, as such, does not constitute a slope
stability assessment which was also outside of BGC’s scope.
The stereonets from the upper (Figure 3-6) and lower (Figure 3-9) slope sections have the same
number of discontinuity sets which also have similar orientations. The number of discontinuity
measurements (N=18 for upper section and N=43 for the lower section) is too low to demonstrate
that the variability in the discontinuity set orientations in both slope sections represents distinct
structural domains. As the mapped upper and lower slope areas have a limited number of
discontinuity measurements and similar discontinuity sets, the kinematic analyses are completed
by combining the discontinuities measured in the upper and lower slope sections. A slope
orientation of 50°/326° is used in the kinematic analyses performed for the TCL area. This slope
orientation was selected based on a review of the slope map of the TCL and slope below the TCL
(Figure 4-1). Extensive natural cliffs with slope angle of 50° or more were noted in the lower slope.
These cliffs could represent location were discontinuities could daylight facilitating the
development of a slope failure. In the kinematic analyses that were performed, the friction angle
along all discontinuities was assumed to be 25° based on the planar/undulating and rough
discontinuity surface conditions observed in shale and limestone. As no site specific laboratory
test results are available to constrain the friction angle used, Barton (1976) and Kulhawy (1975)
were consulted for representative values. For a wedge or planar type failure mechanism to be
kinematically feasible, the controlling discontinuity or the line of intersection of discontinuities must
have a dip greater than the friction angle along the discontinuity surface. The zone of instability is
represented by red zones in Figure 4-2.
The results of the kinematic analysis shown in Figure 4-2 suggest that planar sliding is feasible
on DS1, wedge sliding is feasible along the intersection of DS1/DS3 or DS1/DS2, and toppling is
feasible along DS4. While measured discontinuities fall in the instability zone of all three of the
failure mechanisms assessed, it does not mean that all these failure mechanisms are likely. Only
a few of the measured DS1 and DS4 discontinuities fall in the planar sliding and toppling zone
respectively. Columnar-shaped blocks which facilitate the development of toppling failures were
not observed during the field visits. Sliding along DS1 (with kinematic lateral release from DS3)
or the intersection of a broad DS1/DS2 wedge (also potentially with a kinematic release
contribution from DS3) appear to be the most likely failure mechanisms. It should be noted that
the centre of the DS1 set as measured in the study area falls outside the planar sliding instability
zone but the contouring associated with the spatial distribution of DS1and two of the measured
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discontinuity orientations do fall in the planar sliding instability zone. Due to the limited number of
field measurements, it was considered enough evidence to regard planar sliding a feasible failure
mechanism.
The wedge geometry suggested by Naumann (1990) was re-constructed in Figure 4-3. Based on
the average discontinuity set orientations provided, a wedge failure would only be kinematically
possible for an effective friction angle of 20°. Based on the criteria by Hocking (1976) wedge
sliding would be favoured over the planar sliding mechanism. When considering the limited
outcrop visited by Naumann (1990) and also for this study, the kinematic analysis from these two
studies are broadly consistent and both recognize the importance of DS1 oriented geologic
structures in influencing slope stability at this site.

Figure 4-1. Slope map of the TCL based on LiDAR data.
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Figure 4-2. Summary of kinematic analyses performed for the TCL area. Kinematic instability fields
are highlighted in pink. In Figure 4.2A and 4.2B example planes that meet the kinematic
criteria are provided for illustration. In Figure 4.2B multiple points representing
intersections of measured discontinuities that lie within the potential wedge instability
zone are also illustrated.
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Figure 4-3. Re-constructed stereonet kinematic analysis based on average discontinuity set
reported in Naumann (1990). Kinematic wedge instability field is highlighted in pink

In summary, the tabular block shape observed in the field and the discontinuity orientations
measured suggest that planar and wedge sliding are the most likely failures mechanisms for a
potential rock avalanche initiating from the TCL. The kinematic analyses conducted for this project
are broadly consistent with the previous work from Naumann (1990) and indicate the potential for
planar or wedge type instability.
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ESTIMATION OF FAILURE VOLUME AND FREQUENCY
Geohazard and Linear Feature Inventory Map

The principal objective of the geohazard and linear feature inventory mapping is to assess the
spatial distribution and activity of these features as an indicator of the extent and activity level of
a potential large scale slope deformation. Evidence suggesting that an active large scale slope
deformation is present would then be used to adjust the rock avalanche frequency estimate for
the TCL slope (Section 5.3). The inventory map was generated by reviewing the aerial
photographs listed in Appendix B along with previous mapping by CGBG (2014) and BGC (2015).
Eleven debris avalanches and three debris flows are mapped on the slope below the TCL plateau.
These surficial material landslides are interpreted to be associated with forest harvesting activities
and the landscape disturbances due to resource roads network, rather than being a consequence
of ongoing large scale rock mass movements. A small (50 m wide and 70 m long) potential
bedrock slump was also noted (Figure 5-1) along northern edge of Cheam Slide scar. Field
observations noted that this site was comprised of bedded limestone with an overall benched
topography and local erosion features. Hillshade representation of the LiDAR also indicate a
depression that could be representative of karst (limestone dissolution).
The mapped linear features include:
• Lineaments which represent geomorphic features of uncertain origin.
• Timber Camp Linears which are specific sets of lineaments of uncertain origin.
• Tension cracks where open features along discontinuities were observed or expected due
to rock mass gravitational deformation.
Two series of lineaments similar to the TCL were noted to the southwest in the hillshade
representation of the LiDAR data. One of the series of lineaments is located along the failure
surface of the Cheam Slide while the other is located 3.2 km southwest at the top of a 650 m a.s.l.
bench. The presence of these two additional sets of linears with broadly consistent orientation
than the TCL suggest that the TCL may not be a unique feature in the Skagit Range. Aerial
photograph from 1959 (shortly after the area was harvested) shows that the TCL and lineaments
along the Cheam Slide failure surface are visible (Figure 5-2). If all the linears are related, then
they:
• Would not be glacial features since the failure surface of the Cheam Slide where some
linears occur was only exposed post-5,000 BP, after deglaciation.
• May not be associated with post-glacial slope relaxation (sackung or DSGSD) as they
developed long after deglaciation.
• May be related to bedrock or tectonic fabric.
• Could be related to karst processes if limestone beds are presented at the core of a fold
as interpreted in Figure 2-2.
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Figure 5-1. Geohazard and linear feature inventory in the study area.
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Figure 5-2. Aerial photograph from 1959 showing the TCL and lineaments to the northeast and
southwest (in the Cheam Slide scar).

The geohazard inventory mapping noted the occurrence of at least four debris avalanche at the
western edge of the TCL plateau (Figure 5-1 and Figure 5-3) since 1948. These four debris
avalanches are located in a concave slope section (Figure 5-3) which could represent a potential
landslide scar. The potential landslide scar is under the 100,000 m2 considered in the rock
avalanche inventory but it could represent a significantly larger volume event than the debris
avalanches noted in the historical aerial photographs. Alternatively, this landform could have
formed due to a series of debris avalanches over the last 10,000 years. A landform that could
represent a potential landslide debris deposit was identified in the LiDAR (Figure 5-3). The
potential landslide deposit appears to be smaller than the landslide scar but anthropogenic
(human caused) landscape changes could have remove evidence of the original extent. Another
scenario that could explain the small potential landslide deposit is that the failure may have
occurred against stagnant or retreating ice at the end of the last glaciation, hence some of the
deposit was removed by glaciation.
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Figure 5-3. Detailed view of the geohazard and linear feature inventory.

Potential Slope Failure Scenarios
Identification of slope failure scenarios is key to the hazard assessment as the kinematic analyses
evaluate the feasibility of planar sliding, wedge sliding, and toppling failure mechanisms, but does
provide information about the size of rock mass that could potentially fail. The results of the
kinematic analyses were combined with the geomorphic mapping and topography to identify two
potential failure scenarios.
The first scenario considers a single plane forming a potential failure surface. It assumes a dip of
30° which corresponds to the slope gradient of the area interpreted to be the Cheam Slide failure
surface (Figure 5-4A). This scenario corresponds to a potential failure volume on the order of
45 million m3. This dip of 30° is shallower than the DS1 field values recorded during the site visits
(Figure 4-2). Potential failure surfaces with a dip greater than 30° result in small landslide volumes
that are not anticipated to generate rock avalanches (i.e., large rock fall or rock slide).
The second scenario considers a bi-planar failure surface composed of the interpreted backscarp
of Cheam Slide and a basal plane with a 20° dip (Figure 5-4B). The orientation of the backscarp
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is estimated based on the upper-most 50 m of the Cheam Slide scar and is broadly consistent
with work by Naumann (1990) and the DS2 orientation measured by BGC (Figure 4-2). The
orientation of the basal plane is based on nearby bedding measurements from (Monger 1966)
and the approximately horizontal bedding measurements from BGC above the Bridal Veil Falls.
The potential thrust fault as shown on Figure 2-2 could represent a zone of weak rock mass at
the base of the conceptual unstable block. This scenario corresponds to a potential failure volume
on the order of 82.5 million m3.
Both potential slope failure scenarios were defined based on observations at the TCL or from
surrounding geological mapping (Monger 1966). Their slope stability conditions have not been
assessed.

Figure 5-4. Potential failure surface scenarios for a rock avalanche initiating from the TCL. A)
assuming a single continuous failure plan with a dip of 30°. B) Assuming a compound
failure surface with planes dipping at 20° and 66°.

Failure Frequency
The 23 rock avalanches identified within the inventory area using the
Section 2.5 correspond approximately to one rock avalanche per 122
10,000 years (or 8.2 * 10-7 rock avalanches per year per km2). This value
one rock avalanche per 140 km2 reported by Savigny and Clague (1992)

criteria described in
km2 during the last
is comparable to the
for the Fraser Valley
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and Fraser Canyon areas. A degree of conservatism can be introduced by subtracting the valley
bottom (assumed to be any area with an elevation less than 100 m a.s.l.) and areas with slope
gradient less than 20° (e.g., lakes and slopes in Quaternary sediments) from the study area, as
these represent terrain with very low potential to generate rock avalanches. Based on this revised
area, the estimate of the rock avalanche frequency for the study area is one rock avalanche per
66 km2 during the last 10,000 years (or 1.52 * 10-6 rock avalanches per year per km2).
The regional rock avalanche frequency estimates assume that the potential for a rock avalanche
to be triggered is constant over the entire study area (i.e., assuming negligible site-specific
geological and structural conditions) and that there is no trend in rock avalanche activity due to
climate change or rock mass relaxation. To assess the sensitivity of the rock avalanche frequency
to geologic or structural conditions, the inventory was queried in terms of increasing distance from
the TCL. The uncertainty with rock avalanche frequency estimates for a region presented in this
report is greater away from the TCL slope than at the TCL slope as less information (imagery,
LiDAR, discontinuity orientations) is available for areas away from the TCL.
Figure 5-5 summarizes the rock avalanche frequency estimates as a function of a circular area of
increasing radius centered on the TCL. It shows that the annual frequency of rock avalanches
decreases with increasing inventory area. For example, within a 10-km radius (area of ~314 km2
= [π * {10 km}2]), three rock avalanches have occurred within the past 10,000 years, giving an
annual frequency of 9.5 * 10-7 rock avalanches per year per km2 = (3 rock avalanches / [314 km2
* 10,000 years]). The TCL slope has an area of approximately 1.42 km2 (Figure 5-6), so the annual
frequency of rock avalanches at the TCL would be 9.5 * 10-7 rock avalanches per year per km2 *
1.42 km2 = 1.36 * 10-6 rock avalanche per year.
The Figure 5-5 results suggest that all rock avalanche frequency estimates, regardless of the area
correction used, fall within one order of magnitude and range from 2.15 * 10-6 per year16 to 1.08 *
10-5 per year17 at the TCL. BGC further increased the estimated frequency of a rock avalanche at
the TCL by an order of magnitude to account for the same discontinuity set orientation considered
to have resulted in the Cheam Slide being observed at the TCL upper and lower slope sections.
The adjusted TCL estimated rock avalanche annual frequency ranges between 2.15 * 10-5 per
year (1 in 47,000 chance per year18) and 1.08 * 10-4 per year (1 in 9,000 chance per year19). The

16

2.15 * 10-6 rock avalanche per year16 = (1.42 km2 * 1.51 * 10-6 rock avalanche per year per km2) where
1.51 * 10-6 rock avalanche per year per km2 = [23 rock avalanches / {(40 km x 70 km – 1,281 km2) *
10,000 years} where 1,281 km2 is the area within the 40 km x 70 km rectangle that has a slope gradient
less than 20°.
17
1.08 * 10-5 rock avalanche per year = (1.42 km2 * 7.6 * 10-6 rock avalanche per year per km2) where
7.6 X 10-6 rock avalanche per year per km2 = [3 rock avalanches / {(π * [5 km]2 – 39 km2) * 10,000 years}
where 39 km2 is the area within a circle with a 5 km radius that has a slope gradient less than 20°.
18
Rock avalanche probability of occurrence estimate rounded to the nearest 1,000 year to reflect the
uncertainty associated with assumptions made.
19
Rock avalanche probability of occurrence estimate rounded to the nearest 1,000 year to reflect the
uncertainty associated with assumptions made.
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range of 1 in 47,000 to 1 in 9,000 chance per year reflect the uncertainty associated with
estimating rock avalanche frequency based on the information available.

Figure 5-5. A) Total inventory area and concentric area used in estimating landslide frequency,
Elevation model based on data from Natural Resources Canada (NTS 1: 50,000 map
sheets). B) Landslide frequency estimates as a function of the inventory area and
criteria for calculating the inventory area.
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Figure 5-6. Assumed potential failure area from the TCL slope used to calculate the rock avalanche
frequency specific for this site.

5.3.1.

Limitations

The method of estimating rock avalanche frequency via regional inventory is primarily suited for
screening level analyses. The runout exceedance estimates are based on a rock avalanche event
database that is being developed and expanded. However, in absence of repeated rock
avalanches from this site a regional approach is considered to only viable approach to estimate
site specific rock avalanche frequency. The rock avalanche frequency estimates could also be
adjusted based on widespread and ongoing limestone dissolution (karst) which affects the slope
stability or due to large-scale and ongoing slope deformation. The rock avalanche frequency
estimates for the TCL were not further adjusted to account for limestone dissolution or slope
movement as the desktop review and field inspection did not identify evidence that these are
widespread and ongoing. Evaluation of recent large-scale slope movement was done by
assessing for vegetation and soil disturbance along with localized small-scale rock fall20 which
only provide information about potential slope movement over the last few decades. Should
evidence of widespread and ongoing large-scale slope movement or limestone dissolution be
observed on the TCL slope in the future, it would provide grounds to revise the rock avalanche
frequency estimates provided in this report for this site.

20

Small-scale rock fall can occur in association with large-scale slope deformation. They are used in the
empirical rock avalanche susceptibility classification system discussed in Section 7.1.
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NUMERICAL RUNOUT MODELLING
Introduction

Numerical modelling of rock avalanche motion provided the basis for the estimation of the impact
area and corresponding intensities of a potential rock avalanche originating on the TCL. This
section describes the rock avalanche numerical modelling approach, input and results.
This modelling assumes a landslide from the TCL of the volume range estimated in previous
sections. It assumes that the landslide develops the mobility of a rock avalanche. Glastonbury
and Fell (2008) proposed an empirical methodology to assess the post-failure velocity of a
landslide. The limited geomechanical information available for the TCL does not allow for the use
of the full probabilistic assessment of the post-failure landslide velocity proposed by Glastonbury
and Fell (2008). However, the decision tree assessment proposed by the same authors suggest
that should the TCL develop as a large landslide, it has about an 85% chance of resulting in a
rapid to very rapid landslide (Appendix C).
Modelling Approach and Input
6.2.1.

DAN3D Overview

Rock avalanche runout modelling was carried out using the three-dimensional numerical model
DAN3D-Flex (Aaron and Hungr 2016). DAN3D-Flex was developed specifically for the analysis
of rapid landslide motion across complex 3D terrain and is well-suited to the simulation of rock
avalanches. Initially, the model simulates the landslide as a coherent mass that rotates and
translates over the input topography. At a user-specified location, the mass fragments and turns
flow-like. DAN3D-Flex requires the following inputs:
• A digital elevation model (DEM) of the topography in the study area, which defines the
sliding surface across which the simulated landslide travels.
• A corresponding DEM that delineates the extent and thickness of the initial landslide.
• User-specified resistance parameters that control how fast and how far the simulated
landslide travels.
6.2.2.

Sliding Surface

The sliding surface that was used for the runout modelling was based on a compilation of the
2016 (upper slope), 2015 (mid-slope), 2014 (mid-slope) and 2008 (valley floor) bare earth LiDAR
data provided by the FVRD. This data was resampled to a 10 m x 10 m grid, and smoothed to
reduce surface roughness and increase model stability. This resampling and smoothing results in
the loss of some topographic details, however due to the large volume of the cases analyzed it is
expected that this loss of detail will not significantly affect the flow dynamics.
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Model Calibration

The user-specified resistance parameters are usually obtained through back-analysis. The
Cheam rock avalanche, located adjacent to the TCL, as well as 16 other case histories (see
Appendix D) were used to calibrate the model.
Both the frictional and Voellmy models (Voellmy 1955) were used to calculate flow resistance for
the runout modelling. The frictional model, which is governed by a friction angle, was used to
calculate flow resistance during initial movement of the rock avalanche in the upper slopes. The
Voellmy model was used to calculate resistance once the mass vacated the upper slopes and
interacted with path material. This rheology is governed by two parameters:
• A friction coefficient, f .
• A turbulence parameter, , which produces a velocity-dependent resistance that tends to
limit flow velocities (similar to air drag acting on a falling object).
Aaron & Hungr (2016), Brideau et al. (2012) and McDougall et al. (2006) show that dynamic
models which calculate flow resistance using these two rheological models approach can provide
reasonable estimates of rock avalanche impact area and velocity.
Consistent with previous numerical runout back-analyses, a constant friction angle of 15°
(representing the effective friction once the rock mass has mobilized) was used in the upper
slopes. Two sets of Voellmy parameters, corresponding to high and low mobility, were selected
for forward analysis of the potential failures on the Timber Creek Linears.
As shown in Figure 6-1, back analysis of the adjacent Cheam rock avalanche resulted in best fit
parameters of f = 0.1 and  m/s2. Figure 6-1 shows that the back-analysis reproduced well
the observed extent of the main deposit (as discussed in Section 7.2, there is a ‘splash zone’
surrounding the main deposit that was not simulated with the model). The rock avalanche is
simulated to travel further than the distal end of the deposit (as observed on the LiDAR). The true
distal end of the deposit has likely been eroded by the Fraser River, and therefore appears shorter
in the LiDAR hillshade of the present-day topography. The simulated distal deposit depths appear
to be thinner than those derived from the LiDAR data, likely due to uncertainties in the pre-failure
topography. The parameters derived from the back-analysis of the Cheam rock avalanche were
selected for the high mobility case (Appendix D). These parameters are consistent with other high
mobility, large volume rock avalanches that impacted saturated substrate (Hungr and Evans
1996; Aaron and Hungr 2016, Aaron unpublished data). For rock avalanches that impact
unsaturated substrate materials a friction coefficient of f = 0.2 and  m/s has provided good
results in previous analyses (Aaron, unpublished data/Appendix D). This parameter combination
was selected for the low mobility case.
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Figure 6-1. Rock avalanche deposit thickness for A) Calibrated Dan3D-Flex results for the Cheam
rock avalanche. B) Cheam rock avalanche deposit depths estimated from LiDAR. Note
that the Cheam rock avalanche has undergone approximately 5,000 years of erosion.
The extent of the interpreted main deposit is based on the valley floor morphology as
observed in the hillshade LiDAR.

Modelling Results
The forward analysis results corresponding to the two potential failure scenarios identified in
Section 5.2 are shown in Figure 6-2. The simulated impact area appears to be insensitive to the
initial volume, because the runout distance is controlled by the presence of hummocky topography
associated with the Cheam Slide deposit. The simulated deposit depths for the compound failure
surface (shown on Figure 5-4) are thicker compared to those derived for the continuous failure
plane scenario, since the failed volume is greater.
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Figure 6-2. Modelled rock avalanche deposit thickness for the selected two mobility ranges A)
assuming a single continuous failure plan with a dip of 30°. B) Assuming a compound
failure surface with planes dipping at 20° and 66°.
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DETAILED HAZARD ASSESSMENT
Comparison with Other Rock Slope Assessment Methodologies

This section combines a series of engineering geology techniques (rock mass characterization,
kinematic analysis, geohazard and lineament inventory mapping, and regional rock avalanche
inventory) to assess the potential of the TCL to transform into a long runout rock avalanche. Rock
avalanches are rare events and often exhaust the source area of unstable debris, which precludes
further rock avalanches from occurring at the exact same location. This section uses three
published empirical classification system to compare the results of the TCL hazard assessment
to other potentially unstable slopes and rock avalanches.
In recent years, two new rock slope hazard assessment methods have been proposed by
Jaboyedoff et al. (2012) and Hermanns et al. (2012, 2013). These qualitative susceptibility and
hazard assessments of the TCL do not correspond to a probability of rock avalanche occurrence.
They provide a relative ranking based on attributes observed at the TCL that have been
documented at previous large rock slope failures.
The rapid massive rock slope failure susceptibility assessment methodology proposed by
Jaboyedoff et al. (2012) combines the strain rate, rock fall activity and spatial distribution to derive
a susceptibility category. Based on field observations, the velocity of the TCL is estimated as has
moved (the linear depressions can be considered as evidence of past movement), and the strain
distribution ranges from significant deformation at the head to insignificant deformation at the toe,
implying large internal deformation. Rock fall talus is present at the southeastern edge of the TCL.
The source of the rock fall is the steep cliffs that forms the ridge leading to the Peak of Mount
Archibald. Therefore, a rapid massive rock slope failure susceptibility category of at the boundary
between low and moderate has been assigned for the TCL.
The methodology proposed by Hermanns et al. (2012 and 2013) is a hazard scenario-based
system derived from the Norwegian experience in assessing large unstable slopes that can cause
loss of life. The system focuses on structural criteria (existence of a back-scarp and sliding
surface, as well as lateral failure boundaries) and analysis of the slope activity (landslide velocity,
change in deformation rate, rock fall activity history or prehistoric events). Because it may be
difficult to assign discrete categories to each of these parameters, the methodology assigns
probabilities to account for the uncertainty. Based on the field and desktop characterizations of
each parameter, a relative score is calculated for the TCL. The summary results suggest hazard
class for the TCL is dominantly low (74%), with a lesser probability of medium (19%) and very low
(7%) overall hazard classes (Figure 7-2). This results should be interpreted with caution as the
applicability of this methodology has not been demonstrated for Canadian sites and the TCL
assessment is based on a desktop and preliminary field assessment of the site.
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Figure 7-1. Rapid susceptibility assessment for massive rock slope failure at the TCL based on the
methodology presented in Jaboyedoff et al. (2012).
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Figure 7-2. Histogram of the TCL hazard rating within the rock slope hazard classification
proposed by Hermann et al. (2012).

Excess Runout (“Splash Zone”)
The “splash zone” is a feature sometimes observed on the outer margin of rock avalanche debris
(e.g., Cruden and Hungr 1986; Mathews and McTaggart 1978; Iverson et al. 2015). It consists
typically of an area of the landslide deposit at the margin of the main mass with relatively smooth
surface morphology composed of a thin layer of fine-grained sediments, which contrasts with the
otherwise hummocky, thick and coarse-grained rock avalanche deposit. The splash zone forms
as the result of undrained loading and liquefaction when a rock avalanche impacts saturated
alluvial sediments in a valley or floodplain. Orwin et al. (2004) discussed that this process is
thought to have occurred in association with the Cheam Slide. These authors inferred that the
Cheam Slide impacted a lake or swampy zone when it impacted the floodplain of the Fraser
Valley. A potential splash zone associated with the Cheam Slide is defined based on valley floor
morphology (Figure 7-3).
Based on a review of 12 rock avalanche case studies (Figure 7-4), BGC estimates that the runout
distance of a rock avalanche that generates undrained loading of valley/floodplain sediments,
liquefaction, and formation of a splash zone could be increased by 50%, on average. This
represents a splash zone ratio of 0.5 where the ratio is defined as the travel distance of the distal
liquefied fine-grained material (as measured from the edge of coarse debris) divided by the travel
distance of the main coarse rock avalanche debris. As an example, the splash zone extent of the
Cheam Slide is 5,100 m and the travel distance of the rock avalanche debris is 3,000 m. Thus the
splash zone is 2,100 m (Figure 7-3). For this study, the formation of a splash zone can reasonably
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be expected because of the presence of present-day Cheam Lake and associated sediments
within the debris of the Cheam Slide.

Figure 7-3. Estimated Cheam Slide splash zone, defined based on valley floor morphology as
shown in hillshade representation of the LiDAR. The splash would have also extended
north but has likely be altered and overprinted by fluvial erosion and deposition by the
Fraser River.
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Figure 7-4. Histogram of splash ratio from the published literature and the Cheam Slide splash
zone (Figure 7-3).

Runout Extent Associated with Potential TCL Rock Avalanche
Estimating the runout extent associated with a potential TCL rock avalanche was completed in
two steps. In the first step, results from the DAN3 numerical model (Section 6.0) were combined
with empirical estimates of a potential “splash zone” that describes the marginal muddy
displacement zone associated with rock avalanches (Section 7.2) to generate a maximum
credible runout map. While this approach provides a useful maximum credible runout hazard
scenario, the probability of the maximum runout is not specified, which challenges land use
planning. In the second stage, empirical runout relationships and event frequency estimates from
the regional rock avalanche inventory were combined to estimate the encounter probability of
specific locations in the potential runout area of a TCL rock avalanche.
7.3.1.

Maximum Credible Runout Extent

The results of the numerical runout modelling and literature review of potential splash zone were
combined in a runout extent map for a potential TCL rock avalanche (Figure 7-5). The figure
represents the relative likelihood that an area on the floodplain will be affected by rock avalanche
debris should a rock avalanche initiate from TCL, based on different assumptions of rock
avalanche mobility. In increasing relative debris impact likelihood, the zones are:
• The zone based on the modelled runout extent of a low mobility failure. As runout
conditions would be at the lower end of assumed mobility from that typically observed.
• The zone based on the modelled runout extent of a high mobility failure. As runout
conditions would be at the higher end of assumed mobility from that typically observed.
• The zone based on the estimated “splash zone” associated with a high mobility runout
model21 (assumed to be an additional 0.5 times the runout length between the base of the
slope and the travel distance of the coarse debris deposit component, or 50% further than
the coarse deposit runout from the base of slope). This scenario is included as “splash
zones” are not always reported but could occur when a rock avalanche reaches a large
river valley floor.
There is currently no methodology to assign runout probability of exceedance from DAN3D model
results.

A “splash zone” could also develop for a rock avalanche having the lower mobility modelled. It was not
shown on Figure 7-5 to avoid clutter.
21
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Figure 7-5. Maximum runout map for potential rock avalanches from Timber Camp Linears, assuming different mobilities.
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Encounter Probability

BGC estimated the likelihood of rock avalanche runout to a specific location in the Fraser River
valley (also known as the “encounter probability”), for select radial distances from the TCL.
The total likelihood of a rock avalanche reaching a specific distance on the valley floor, 𝑃(𝑆: 𝐻) is
a function of the probability of occurrence for a rock avalanche failing as a single mass with a
volume greater than 1 million m3, 𝑃(𝐻), the likelihood it has a certain volume, 𝑃(𝐻)𝑉𝑖 , and the
chance that such a rock avalanche will reach the specific location, 𝑃(𝑆: 𝐻)𝑉𝑖 . Accordingly, the
probability of intersection 𝑃(𝑆: 𝐻) can be calculated using the following formula:
𝑃(𝑆: 𝐻) = ∑ 𝑃(𝐻) × 𝑃(𝐻)𝑉𝑖 × 𝑃(𝑆: 𝐻)𝑉𝑖

(7-1)

For this calculation, the lower value of 1:9,000, estimated from the regional rock avalanche
inventory (Section 5.3) was used for 𝑃(𝐻) which represents the probability of occurrence of any
volume of rock avalanche greater than 1 million m3.
Rock avalanches volumes and frequencies, like other natural hazards, are characterized by
smaller events occurring more frequently than larger ones. To estimate the regional rock
avalanche magnitude-frequency relationship, the area of the rock avalanche scar identified in
Section 2.5 was used to estimate their volume using the relationship proposed by Guzzetti et al.,
2009, where the area (𝐴) is related to the landslide volume (𝑉) by:
𝑉 = 0.074 × 𝐴1.450
2)

(7-

The resulting cumulative frequency plot of the rock avalanche volume in the study area is
presented in Figure 7-6. This was used to estimate the probability of frequency for three rock
avalanche volume classes: 1 to 5 Mm3, 5 to 13 Mm3 and 13 to 83 Mm3. This allows estimates of
the combined and incremental likelihood of occurrence for rock avalanches of a certain volume.
For example, should a rock avalanche occur, it would have a 50% chance of being up to 5 Mm3
in volume, a 16% chance of being 13 Mm3 and the remaining chance of 34% (100% - 66%) for a
rock avalanche of up to 83 Mm3. These volume classes and corresponding probability of
occurrence were based the approximate distribution of rock avalanche volumes within the
regional inventory study area. The mean, the one standard deviation, and the remaining extreme
volume range of the distribution defined the 50%, 16% and 34% volume class categories.
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Figure 7-6. Cumulative probability of rock avalanches initiating with a certain volume using the
same southwestern British Columbia dataset shown in Figure 2-6. Probability for the
TCL were not adjusted upwards as there was no evidence of recent movement.

The probability of intersection for a specific rock avalanche volume was estimated using an
approach presented by McDougall (2017) which uses an empirical rock avalanche runout
database to obtain a runout exceedance probability. A database of Canadian rock avalanche
runout was compiled by BGC to derive runout exceedance probability specific to Western Canada
(Figure 7-7).
A ratio between the elevation difference between the top of the landslide scar and the toe of the
deposit (H) and the horizontal distance travelled (L) was calculated for the three locations shown
in Drawing 01. These H/L ratios, or runout angle, were then used to estimate the probability of
spatial intersection of a location on the map for a specific rock avalanche volume shown in Table
7-1. For example, Location 1 (red circle) has a calculated H/L ratio of 0.50 (i.e., representing a
rock avalanche that would travel horizontally twice as far as it traveled vertically). For a 5 Mm3
rock avalanche volume, the yellow lines in Figure 7-7 suggests a 95% probability of a rock
avalanche of that volume running at least that far. In other words, it is almost certain that given a
5 Mm3 rock avalanche occurrence that an element at risk along the red line would be reached.
The smaller the H/L ratio (or the lower the runout angle), the lower the chance that a rock
avalanche will reach the specific location.
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The orange and green circles in Drawing 01 show locations further away from the base of the
mountain with lower runout angles.

Figure 7-7. Empirical rock avalanche runout exceedance probability based on a Western Canada
rock avalanche dataset and the method suggested by McDougall (2017). The yellow
lines refer to an example discussed in the text while the blue lines refer to the volume
classes considered in Table 7-1.

The cumulative encounter probability (Equation 7-1) was then calculated for the three circles on
the valley floor below the TLC shown in Drawing 01. Table 7-1 summarizes the components of
the calculation.
Table 7-1 states that locations along the red circle in Drawing 01, have a 0.00011 (0.01%) annual
chance of being reached by any rock avalanche greater than 1 million m3. This is analogous to
an approximate return period of 9,000 years. In case of locations along the orange circle on
Drawing 01, this probability decreases to 0.0001 or a return period of approximately 10,000 years.
Finally, for locations along the green circle, the annual probability of being reached by any rock
avalanche further declines to 0.00006 or a return period of approximately 18,000 years.

FVRD_BridalFallsLandslideHazAsses_2018-02-01

BGC ENGINEERING INC.

Page 52

Fraser Valley Regional District
Bridal Falls Landslide Hazard Assessment: Timber Camp Linears - REVISION 1

February 1, 2018
Project No.: 0409003

Table 7-1. Rock avalanche encounter probability calculation for select locations on the Fraser Valley floor below the TCL.
Encounter
Locationi

Annual Probability of
Occurrence of any
Rock Avalanche >
than 1 Mm3ii
P (H)

Rock
Avalanche
Volume
Class
Considered
1 to 5 Mm3

1 (red
circle)

1:9,000

1:9,000

0.000053

0.16

0.97

0.000017

13 to 83 Mm

0.34

0.98

0.000037

1 to 5 Mm3

0.50

0.82

0.000046

5 to 13 Mm

0.16

0.90

0.000016

13 to 83 Mm3

0.34

0.95

0.000036

0.50

0.45

0.000025

0.16

0.50

0.000009

0.34

0.58

0.000022

5 to 13 Mm3

3

1 to 5 Mm
1:9,000

Partial
Encounter
Probability

0.95

3

3 (green
circle)

Probability of
Spatial Intersection
for a Specific Rock
Avalanche Volumeiv
P(S:H)Vi

0.50

3

2 (orange
circle)

Probability of
Occurrence for
Specific Rock
Avalanche Volumeiii
P(H)Vi

5 to 13 Mm3
3

13 to 83 Mm

Rock Avalanche
Encounter
Probability v
P(S:H)
0.00011

0.00010

0.00006

Notes:
i. See for location Drawing 01.
ii. Estimate from the regional rock avalanche inventory, see Figure 5-5.
iii. Estimate from the regional rock avalanche inventory, see Figure 7-6.
iv. Estimate from empirical runout exceedance probability of Canadian rock avalanches, see Figure 7-7.
v. Value rounded off to represent uncertainty associated with methodology
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7.3.2.1. Limitations
As discussed in section 5.3.1 the current estimate of the rock avalanche frequency depends on
the field observations that there is no evidence of recent large-scale slope movement at the TCL.
Should evidence from field observation or displacement monitoring of recent large-scale slope
movement be recorded in the future, the rock avalanche frequency estimate should be reviewed
and may increase, which in turn would increase encounter probability.
The methodology to estimate the encounter probability uses three empirical relationships.
Empirical relationships represent average trends of natural phenomena. Uncertainties specific
with this project include:
• Estimates of volume and failure mechanism of a potential rock avalanche were based on
surface structural measurements and geomorphic similarities with the pre-historic Cheam
rock avalanche. Subsurface investigation and monitoring could improve our
understanding of the potential volumes and failure mechanisms, as well as the probability
of an event.
• The nature of the substrate over which a rock avalanche travels can influence its behaviour
(e.g., Hungr and Evans, 2004) due to entrainment of sediments associated with so-called
undrained loading. This process describes the sudden increase in water pressures in the
soil being loaded by the rock avalanche with the water trying to escape upwards, thereby
liquefying the base of the rock avalanche. This is analogous to someone sliding over a
mud puddle. A preliminary assessment of Canadian rock avalanche travelling over
floodplains characterized by high water levels was used to create the relationship shown
in Figure 7-7. The degree at which entrainment and undrained loading may occur during
a potential rock avalanche from the TCL could influence its runout distance. It may also
be dependent on the water table at the time of the rock avalanche which would be higher
during late spring runoff when Fraser River reaches its peak stage, or at a time of high
antecedent moisture (typically between October and April). It is not possible to determine
in how far such conditions could increase runout beyond the limits assumed in this study.
• The runout exceedance methodology does not account for the topography of the slope or
the runout zone (e.g., travel in a topographic depression or on an open slope). Similarly,
the roughness along the travel path could influence runout. For example, a 10 m high ridge
may be enough to deflect or partially contain a small rock avalanche (e.g. 1 to 5 Mm3) but
could only play a minor role in the runout path of a large rock avalanche (e.g. 83 Mm3).
• The splash zone phenomena discussed in Section 7.2 was not explicitly accounted for in
the encounter probability. This is due to the limited knowledge of this process which, to
date, has not been described by an empirical or analytical relationship. In some cases, the
splash zone was accounted for in the Western Canada case studies used to estimate the
rock avalanche runout exceedance probability.
Encounter Probability Threshold
Table 7-2 summarizes the previously proposed large landslide hazard-based management
strategies. These are typically based on the probability of occurrence of a landslide that can reach
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the zone of influence or element at risk (i.e. encounter probability). This term is also sometimes
referred to as the “partial risk”, though BGC prefers the term “encounter probability”. The
geohazard tolerance criteria have been prepared for approval of residential developments.
Table 7-2. Summary of large landslide hazard-based management strategies in BC.
Jurisdiction/GovernmentLocation

Dates

Adopted Hazard Levels

BC Supreme Court –
Squamish-Whistler
Corridor

1973

Set precedent for the level of landslide safety for
residential development at P(H) = 1/10,000 of a major
landslide.

MoT – Province-wide

1978 – 1993

Recommended P(H) = 1/475 for proposed subdivisions
(orienting on the National Building Code standards).

Regional District FraserCheam

1992
(updated in
1993)

Guidance provided on the approval of residential
development based on geohazard type, probability of
occurrence, development type.

Regional District of FraserFort George
MoTI – Province-wide

1999

Level of landslide safety, P(H) = 1/475

2009
(updated in
2015)

Levels of landslide safety defined as:
•

P(H) = 1/475 of a damaging landslide at a building
site

•

P(H) = 1/10,000 of a life-threatening or
catastrophic landslide

•

Large scale developments must also consider
total risk and international standards.

It should be noted that the encounter probability is a different geohazard tolerance criteria than
the ones adopted by the District of North Vancouver (DNV), BC and Canmore, AB which are the
two jurisdictions in Canada that have formally adopted risk tolerance standards for residential
development. They use an individual safety risk value and a group risk value.
The DNV and Canmore criteria for individual geohazard risk tolerance are as follows:
• Maximum 1:10,000 (1x10-4) risk of fatality per year for existing developments
• Maximum 1:100,000 (1x10-5) risk of fatality per year for new developments.
For context, the risk tolerance threshold of 10-4 (1/10,000) for existing development is comparable
to the lowest background risk of death that Canadians face, on average, throughout their lives.
This tolerance threshold is also similar to the average Canadian’s annual risk of death due to
motor vehicle accidents, 1/12,500, for the year 2008 (Statistics Canada 2009).
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SUMMARY AND CONCLUSIONS

This report summarized the results of a landslide hazard assessment of the Timber Creek Linears
(TCL) based on a desktop study, fieldwork and numerical runout modelling.
Geology
BGC determined that the lower part of the slope is composed of massive limestone, fissile limey
shale, and medium- to coarse-grained sandstone. Based on a limited number of outcrops near
the TCL features, the geology of the upper slope was interpreted to be composed of
shale/siltstone and medium- to coarse-grained sandstone. Discontinuity orientation
measurements in the upper and lower slope identified a bedding plane, three main discontinuity
sets, and a potential fourth minor discontinuity set. Based on the limited discontinuity
measurements collected for this project, the upper and lower parts of the slope are considered to
have similar principal discontinuity orientations. The rock mass quality was observed to be highest
in the massive limestone (GSI range between 45 and 60), intermediate in the medium- to coarsesandstone (GSI range between 40 and 55) and lowest in the limey shale (GSI range between 30
and 45). Regional tectonic history of the study area could have resulted in lower rock mass quality
of the limey shale due to strain localization.
Current TCL Activity
BGC noted that individual linear features that collectively form the TCL are assessed as up to 5 m
deep, 25 m wide and 75 m long. No signs of recent (over last few decades) or ongoing largescale slope movement were observed during the site visits. Desktop mapping to supplement the
fieldwork noted that lineaments of similar orientation were visible in the LiDAR data and in
historical aerial photographs in three other locations south of the TCL. If all the linears observed
in the LiDAR and historical aerial photographs are related, then they:
• Cannot be glacial features since the failure surface of the Cheam Slide where some linears
occur was only exposed post-5,000 BP, after deglaciation.
• Cannot be associated with post-glacial slope relaxation (sackung or DSGSD) as they
developed long after deglaciation.
• Could be related to bedrock or tectonic fabric.
• Could be related to karst processes.
Kinematic Analysis
The kinematic analysis based on the discontinuity orientation measured suggested that planar
sliding, wedge sliding and toppling are feasible failure mechanisms at the TCL slope. Based on
the tabular block shape observed planar and wedge sliding are considered to be more likely
failures mechanisms than toppling. The results of the kinematic analysis and lineament mapping
were used to define potential landslide volumes of 45 and 82.5 million m3.
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Rock Avalanche Runout Analysis
A three-dimensional landslide runout model was used to estimate the hazard zone associated
with a potential 45 to 82.5 million m3 failure from the TCL. The 3D runout model was calibrated
using the runout extent of the Cheam Slide. The potential splash zone which could result from
undrained loading and liquefaction when a rock avalanche impacts saturated alluvial sediments
in a valley or floodplain was also considered when defining the hazard zone of a potential TCL
rock avalanche. Drawing 01 illustrates the resulting hazard map.
Rock Avalanche Frequency Assessment
A desktop rock avalanche inventory over a 2,800 km2 rectangular area centred on TCL slope
allowed the derivation of a regional rock avalanche frequency. A total of 23 rock avalanches were
counted which resulted a in density of one rock avalanche per 122 km2 during the last 10,000
years (or 8.2 * 10-7 rock avalanches per year per km2).
The results of the fieldwork and desktop analyses were considered to adjust the regional rock
avalanche frequency to the conditions specific to the TCL slope. The first step was to consider
the spatial distribution of rock avalanches to account for any clustering near the study area. This
was done by estimating the rock avalanche frequency for concentric circles of various radius
centered on TCL slope. Based on this first step, the regional-scale rock avalanche frequency
estimates were updated to a range between 2.15 * 10-6 per year (1 in 470,000 chance per year)
and 1.08 * 10-5 per year (1 in 90,000 chance per year). BGC further increased the estimated
frequency of rock avalanche at TCL by an order of magnitude to account for the similar geological
conditions (including the identification of two potential slope failure scenarios) to those previously
reported for the Cheam Slide. The resulting adjusted rock avalanche frequency for the TCL slope
ranges between 2.15 * 10-5 per year (1 in 47,000 chance per year) and 1.08 * 10-4 per year (1 in
9,000 chance per year). If evidence of large-scale slope deformations or extensive limestone
dissolution are observed in the future, these probability estimates should be re-assessed.
As a next step, BGC estimated the chance of a rock avalanche reaching specific areas in the
valley bottom. This is called the encounter probability which is sometimes used for land use
decisions. BGC estimated that for the area described by the red circle (Drawing 01), which
coincides roughly with Highway 1, the encounter probability is approximately 1:9,000. A second
orange circle that extends approximately 300 m beyond the red one is associated with an
approximate encounter probability of 1:10,000. Finally, a green circle that dissects approximately
the middle of the Cheam rock avalanche deposit, reflects an encounter probability of 1:18,000.
The estimated encounter probabilities shown on Drawing 01 are highly sensitive to the results of
the rock avalanche frequency estimate and thus should not be interpreted to be exact
representations of the physical truth. However, the FVRD may consider these lines a useful tool
to inform land use decisions.
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CLOSURE

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

BGC ENGINEERING INC.
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Table A-1. Inventory of post-glacial rock avalanches identified in the study area.
UTM Zone 10
Event
ID1
1

Easting
Name
Hope Slide
Hope

Northing

627522

5463178

627522

5463178

Estimated
Date of
Slope
Failure
1965

Estimated
Volume (m3)
48,000,000

Estimated
Area of Scar
(m2)

2

Prehistoric
Slide

10,000 years
BP

3

Popkum

594595

5449633

4

Foley Creek

603764

5441163

310 years BP

150,000

5

Silver Lake

616184

5465522

800 – 1,000
years BP

100,000

6

Silverhope Creek

615462

5456706

500,000

7

Mt. Lockwood

624697

5441817

250,000

8

Sowerby Creek

611916

5461933

100,000

9

Cheam

593109

5446137

10

Dickson Lake

565150

5462193

700,000

11

Mt. McGuire

589756

5432229

500,000

12

No Name

587772

5429187

200,000

13

Casino Ridge

623491

5450155

100,000

14

Payne Ridge

626071

5448832

100,000

15

Cultus Lake

575998

5432494

6,000,000

16

Borden Creek

592535

5434412

150,000

17

No Name

586348

5430612

300,000

18

No Name

584364

5431485

100,000

19

No Name

583014

5429422

100,000

20

No Name

620717

5433152

500,000

21

No Name

606509

5447360

200,000

22

No Name

606441

5434620

150,000

23

Chipmunk Creek

592047

5443934

900,000

300,000

5,000 years

175,000,000

Notes:
Location of rock avalanche is shown in Figure 2-6.
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Table B-1. Imagery consulted to prepare geohazard and lineament inventory map.
Year
1948

Flight Line
A11344

Photo number
093, 094, 095

1959

A16664

121, 122

1961

BC4016

89

1966

BC5217

018, 019

1966

BC5215

129

1983

BC83008

253, 254

1991

15BCB91079

20, 21

1995

Orthophoto

n/a

1996

30BCC96084

90, 91

1999

Orthophoto

n/a

2004

Orthophoto

n/a

2016

Orthophoto

n/a
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Table C-1. Decision tree for assessment of the post-failure velocity of translational slides as estimated for a potential Timber Camp Linears rock avalanche. From Glastonbury and Fell (2008).

Appendix C - Post-failure velocity
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APPENDIX D COMPILATION OF INPUT PARAMETERS USED IN
PREVIOUS DAN3D MODELS
D.1. BACK ANALYSES
A database of 16 rock avalanche back-analyses from international case studies (Aaron and
Hungr, 2016; Aaron unpublished data) was used to guide selection of the Voellmy parameters
used in the runout analysis. The Voellmy model is governed by two parameters:
• a friction coefficient, f. Lower values of friction coefficient correspond to less basal
resistance.
• a turbulence parameter, , Higher values of the turbulence parameter correspond to less
basal resistance.
The calibrated basal resistance parameters for the 16 international case histories are summarized
on Figure D1. Figure D1 is divided into four zones corresponding to extremely high mobility , high
mobility, intermediate mobility and low mobility. The mobility classes were defined based on
clustering of the back-analysed values of basal resistance parameters. Events that experienced
low resistance are defined as highly mobile, and those that experienced high resistance are
defined as low mobility. In the database, the three case histories that displayed extremely high
mobility were channelized rock avalanches that entrained significant quantities of saturated path
material. Since a potential rock avalanche originating on the Timber Creek Linears is expected
to runout over a flat floodplain, these channelized case histories are likely poor analogues. For
this reason, parameters representing extremely high mobility were not used in the forward
analysis.
Of the 5 case histories that plot in the high mobility zone, 4 were rock avalanches that descended
steep slopes and overran flat valley bottoms. The friction coefficient and turbulence parameter
back-analyzed for the Cheam rock avalanche plot in this zone. Therefore, the cases in this zone
are likely good analogues for the behavior of a rock avalanche originating on the Timber Creek
Linears. The resistance parameters selected for the high mobility forward analysis are
representative of this high mobility zone (f = 0.1 and 500 m/s). To explore the range of
potential event mobility, a set of parameters representing the low mobility zone (f = 0.2 and
500 m/s) was also used for the forward analysis. These parameters were selected to simulate an
expected ‘lower bound’ of mobility (parameters selected from the intermediate mobility zone
would likely result in a simulated runout extent between that simulated with the low and high
mobility parameters).
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Figure D1: Summary of calibrated rock avalanche basal resistance parameters. N refers to the
number of cases that plot in each mobility zone. The parameters used for the Cheam
back analysis are indicated. Units of turbulence are m/s2
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