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EXECUTIVE SUMMARY
An extremely large (68 million yd3) landslide reactivated sometime shortly before 1940 in the
upper watershed of Swift Creek. The extent of active movement has increased to the
present time. As a result, large amounts of sediment are continually being discharged as
bedload and suspended load onto the Swift Creek fan creating an aggradation/avulsion
problem. Due to the presence of asbestos and several heavy metals in high concentrations,
transport and deposition of creek sediment is subject to environmental concerns.
This study forms one part of the Swift Creek management plan that aims to provide a longterm solution to the rapid aggradation of Swift Creek. The management plan has two
components. The first part, carried out by BGC Engineering Inc. (BGC), is to study the Swift
Creek Landslide and its potential consequences, while the second part deals with sediment
movement, flooding potential and creek management in Swift Creek. The latter is addressed
by Kerr Wood Leidal Associates (KWL).
The primary objective of the first component was to determine the likelihood of the Swift
Creek Landslide suddenly accelerating and transforming into a large rapid flow failure, thus
posing a direct threat to residents, houses and infrastructure on the fan. If this scenario
proved unlikely, the investigation was to re-focus on expected ongoing movement velocities,
and on qualitative assessments of the expected magnitude, frequency and zones of
inundation from smaller debris flows initiating from the landslide.
This study has concluded that catastrophic acceleration of the entire landslide mass and
transformation into a very rapid (> 3 yd/minute) multi-million cubic yard earth flow is very
unlikely. Based on the assessment conducted, BGC subjectively estimates the annual
probability of this scenario is on the order of 1/10,000 or 0.0001, plus or minus one order of
magnitude.
Detailed geotechnical investigation of the landslide (drilling, sampling,
instrumentation) and/or additional preliminary assessment of other similar landslides within
the region would be required to refine this estimate.
Based on historical air photograph analyses and surface observations, BGC estimates the
Swift Creek Landslide will continue to move down slope in the coming decades at rates likely
ranging between 10 and 30 yards per year. If stream erosion at the toe of the landslide does
not keep pace with slide advancement, the landslide toe will advance down the channel of
Swift Creek, as has been observed over the past several years. If such advancement
continues, the landslide will eventually overcome a narrow bedrock constriction referred to as
the ‘Narrows’. The slope angle at the slide toe, as well as the piezometric level, may
increase during this process, increasing the potential for shallow debris slides and flows
initiating from the toe of the landslide. The process will also bring the source of sediments
closer to inhabited areas and will likely enlarge the area potentially inundated by sediments.
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Test pits completed by BGC on the fan of Swift Creek indicate several debris flows have
occurred since deglaciation. Because no radiocarbon dating was attempted it is unclear if
the frequency of such events has increased over the past 70 years, which is believed to span
the recent period of landslide movement.
The potential for large (> 100,000 yd3) debris flows is expected to persist in future decades.
Debris flow initiation mechanisms will likely include shallow debris slides from the
oversteepened toe and lateral margins of the slide triggered by intense rainfall and/or stream
erosion. As the landslide advances and steepens there is reason to believe that the
frequency of debris flows will increase over time, but it is speculative whether further
advancement will also influence debris flow magnitude. Based on expected clay-rich
sediments and an understanding of debris flow behaviour in a 1971 event, future debris flows
will likely have low peak discharges but long durations and large total volumes. Avulsions on
the Swift Creek fan are likely during such events. Preliminary assessment of the potential
zones of impact from future hypothetical debris flows is presented in this report.
Several measures to slow or stop the advance of the landslide have been discussed. These
include removal or regrading of the slide, surface and sub-surface water management,
stabilization of near-surface materials at the slide toe to minimize discharge of debris flows,
and toe buttresses or other structural measures. With the possible exception of improving
surface drainage, all such measures are expected to be cost-prohibitive or technically
unfeasible. Detailed geotechnical investigation would be required to obtain a better
understanding of the movement mechanics and to design effective mitigation measures;
however, such an investigation would be costly and is likely not justifiable unless
implementation of stabilization measures is being seriously considered.
Old, inactive landslides have been identified in several neighbouring watersheds. Helicopter
inspection and airphoto interpretation of Dale Creek (a watershed to the south of Swift
Creek) also revealed an active landslide that commenced movement some time between
1990 and 2000. This landslide could increase in size, and eventually create sedimentation
problems similar to Swift Creek. Other ancient landslide scarps were identified that appear
to have been mostly depleted of landslide debris.
An investigation and monitoring program is proposed to identify and determine the activity of
landslides along the west slopes of Sumas Mountain, as well as the frequency and
magnitude of historical debris flows generated from these landslides. The results of such a
regional study could be used to produce hazard maps showing which landslides are currently
or potentially active, and which fans are subject to debris flows. These maps could be used
to regulate development along the lower slopes of Sumas Mountain and prevent future slope
stability–related economic losses such as those recently observed in Hatzic Valley near the
town of Mission, British Columbia.
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LIMITATIONS OF REPORT
BGC Engineering Inc. (BGC) prepared this report for the account of Kerr Wood Leidal
Associates and Whatcom County Flood Control Zone District. The material in it reflects the
judgement of BGC staff in light of the information available to BGC at the time of report
preparation. Any use, which a Third Party makes of this report, 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 report. BGC also does not assume any liability for possible losses in property
values that may result from this report.
The discussion on slope stability in this report is based on numerous assumptions since
detailed geotechnical data that would be obtained from drilling and instrumentation were not
available. Collection of these data was not within the scope of this study. The results
presented here are therefore based on limited analyses and represent BGC’s best
judgement. Future detailed geotechnical investigations could lead to the discovery of factors
that were not included in this analysis.
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1.0

INTRODUCTION

1.1

History of Swift Creek Channel Management

Swift Creek in Whatcom County has a long history of mass movement and excessive
sediment transport causing increased flood hazard, and damage to farmland and public
infrastructure on the creek fan and surrounding areas. These challenges are exacerbated by
the chemical properties of the creek’s sediments.
Naturally occurring asbestos
concentrations, as well as high levels of magnesium, cobalt, chromium, nickel, manganese
and macronutrient levels prevent the growth of riparian vegetation and are detrimental for
fish habitat in Swift Creek and Sumas River.
The lower reaches of Swift Creek have been maintained for over 50 years through channel
excavations conducted by private individuals, as well as local, state, and federal agencies.
The direct and indirect costs of management activities are high, but have not been quantified
in detail.
The primary cause for the unusually large amounts of sediment being transported and
deposited on the fan of Swift Creek is an extremely large, active, complex landslide in the
upper watershed. On average, this 68 million yd3 landslide provides material for an
estimated annual sediment delivery of 150,000 yd3, of which an estimated 20% or 30,000 yd3
are deposited on the alluvial fan as bedload. Provided the landslide continues to move at
rates observed over the last several years, and provided it does not enlarge by extending
laterally or up slope, sediment transport and deposition leading to full depletion of the
landslide materials would continue for the next 450 years until most landslide debris is
depleted and the entire 68 million yd3 are deposited on the Swift Creek fan and the Sumas
River floodplain.
In 1998, the Whatcom County Flood Control Zone District – Sumas/Nooksack/Everson
Subzone adopted a management plan to address the sediment deposition at Swift Creek.
The preliminary plan integrates the cause of the sedimentation problem with the gravel
management on the Swift Creek fan and floodplain. The County, local Subzone and Great
Western Lumber subsequently began channel maintenance and sediment trap construction
in combination with a monitoring program. After two years of creek management using the
recommended strategies it became apparent that some of the plan’s components did not
fully address existing political, economic and environmental constraints and were thus
deemed unfeasible.
In 2003, Whatcom County initiated the development a new management plan. A technical
team comprising BGC Engineering Inc. (BGC) and Kerr Wood Leidal Associates Limited
(KWL) was retained by Whatcom County to address the Swift Creek Landslide hazard and
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the downstream sediment impacts. The combined findings will be integrated in the new
creek management plan.
1.2

Study Objectives

While KWL concentrated on the downstream aspects of gravel management, BGC focused
on the Swift Creek Landslide. Specifically, BGC’s objectives were to:
•

•

•

•
•

understand the likely causes, initiation and failure mechanisms of the landslide by
examining material properties and past movement rates and by modelling potential
failure scenarios;
hypothesize on future development of the landslide with respect to movement rate,
movement direction and landslide magnitude as well as debris flow volume and peak
discharge downstream of the landslide toe;
determine if the landslide could accelerate and surge or flow through an existing flow
constriction (the ‘Narrows’) causing widespread inundation on the fan of Swift Creek and
the Sumas River floodplain;
determine how landslide materials are being transformed and entrained in debris flows;
and,
estimate the magnitude of potential debris flows and their consequences downstream.

In order to meet the objectives listed above, BGC proposed to carry out fieldwork and a set
of preliminary analyses, which may lead to a more involved monitoring program if deemed
warranted by Whatcom County.
1.3

Physiography

The study area is located on the western slopes of Sumas Mountain approximately 4 miles
east of Everson, Washington. The northern Cascade Mountains range in elevation between
4000 feet and 10,750 feet (1200 m to 3300 m) at Mount Baker. The study area topography
ranges from the flat Swift Creek floodplain to the rugged slopes of Sumas Mountain in the
east rising from 100 feet to 3000 feet (30 to 900 m) over a distance of 2.5 miles (4 km). The
eastern flanks of Sumas Mountain are dissected by steep creeks that discharge into Sumas
River.
The vegetation of the slopes of Sumas Mountain consists of second growth Douglas fir,
western hemlock and western red cedar mixed with red alder, willows, ferns and berry
bushes.
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Climate

The climate of the study area is characterized by mild wet winters and dry summers. Table 1
provides some climatic data relevant to the study area from Abbotsford, BC, which is located
20 miles (32 km) north of the study area.
Table 1 - Average climatic data from 1971 to 2000 as measured at Abbotsford, BC
Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Year

Daily Mean (°F)

37

40

44

49

55

59

64

64

59

50

42

37

50

Daily Max (°F)

42

47

52

58

64

69

74

75

70

59

48

43

58

Daily Min (°F)

31

33

36

40

45

50

53

53

48

42

36

31

42

Extreme Max (°F)

64

69

77

86

97

94

100

97

100

85

69

65

Extreme Min (°F)

-6

-2

9

24

28

34

36

38

29

19

2

-4

Rainfall (inches)

6.8

5.8

5.6

4.7

3.9

3.1

2.0

1.9

3.0

5.7

9.2

7.5

Snowfall (inches)

0.9

0.5

0.1

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.2

0.7

2.5

Precip (inches)

7.8

6.3

5.8

4.7

3.9

3.1

2.0

1.9

3.0

5.7

9.5

8.2

62.0

Extreme Daily
(inches)

3.1

3.3

3.0

2.4

2.1

1.9

2.8

1.9

2.1

3.3

3.7

3.5

Year

1968

1982

1972

1946

1960

1971

1972

2001

1983

1945

1971

1979

59.4

Due to orographic uplift the total average annual precipitation in the Swift Creek watershed
likely exceeds 70 inches (1500 mm).
1.5

Geology

The geology of the study area has been described by Converse Davis Dixon Associates
(1976). This section synthesizes some of the Converse report and adds additional findings
from recent geological studies and BGC field observations.
1.5.1

Regional Geology

Western Washington and southwestern British Columbia lie within the structurally complex
continental margin of the Pacific Northwest (Figure I1). Oblique convergence of the Juan de
Fuca plate below North America along with larger-scale shearing of the Pacific Plate against
North America provides the driving force for crustal faulting and deformation (Engebretson et
al. 1985). The Washington Coast Range and Olympic Mountains represent part of a forearc
sliver that is moving northward relative to the Cascade Range and is buttressed to the north
by pre-Tertiary basement in the San Juan Islands and on Vancouver Island. The boundary
between these two terranes is apparently a distributed deformation zone that extends
through Washington's Puget Lowland (Johnson et al. 1996). The active Seattle fault
(Bucknam et al., 1992; Johnson et al. 1994, 1999; Nelson et al. 1999) and southern Whidbey
Island fault (Johnson et al. 1996) occur within this distributed zone.
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The oldest rocks in the area are folded and faulted Paleozoic graywacke, limestone, chert
and shale overlain by pre-Tertiary graywacke, shale, serpentine and periodite.
Conglomerates and sandstones indicative of a continental floodplain (the Chuckanut
Formation) unconformably overlay the pre-Tertiary rocks.
In the early Tertiary, the Chuckanut Formation was folded, faulted and uplifted and a
renewed alluvial environment resulted in the deposition of continental sedimentary rocks of
the Huntington Formation, which form the youngest rocks in the region. The Huntington
Formation crops out along the foothills on the south and east margins of the foothills. The
late Tertiary witnessed the uplift of the Cascade Range causing deformation of the
Huntingdon Formation and additional deformation of the Chuckanut and older formations.
The Quaternary period brought several glaciations which caused significant landscape
alterations and which covered large portions of the study area with glacial till. At least four
glacial episodes have been recorded in the Pleistocene Period (2 million yrs to 10,000 yrs
ago). Each glacial advance reworked and buried deposits of the last glacial advance and
retreat. The last glacial advance was the Fraser Glaciation, which began some 20,000 years
ago and ended some 10,000 years ago. At its maximum the glaciers reached approximately
15 miles south of Olympia and reached a thickness of 1.5 miles around Bellingham. The
weight of the glacial ice caused overconsolidation of the till and underlying sediments.
During the Holocene period the Puget Lowland has undergone little change. Mass
movement processes such as the Swift Creek Landslide have locally displaced significant
volumes of soil and rock. Debris flows, common on most small mountain streams, have
formed small fans onto river floodplains and the lowlands, and fluvial sediments have
reworked and transported glacial material to Georgia Straight.
1.5.2

Faulting

Recent work has identified several active faults in the region; notably the Devils Mountain
fault (DMF), the Strawberry Point fault and the Utsalady Point fault (Figure I-1, Appendix I).
Each of these faults are active structures and represent potential sources for earthquakes
(Johnson et al. 2001).
The north-dipping (45°-75°) Devils Mountain fault extends westward for more than 125
kilometres from the Cascade Range foothills to Vancouver Island. The Devils Mountain fault
is bounded by northwest-trending en-echelon folds and faults, a pattern that strongly
suggests it is a left-lateral, oblique-slip, transpressional "master fault." Quaternary strata are
deformed on nearly all seismic-reflection profiles, and onshore subsurface data indicate
offset of upper Pleistocene strata (Johnson et al. 2001).

N:\BGC\Projects\0371 KWL\004 Swift Creek\Report\Final\final_Swift_digital.doc

BGC ENGINEERING INC.

Page 4

Whatcom County
Swift Creek Landslide Study

April 14, 2005
Project No. 0371-004

The west-northwest-trending, sub-vertical Strawberry Point fault cuts across northern
Whidbey Island and has a minimum length of about 25 kilometres. On the west coast of
Whidbey Island and in the Strait of Juan de Fuca, the fault has south-side-up offset and
forms the northern boundary of an uplift of pre-Tertiary basement rock. The vertical fault
trace, reversal of offset along strike, and evidence for associated contractional deformation
suggest that the Strawberry Point fault is an oblique-slip, transpressional fault (Johnson et al.
2001).
The northwest-trending, sub-vertical Utsalady Point fault similarly cuts across northern
Whidbey Island and has a minimum length of 25 kilometres. It forms the southern margin of
the pre-Tertiary basement horst block on the west coast of Whidbey Island, where it has
north-side-up offset. As with the Strawberry Point fault, the vertical fault trace(s), reversal of
offset, and evidence for associated contractional deformation suggest the Utsalady Point
fault is an oblique-slip, transpressional fault (Johnson et al. 2001).
Collectively, the Devils Mountain, Strawberry Point, and Utsalady Point faults represent a
complex, distributed, transpressional deformation zone. The cumulative slip rate on three
main faults of this zone probably exceeds 0.5 mm/year and could be much larger.
1.5.3

Local Geology

Bedrock units in the area of the Swift Creek Landslide include meta-sedimentary greywackes
(Mz), which have been thrust over younger serpentinite (Jki) rocks. The serpentinite in turn
is unconformably overlain by massive tertiary continental conglomerates (Tc) that dip in a
westerly direction. The conglomerates are mantled by alluvium, glacial deposits and slide
debris.
Tertiary Continental Sedimentary Rocks (Tc), locally known as the Huntington Formation,
consists of thickly bedded to massive, reddish brown to yellowish brown, well cemented to
poorly cemented small pebble to small cobble gravel. Dense to loose, well to poorly
cemented, cross-bedded and coarse to medium-grained sandstone lenses up to 3 feet (1 m)
thick are interbedded with the conglomerates. The well-cemented horizons form hard,
erosion resistant ridges, while the poorly-cemented sections are soft to moderately hard.
The attitude of the conglomerate strikes north-south and dips westerly averaging 25°. The
conglomerate has a depositional contact with the serpentinite in the downslope half of the
landslide.
It is hypothesized that portions of the Huntington Formation capping the serpentinite unit
were disturbed by repeat glaciations during the Quaternary period. The partial removal of
the cap rocks may have allowed water ingress into the underlying rocks thus furthering the
process of serpentinization.
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The Sumas Mountain Serpentinite (Jki) originates from a dense, very hard, fine-grained, dark
green to greenish-black basic intrusive peridotite and dunite with moderately widely-spaced
to very widely-spaced joints. South of the landslide mass, the rock forms prominent, blocky
outcrops with minor serpentine and chlorite coating joint surfaces. In the periphery of and
the landslide mass itself the bedrock is strongly serpentinized,1 which implies highly
weathered and complete alteration to serpentine, chlorite and clay. This rock contains
several 10 to 20 foot thick shear-gouge zones of shattered rock fragments. Many of the
slickensided fragments are rotated in a matrix of fine-grained rock flour and clay. The rock
easily breaks into small (one-inch diameter) fragments and whitish rock flour.
The underlying contact between the conglomerate and serpentinite is highly weathered and
intensely iron-oxide stained and contains hematite and lateritic clays.
Meta-sedimentary rocks (Mz) consist mainly of greywacke and small pebble, greywacke
conglomerate. The rocks are brown and brownish black, dense, very hard, poorly bedded to
massive and have widely spaced jointing. Metamorphism has produced schistose texture
that stretches and flattens the small pebbles. The meta-sedimentary rocks form prominent
blocky outcrops near the crest of Sumas Mountain and on steep slopes.

1

Serpentinization is the process (often ongoing in the present time) by which mafic rocks are transformed into
serpentinites by the addition of water. Mafic denotes minerals typically dark in colour, low in silica and rich in
magnesium and ferric iron.
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POTENTIAL LANDSLIDE CAUSES AND TRIGGERS

The Swift Creek Landslide pre-dates the oldest available air photographs, which were taken
in 1940 (Converse Davis Dixon Associates 1976). It is therefore at least 65 years old as of
the date of this report, but may be much older. Active movement, however, seems to have
commenced shortly before 1940, as judged from air photograph interpretation (Figure 1).
Figure 1 - 1943 air photograph of Swift Creek showing landslide reactivation

Landslides are commonly caused by the interaction of a number of factors such as weak
soils or rock, the presence of a shear surface at depth, faulting or folding of strata, natural or
artificial drainage alterations, a very wet season or year during or immediately prior to the
landslide initiation and others. Understanding the causes is an important step in landslide
analysis. They also provide information about observed movement rates, movement
features and potential future behaviour. This is an important component to the design of an
appropriate monitoring program and, ultimately, landslide mitigation or hazard acceptance.
This report documents an examination of some of the potential causes of the Swift Creek
Landslide, and attempts to discern their relative importance in explaining observed landslide
behaviour and characteristics.
Landslides are usually triggered by a single event such as an earthquake, a particularly
heavy rainstorm event, stream erosion, excavation or blasting. Artificial triggers at Swift
Creek Landslide are unlikely and seismic activity or a particularly severe rainstorm is the
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most likely triggering mechanisms. Since no one witnessed the initiation of the landslide,
triggering mechanisms are speculative.
2.1

Seismicity

Landslides all over the world have been triggered by earthquakes. For example, the M 7.5
earthquake in Guatemala in 1976 triggered more than 10,000 landslides (Harp et al. 1981).
In 1987 two earthquakes in Ecuador (M 6.1 and 6.9) triggered thousands of rock and earth
slides that destroyed 45 miles (70 km) of the Trans-Ecuadorian oil pipeline and the only
highway that traverses the country from east to west (Schuster et al. 1996).
Rock falls, rock slides, soil slides, have been the most abundant types of landslides triggered
by historical earthquakes, followed by earth spreads, slumps, block slides and earth flows
(Keefer 1984; Wieczorek 1996). Studies have been conducted to correlate landslide
occurrence to distance of the epicentre (Keefer 1984), and to calculate the displacement of
individual landslides on the basis of documented ground shaking (Wilson and Keefer 1983;
Jibson 1993). Landslides involving loose, saturated and cohesionless soil commonly occur
as a result of earthquake-induced liquefaction when ground shaking raises pore-water
pressures, which cause a concomitant loss of soil strength.
Seismic loading and ground deformation can also create conditions favourable for future
landslide initiation, even where no landslides are observed as a direct consequence of an
earthquake. Small displacements can cause reductions in shear strength or the opening of
cracks that could facilitate the infiltration of water and development of less favourable
groundwater conditions.
Irrespective of whether a specific earthquake triggered the Swift Creek Landslide or renewed
its activity, seismic activity may have some effect on the stability of the landslide. It is
believed that the effect of an earthquake would be much more pronounced if it were to occur
during a very wet period or a period preceded by high antecedent moisture conditions.
The study area lies in a region of intense seismic activity as indicated in Section 1.5.2.
Figure I-2 (Appendix I) shows a seismicity map of British Columbia and northern Washington
State for the past 5 years. In addition to small and medium size earthquakes, the area is
subject to large earthquakes with 10 to 100 year return periods.
Most notable is the December 14, 1872 earthquake with an estimated magnitude of 7.4
(Figure I-3). Given the very sparse population density at the time and the poor written record
it is very difficult to determine the exact location of the epicentre. However, it is likely that it
was within 60 miles (100 km) of the Swift Creek study area. This earthquake triggered a
number of ground movements that have been documented by Weston Geophysical
Research (1976). Most notably, a large landslide was described that occurred at Mount
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Cheam, some 30 miles (50 km) northeast of Swift Creek where a “big slide had dropped
about one thousand feet” (Chilliwack Progress 1915 after Weston Geophysical Research
1976). Landslides were reported from Wenatchee, Colville, Fort Shepherd, Lake Chelan,
Walla Walla, Okanagan Lake, Osoyoos, Rock Island, Spokane Region, and the White Bluffs
near Walla Walla. Several people, mostly natives, perished in this event.
Other notable earthquakes that may have affected the Swift Creek Landslide occurred on
April 14, 1949 and April 29, 1965 (see Appendix I for more detailed descriptions).
Given that the 1940 air photographs demonstrate the beginning of reactivation of the Swift
Creek Landslide, it is clear that the 1949 and 1965 earthquakes did not trigger initial slope
movements. It is unclear whether the 1872 earthquake had any bearing on the activity of the
landslide. The 1940 air photographs show the upper portion of the landslide to be densely
vegetated with no visible signs of recent activity. Following 1940, the zone of active slope
movements extended rapidly up slope and laterally. This implies that processes other than
the 1872 earthquake may have been responsible for a reduction in the stability of the slope.
However, even if the 1872 earthquake did not directly trigger movement, it may have created
conditions favourable for long-term destabilization. These effects could include fracturing of
the brittle Tertiary conglomerates that overlie sections of the landslide. This could have led
to water ingress in fractures that would lead to higher water pressures in the clay-rich and
serpentinized zones below. Secondly, failures near the old headscarp of the Swift Creek
Landslide in conglomerate rocks could have caused loading of the upper landslide reaches
creating increased loading and pressure downslope. Given that there are no direct
observations and that these hypotheses are purely conjectural, it is not possible to
unambiguously link the effects of the 1872 earthquake or the effects of more recent
earthquakes to landslide activity.
The importance in this brief analysis lies in the recognition that future earthquakes could
remobilize dormant sections of the landslide and lead to movement acceleration, especially
in brittle materials with shear strength greater than the present residual values. If the
earthquake coincides with wet ground conditions (as the 1872 earthquake may have), debris
flow discharge at the front of the landslide is possible. Given the material properties (plastic
clays) underlying Tertiary conglomerates, it appears unlikely that the landslide would liquefy,
even during a megathrust earthquake. This is, however, somewhat dependent on the in-situ
density of the landslide mass, and its propensity to dilate or contract during shaking. The
potential impacts of future earthquakes on the stability and behaviour of the landslide are
discussed further in Section 4.
2.2

Climate

The majority of natural landslides are triggered by climatic events with one to 10 year return
periods following prolonged periods of weathering, progressive strain weakening,
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undermining of toe slopes by fluvial processes or high antecedent moisture conditions.
There are hundreds of papers that have addressed climatic triggers. Some of the more
recent work on this subject is summarized by Wiezcorek and Glade (2005).
2.2.1

Effects of Precipitation on Landslide Initiation

In analysing the effect of climate events on landslide movement one has to differentiate the
mass movement processes involved. Shallow landslides, such as debris avalanches and
debris flows are usually caused by a large accumulation of rainfall over a period of several
weeks (Jakob and Weatherly 2003). They are then triggered by high intensity rainfall cells
embedded in a significant rainstorm, and are often associated with rapid snowmelt during
raised freezing levels as warm fronts cross the Pacific Northwest from the southwest.
Deep-seated landslides, such as the one at Swift Creek, have a longer hydrologic memory
and may require an extended period (many months or years) to raise pore water pressures
to an extent that the factor of safety of the landslide mass is significantly lowered to allow or
accelerate movement. This is particularly the case for landslides in cohesive soils that do not
allow rapid rainfall infiltration, and that do not include underlying high-permeability strata that
can give rise to artesian pore water pressures.
For example, an analysis of the antecedent conditions at the Thistle Landslide in Utah
showed several hundred percent above normal precipitation in the months leading up to the
rapid landslide movement of mid April 1983 (see Section 4.3). These observations are
supported by an analysis of water levels of the Great Salt Lake from 1848 to 1983 that
showed that runoff from the lake was appreciably greater in 1982 and 1983 than for any
other period in the 138 year record (State of Utah 1985). Section 4 addresses the influence
of pore-water pressures in greater detail.
2.2.2

Trend Analysis

Long-term increases in soil moisture due to increases in rainfall or snowmelt could lead to
reactivation or accelerations of large landslides such as Swift Creek. To examine this
possibility a number of trend analyses were conducted for precipitation and temperature data
from nearby stations (Blaine, Bellingham, Clearbrook, Diabolo Dam and Abbotsford, British
Columbia). In summary, it can be stated that:
•
•
•

there is no evidence for a systematic increase in total annual precipitation at any of the
analysed stations;
monthly total snow fall has decreased since the early 1970s at Bellingham, Diabolo Dam
and Abbotsford;
mean monthly maximum, mean monthly minimum and mean monthly temperatures have
increased at all stations since the early to mid 1970s; and,
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the years 1931, 1932 and 1933 were three consecutive years with well above average
precipitation as shown by the Blaine and Clearbrook records (Figure 2). Limited
dendrochronological analysis carried out by McKenzie-Johnson (2004) at the Swift
Creek Landslide suggest the development of compression wood by 1932/1933,
indicating that landslide movement may indeed have been associated with the wellabove-average precipitation from 1931 to 1933.

The climate trend analysis suggests that although total precipitation has not changed
significantly, more precipitation is falling as rain. This observation is strengthened by the fact
that temperatures, and specifically mean minimum temperatures have increased steadily
since the early to mid 1970s. An increase in the proportion of rain versus snow, together
with an increase in temperatures, will lead to higher soil moisture at least in the winter
months when evaporation and evapotranspiration rates are low. A continuation of this trend
may eventually affect landslide stability and movement rates.
It is important to note, however, that the climate in the Pacific Northwest is strongly affected
by oceanic-driven cycles. Most importantly, recent research has identified the Pacific
Decadal Oscillation (PDO) as affecting rainfall amounts and rainfall intensities in the Pacific
Northwest (Jakob et al. 2003). The last warm cycle, which is associated with warmer
temperatures and higher rainfall intensities, began in 1976/1977 and may have ended in the
late 1990s though it is too early to verify this. Consequently, a renewed cold cycle could end
and possibly reverse the observed climate trend.
2.2.3

The January 1971 Debris Flow

In January of 1971 an intense rainfall event occurred. Over six inches (160 mm) of rain fell
between January 23 and 30, with a maximum intensity of 2.2 inches/day recorded on
January 26 in Abbotsford some 20 miles (32 km) north of the study area. This event was
also related to an increase in freezing level, which is documented by maximum temperatures
reaching an unseasonal 51oF (10.6°C). This event caused a debris flow at Swift Creek,
documented in a memo by Mr. Meyers to Mr. Wellman of the official emergency plan (OEP).
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Figure 2 - Total annual precipitation at Blaine (1931 to 2003) and Clearbrook,
Washington (1919 to 2003)
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It is interesting to note that on October 2003, a record-breaking rainstorm travelled through
southwestern British Columbia, which produced 1.3 inches (339 mm) of rain in a 7-day
period and a record maximum rainfall of 5.2 inches (131 mm/day) on October 16 as
measured at Abbotsford Airport. This event did not produce a debris flow, which supports
the hypothesis that antecedent conditions may be more important in determining debris flow
occurrence at Swift Creek than a few days of very intensive rain. In 1971, the months of
September, October, November and December of 1970 experienced a total rainfall amount
of 22.7 inches (576 mm), while the months of June, July, August and September of 2003
totalled a comparatively low 6.6 inches (167 mm), or 30% of the 1971 cumulative four month
rainfall.
2.3

Slide Movement and Effect on Pore Pressures

Continued landslide movement may occur independent of climatic triggers once the initial
movement has been initiated. This process could occur if reactivation of slope movement
retrogressively upslope causes dilation of the rock and soil mass comprising the slide debris.
Initially this dilation could create suction (or negative pore water pressures) that temporarily
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increases the stability of the landslide. Over time, however, an increase in the porosity of the
slide mass could lead to an increase in moisture content and decrease in shear strength.
Secondly, disturbance of surface and sub-surface drainage could cause a potential increase
in the elevation of the water table. As the slide continues to retrogress, tension cracks will
open and grabens and backwalls from rotated blocks will create ponds that interrupt surface
drainage as observed in numerous locations on the Swift Creek Landslide. Landslide
displacement could cause a loss of continuity through more permeable materials, such as
uncemented sedimentary rock strata, impeding seepage flow. As the moisture content of
clay-rich materials increases, they lose strength and become more fluid. As pore pressures
increase, the frictional shear strength along slide surfaces decreases. Thus, once
disturbance to the slide mass has initiated, additional movement could be self-perpetuating.
This hypothesis is further strengthened by the observations of surface features such as
ponds and tension cracks throughout the landslide surface, and that movements are ongoing
despite the finding that no significant positive long-term trends in precipitation were detected.
2.4

Summary

In summary, seismicity is unlikely to have triggered the renewed movement of the past 60 to
70 years, though it is conceivable that seismic activity in 1872 and prior earthquakes such as
the primary 1700 megathrust earthquake (magnitude 9.0) created conditions that would
favour water ingress, landslide head loading, and long-term destabilization.
The past 25 years have been characterized by slightly warmer temperatures and higher soil
moisture conditions. It is unclear if this trend will persist and it is unknown how much it would
affect landslide movement rates at Swift Creek. A continuing warming and a 10 to 20%
increase in total precipitation, as predicted in long-term global climatic circulation models for
the next century, could lead to conditions favouring continued or accelerated landslide
movement.
A sequence of three consecutive years starting in 1930 shows significantly higher-thanaverage precipitation. This long-term influx of surface water could have triggered the initial
instability at Swift Creek. This observation is strengthened by the development of
compression wood on several tree core samples taken by McKenzie-Johnson (2004) on the
landslide.
Once landslide movement began, internal deformation could be self-propagating whereby
interrupted surface and subsurface drainage could enhance continued movement.
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LANDSLIDE MOVEMENT

An analysis of previous landslide movement can provide valuable information in interpreting
the landslide trigger and extrapolation of future landslide movement. The following text will
examine landslide movement rates as determined from air photograph analysis for the period
1940 to 2000, and from recent GPS measurements.
3.1

Previous Work

According to the Converse Davis Dixon Associates (1976) report, landsliding at Swift Creek
may have commenced en masse sometime after the Fraser Glaciation, which ended some
10,000 years ago. This conclusion was based on the highly disturbed condition of the
landslide and topographic expression such as a large bowl-shaped depression upslope
(east) of the presently active slide limits. The Converse report also notes that the ancient
slide debris was temporarily restrained by resistant conglomerate cliffs, which form a
constriction referred to as the Narrows but that this stabilizing effect has now been reduced.
It is unclear why the Converse report makes this assertion as the Narrows still exist in their
present form. One possibility is that the toe of the landslide retreated faster than downslope
movement was occurring in the years prior to the Converse assessment.
Furthermore, the Converse report notes that removal of lateral and downslope support in
conjunction with weak, incompetent rocks and increased saturation as the most important
factors in the reactivation of the ancient landslide. Reactivation, according to the Converse
report began at least in 1940 and probably earlier.
3.2

Measured Rate of Movement (Converse Davis Dixon Associates, 1976)

Independent landslide blocks at Swift Creek are being moved west at variable rates. The
southern block appears to have moved sometime before 1940, but has been relatively stable
until approximately 1965. Movement of other blocks seems to have been sporadic and the
rate of movement is interpreted as being dependent on increases in annual rainfall, ground
saturation in response to disturbed terrain, and/or times for progressive failure or delayed
failure to manifest itself.
Converse interpreted air photographs from 1940, 1955, 1966 and 1975, which suggest a
progressive eastward re-activation of the landslide into the marginally stable upper landslide
limits. Rough calculations based on movement over the past 10 years suggest that the
upper half of the landslide moved downslope at 30 feet per year (10 yd/yr). Average slide
velocity would therefore be defined as “slow” (greater than 1.6 yd/yr, but less than 13
yd/month), according to Cruden and Varnes (1996). In the 1976 Converse report it was
noted that in 30 years (year 2006) the active slide could enlarge 900 feet (275 m) and involve
materials in the potential limits of landslide enlargement.

N:\BGC\Projects\0371 KWL\004 Swift Creek\Report\Final\final_Swift_digital.doc

BGC ENGINEERING INC.

Page 14

Whatcom County
Swift Creek Landslide Study

April 14, 2005
Project No. 0371-004

For more detailed analysis, the Converse report suggested a field investigation program
including a network of surface monuments, installation of slope indicators, piezometers and
drilling. These recommendations have not yet been implemented.
3.3

Measured Movement Rates (McKenzie-Johnson, 2004)

McKenzie-Johnson used a high resolution GPS to map the Swift Creek Landslide and
determine movement rates through six repeat measurements at 42 benchmarks between
July 2002 and June 2003. Movement rates vary drastically between 1 feet/yr (0.3 m/yr) and
121 feet/yr (36.9 m/yr) with an average of about 13 to 16 feet/yr (4 to 5 m/yr). Movement
rates increase downstream from close to no movement in the headscarp areas to over 100
feet (30 m) in the toe area.
McKenzie-Johnson also determined volume changes using a DEM generated by the USGS
in 1972, comparing it to GPS surface measurements carried out in 2003 and 2004. The
results from this analysis showed that the landslide toe thickness increased by approximately
20 feet (6 m/yr) since 1972, or an annual average of 0.6 feet/yr (0.2 m/yr). This observation
leads to the conclusion that more material is presently accumulating in the lower landslide
areas than is being removed by erosion.
3.4

Photogrammetry

BGC attempted to carry out photogrammetry to determine changes in movement rates and
landslide volume from consecutive photographs taken in 1998, 2000, and 2004.
In order to create a digital elevation model of the landslide it was found that more detailed
ground survey and planimetric data would be needed. Surveyed control points in the area
were too far to the south of the landslide and were concentrated in a small area. For
accurate photogrammetry, survey points would have to be evenly spread out throughout the
landslide area. Furthermore no prominent features could be discerned that would have been
trackable on each stereopair as the area is heavily vegetated.
Given these obstacles and the fact that movement rates were measured more accurately on
the ground by McKenzie-Johnson (2004) further analysis was not attempted.

N:\BGC\Projects\0371 KWL\004 Swift Creek\Report\Final\final_Swift_digital.doc

BGC ENGINEERING INC.

Page 15

Whatcom County
Swift Creek Landslide Study

4.0

April 14, 2005
Project No. 0371-004

ASSESSMENT OF LANDSLIDE STABILITY

This section documents an assessment of landslide stability, and the potential for sudden
landslide acceleration. The overall assessment process involved the following steps:
1.

BGC evaluated the probability that a large portion of the landslide (up to 68 million yd3)
could rapidly accelerate and transform into a very rapid earth flow with potential to
impact large portions of the Swift Creek fan and adjacent areas. This step included a
preliminary parametric evaluation of the stability of the slide toe through limit-equilibrium
slope stability analysis, literature review, and a qualitative assessment of the potential for
landslide liquefaction leading to a very rapid earth flow.

2.

Five test pits were excavated on the Swift Creek fan to search for evidence of mega
debris flows occurring in the past, to document other Holocene debris flows of small
magnitude and to describe the debris flow facies with respect to boulder size and flow
depth with changing distance to the fan apex. The test pits indicate no mega events
have occurred since deglaciation; however, several smaller debris flow deposits are
preserved on the fan. Flow depth and boulder size and thus hazard intensity decrease
with distance from the fan apex.

3.

Based on the qualitative assessment that the probability of a very rapid failure of the
Swift Creek Landslide is very low, the focus of the evaluation shifted to determining the
likely maximum volume of debris that could be released from the toe of the landslide and
transformed into a debris flow.

4.

Given an assumed maximum initiating failure magnitude (corresponding to an assumed
500-year return period event), BGC estimated the amount of debris that could be
entrained between the landslide and the apex of the fan. The sum of the point source
failure and debris entrained yielded the preliminary design debris flow volume.

The first step is documented here, while the remaining steps are presented in Section 5.
4.1

Present Landslide Activity

At the present time, the majority of the landslide mass is active as judged from air
photographs, field observations, anecdotal information and comparative air photograph
analysis.
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The Swift Creek Landslide is characterized by alternating areas of compression and
extension. Zones of compression are characterized by thrusting and faulting while zones of
extension are characterized by tension cracks and longitudinal ridges. The spatial
distribution of compression and extension will have some bearing on future landslide
movement. For example, those areas that undergo extension will likely form tension cracks
that provide easy access for infiltration of surface water. Over time, this will increase pore
water pressures along shear surfaces, reduce shear strength, and increase the driving forces
from water-filled tension cracks, causing an acceleration of movement.
Presently the landslide toe is squeezing through the upper portion of the Narrows, creating a
bulging and thickness increase at the snout of the slide. This is likely associated with local
steepening at the toe of the slide, increasing the potential for small scale slides and debris
flows off of the oversteepened slope. By increasing the toe slope, hydraulic erosion of the
stream descending the centre portion of the landslide is also enhanced, leading to increases
in bedload and suspended load transport in Swift Creek.
A small creek flows down the southern margin of the landslide, as well as down the middle of
the slide. Erosion from the creeks flowing down the lateral margin might be reducing lateral
support and the stability of the landslide. At the toe of the landslide, the creeks are removing
loose debris deposited by small slides and debris flows, further reducing toe support and
slide stability.
Continued loading due to retrogression at the landslide head, water infiltration in zones of
tension, and removal of toe and lateral support by fluvial erosion will provide conditions that
promote ongoing (and potentially accelerated) slope movements.
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Sudden Landslide Acceleration

The central question in this assignment is to determine if the Swift Creek Landslide could
rapidly accelerate and develop sufficient mobility to impact a large area on the Sumas River
floodplain. A number of processes were considered in BGC’s evaluation of the likelihood for
such an event. Each involves a sudden and significant reduction in shear strength, either
through:
•
•
•
•
•
•

changes in pore water pressure;
a transition from peak to residual shear strength;
loss of toe support;
exposure of old shear surfaces through erosion;
collapse and static liquefaction of sensitive clays; or
seismic liquefaction.

The following subsections will expand on these mechanisms and evaluate their applicability
to Swift Creek.
4.2.1

Changes in Pore Water Pressure

The movement velocity of landslides in bedrock and clay slopes may be cyclical, and slides
may move quickly after decades or centuries of relative stability. Variations in groundwater
conditions may be partially responsible for these cycles.
The cohesion along shear surfaces in active landslides is generally considered negligible,
and the shear strength (S) reduces to:
S = (σn – u) tanφ’

(4-1)

where:
σn is the total normal stress on the shear surface;
u is the porewater pressure; and,
φ’ is the apparent friction angle.
As porewater pressures increase, the available shear strength decreases, reducing the factor
of safety against slope failure.
The factor of safety (FS) describes the ratio of the forces resisting failure to the forces
promoting failure. A slope with a factor of safety of 1.0 is said to be at a state of limit
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equilibrium: a larger factor of safety implies a stable condition, while a factor of safety less
than one implies an unstable condition2.
A number of processes can cause a rise in the piezometric level and an increase in the pore
water pressures acting on the shear surfaces of large landslides. Some of these can include
long-term increases in precipitation, local increases in the accumulation of snow, reduction in
evapotranspiration, reduction in the interception of precipitation by vegetation, disruption of
surface drainage by tension cracks or road construction, or a disruption of subsurface
drainage.
Limit equilibrium slope stability analyses are required to evaluate the sensitivity of the Swift
Creek Landslide to changes in the piezometric level. Unfortunately, the geotechnical
properties, groundwater conditions, and slide geometry are poorly constrained, as
geotechnical drilling, sampling and instrumentation have not been undertaken.
4.2.1.1 Slope Stability Modelling by Others
Converse Davis Dixon Associates (1976) conducted preliminary slope stability modelling
using assumed strength parameters and failure geometry deduced from surface
observations. For a condition of zero cohesion, they determined a friction angle of 15.7o
provided a factor of safety of 1.0. However, they did not document their assumed
groundwater conditions or the impact of variable groundwater conditions on the predicted
factor of safety.
McKenzie-Johnson (2004) reviewed the likely range of shear strengths applicable to the
materials comprising the failure surface of the Swift Creek Landslide. He summarized that
conglomerates typically have friction angles between 34o and 40o, while the effective friction
angle of weathered serpentinites is about 25o. He found that residual friction angles for
weathered serpentinite were reported at 15o, and in one case a cohesion of 10 kPa was also
reported. He also reported that a cohesion of 15 kPa appears reasonable for bentonite.
It is important to note that cohesion is only present in rocks and overconsolidated clays that
do not contain continuous shear surfaces. Cohesion is often incorrectly interpreted from
laboratory shear strength tests when the non-linear dependence of shear strength on
confining stress is ignored.
A second important point is that for a low residual shear strength to apply, a landslide shear
surface must typically follow a single weak clay-rich layer along the majority of its length.
This is commonly true of purely translational slides, but rarely applies to complex landslides
involving significant rotational and flow behaviour.
2

Evidence of local deformation will, however, often develop as the overall factor of safety drops below about 1.3.
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McKenzie-Johnson (2004) conducted preliminary two-dimensional slope stability modelling of
the Swift Creek Landslide. He used a friction angle of 15o, a cohesion of 15 kPa, and a unit
weight of 20 kN/m3. Various failure geometries were considered in an attempt to determine
which gave the best correlation with a factor of safety of 1.0 and observed groundwater
conditions.
McKenzie-Johnson (2004) determined that the factor of safety was relatively insensitive to
assumed failure geometry and shear strength parameters, but very sensitive to groundwater
assumptions. In fact, he reported that a predicted factor of safety of 1.0 was determined for
nearly dry conditions, indicating that the Swift Creek Landslide would be prone to failure,
even with very low pore water pressures.
BGC does not fully agree with this interpretation. All observers to date agree that seepage
and ponds present on the landslide are a clear indication of unfavourable groundwater
conditions. When these groundwater conditions are applied to the stability model using the
assumed shear strength parameters, the resulting factor of safety would imply dramatic
acceleration of the landslide, which does not match observed landslide movement rates.
Consequently, BGC conducted further slope stability modelling to gain insight on likely
average friction angles that apply to the failure surface of the lower portion of the Swift Creek
Landslide.
4.2.1.2 Two-Dimensional Slope Stability Modelling by BGC
BGC conducted additional preliminary slope stability modelling of the lower third of the
landslide to gain further insight on shear strength, groundwater conditions, and the sensitivity
of the slide to changes in these parameters. At about one third of the way up the landslide
slope a zone of tension is illustrated on the 1976 drawings, which isolates the block that was
evaluated from the upper portion of the slide. Geometry was simplified from that illustrated in
the 1976 drawings, and is shown in Figure 3. Two-dimensional analyses were undertaken
using SLOPE/W (produced by GeoSlope International) and applying the Morgenstern-Price
method of slope stability analysis.
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Figure 3 - Simplified geometry of the lower third of the slide for 2-D slope stability
analysis

Five different friction angles were considered along the base of the landslide (16o, 18o, 20o,
22o, and 24o). The location of the piezometric level was raised above the base of the
landslide and the predicted change in the factor of safety was recorded. The results are
presented in Figure 4.
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Figure 4 - Predicted factor of safety vs friction angle and piezometric level for 2-D
slope stability analyses
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Based on a subjective estimate that the piezometric level is at least 80 feet (24 m) above the
base of the landslide, the results suggest that the average friction angle on the shear surface
is greater than 22º. When a friction angle of 16º is used, the modelling predicts a factor of
safety of about 1.0 for completely dry conditions, which may correspond with simplifying
assumptions used in the 1976 slope stability analyses.
The results also suggest that the stability of the landslide is not very sensitive to changes in
piezometric levels. For example, a 10% increase or decrease in the factor of safety requires
approximately a 25 foot (7.6 m) decrease or increase in the piezometric level.
Based on the limited slope stability modelling, it appears unlikely that natural changes in the
piezometric level would, on their own, be sufficient to cause sudden acceleration of the
landslide. Detailed geotechnical investigation, including drilling, sampling, instrumentation
and monitoring would be required to improve confidence in this preliminary assessment.
Additional comments are required on the lateral (or three-dimensional) effects on the stability
of the landslide. The Swift Creek Landslide is narrow compared to its depth, and frictional
resistance along its margins increases its stability. A two-dimensional back analysis of shear
strength for this type of three-dimensional problem tends to result in over-predictions of shear
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strength. Therefore, the effective friction angle along the base of the landslide may be lower
than the values back-calculated by BGC.
4.2.2

Transition from Peak to Residual Shear Strength

The shear strength of clays can decrease to residual values as shearing progresses,
resulting from an alignment of clay particles. This tends to be most pronounced in high
plasticity clays. Residual shear strength can be approximated through empirical correlation
with liquid limit, clay fraction, and the normal stress applied during shearing (Stark and Eid
1994).
Intuitively, a sudden decrease in the average friction angle acting along the base of the
landslide is not expected, since slope movements on the order of 10 to 50 feet (3 to 15 m)
per year have been ongoing for several decades. However, a comparison of predicted
friction angles from slope stability modelling with friction angles estimated from material
properties or laboratory testing would improve the confidence of this assumption.
No samples of clay from the shear surface of the Swift Creek Landslide have been obtained
and analysed. Test pits conducted in 1976 on the fan generally encountered gravely silts
and clays of low plasticity, while one overbank sample above the mushroom farm at an
elevation of 140 feet (TP 14, Sample 2) had a clay fraction of about 25% and a liquid limit of
49. Based on the empirical correlation by Stark and Eid (1994), the predicted residual friction
angle for a soil with these characteristics is approximately 20 to 22º, while the residual friction
angle for a material with the same liquid limit but a 50% clay fraction is approximately 16º to
18º (Figure 5).
The predicted friction angles reported above are of similar magnitude to those estimated
based on preliminary slope stability modelling, when a clay fraction of <45% is considered.
This provides some support for the assessment that a dramatic reduction in the average
friction angle acting along the base shear surface of the landslide is unlikely. Detailed
sampling and testing of materials from the landslide shear surface would be required to
confirm this assessment.
A reduction in the effective friction angle along the lateral margins of the landslide may be
possible, however, as shear surfaces form in the zones of compression behind the Narrows.
Soil sampling, laboratory testing and three-dimensional slope stability modelling would be
required to evaluate the sensitivity of the landslide to potential reductions in shear strength
from peak to residual values at locations along the slide margins.

N:\BGC\Projects\0371 KWL\004 Swift Creek\Report\Final\final_Swift_digital.doc

BGC ENGINEERING INC.

Page 23

Whatcom County
Swift Creek Landslide Study

April 14, 2005
Project No. 0371-004

Figure 5 - Predicted residual friction angle for a soil with a liquid limit = 49
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4.2.3

Loss of Lateral and Toe Support

The toe of the Swift Creek Landslide appears to be oversteepened and produces small
debris slides and debris flows when the surface becomes oversaturated. Creeks flowing at
the toe of the slide further erode and promote an ongoing loss of toe support.
Preliminary two-dimensional slope stability modelling was conducted to evaluate the
sensitivity of the landslide to a loss of toe support, provided that drained shear strengths are
applicable. Using a friction angle of 24º and a constant piezometric level, slices of material
parallel to the toe of the landslide were removed from the stability model, and the predicted
factor of safety was re-calculated. The results of this preliminary analysis suggest that, for
drained conditions, stability of the landslide is not too sensitive to the loss of toe support. For
example, a sudden loss of a 150 foot (46 m) slice of material from the toe of the landslide
would only reduce the overall factor of safety on the lower third of the landslide by about 5%.
The other mechanism by which a loss of toe support could occur is through shearing of the
bedrock Narrows. This is considered unlikely and has not been analyzed further.
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Loss of lateral support is also possible, caused by erosion from the streams running along
the margins of the landslide. The potential affects on slope stability can not be modelled with
two-dimensional analyses.
4.2.4

Exposure of Old Shear Surfaces

Old landslides in pre-glacial valleys have been observed to accelerate rapidly when old shear
surfaces are exposed at the toe of the landslide, usually as a product of river erosion.
The toe of the landslide is located on a bedrock-controlled valley bottom comprising Tertiary
conglomerates of the Huntington Formation. These conglomerates are exposed for a
considerable distance along Swift Creek and through the Narrows. It appears unlikely that
an old toe of the landslide is located below the current valley bottom; therefore the landslide
does not appear susceptible to this type of phenomenon.
4.2.5

Collapse and Flow of Sensitive Soils

Sensitivity is defined as the ratio of the undisturbed to the remoulded shear strength of a soil
and expresses the loss of strength when a soil is remoulded. In non-sensitive clays the
unconfined landslide mass usually stops at the toe of the slope thus establishing a new slope
geometry at higher-than-previous stability. Remoulding of sensitive clays, however, leads to
a significant reduction in shear resistance and a transformation of the landslide mass into a
liquid. Typically, an initial failure may leave the landslide mass upslope unsupported leading
to consecutive retrogressive failures.
Sensitive clays can form when:
•
•

mineral sources and depositional conditions exist for an open soil fabric and high water
content; and
geochemical processes (weathering, dissolution of salts) can reduce the liquid limit while
maintaining a high water content, reducing the remoulded shear strength (Lefebvre
1996).

Marine clays are the most sensitive with a typical remoulded undrained shear strength of less
than 0.5 kPa. Since the clays encountered at the landslide are of non-marine origin, their
sensitivity is expected to be significantly lower. The question, however, remains whether
some sensitivity exists which could lead to sudden failure and flow acceleration.
For rapid retrogressive failures, shear stresses are applied almost instantaneously creating
undrained loading and stability considerations must be based on undrained shear strength.
Therefore, it is necessary to determine the probability of rapid retrogression. The conditions
for this to occur are:
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•

the clay has to be sensitive enough that the initial slide will debuttress the toe of the
upslope landslide mass; and

•

the newly created slope must have a geometry for which the induced shear stresses
exceed the undrained shear strength of the clay.

The potential for rapid undrained flow failure and landslide retrogression is often evaluated
using a dimensionless stability number NS:
Ns = γH/Cu

(4-2)

where:
γ = bulk unit weight;
H = height of the scarp; and,
Cu = undrained shear strength of the clay.
For undrained failure to occur in the scarp of a landslide leading to rapid earth flow and large
slide retrogression, case histories suggest Ns must be greater than 6 and the liquidity index
of the clay [IL = (in-situ moisture content – plastic limit)/(liquid limit – plastic limit)] should be
greater than 1.2 (Mitchell and Markell 1974). Lebuis et al. (1983) also suggest that the
remoulded shear strength of the clay should be less than 1 kPa (20 psf) to facilitate flow of
the slide debris.
If we assume the Swift Creek Landslide material has a bulk unit weight of 120 pcf and the
scarp at the slide toe is approximately 300 feet (90 m) high, an undrained shear strength less
than 6,000 psf (290 kPa) would imply the slope is susceptible to earth flow. Intact shear
strengths within and at the base of the slide mass are most likely less than this value.
However, it is unlikely that clay moisture content is greater than its liquid limit or that the
remoulded shear strength is less than 20 psf, except perhaps at the surface of the slide toe.
It is unlikely, therefore, that the Swift Creek Landslide is susceptible to collapse and flow
failure leading to rapid retrogression. Detailed geotechnical investigation, including the
collection and laboratory testing of representative soil samples would be required to verify
this assumption.
4.2.6

Seismic Loading

Earthquakes impart vertical and horizontal forces that can temporarily reduce that factor of
safety against slope failure. Section 2.1 demonstrated that the landslide is in an area that
may be affected by large earthquakes (M 7) with a 100-year return period and megathrust
(>M 8.5) earthquakes with return periods between 400 and 500 years.
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Standard practice for stable slopes is to evaluate seismic loading effects using a
pseudostatic analysis, whereby a fraction of the expected horizontal acceleration is applied in
a slope stability model. Typically a value of 0.5 to 0.67 times the expected peak acceleration
is used. However, this type of analysis provides less insight on the effects of seismic loading
of active landslides. More sophisticated means of assessment, such as a Newmark
Analysis, are required to estimate the amount of landslide deformation resulting from a
certain intensity and duration of earthquake shaking. The input data required to conduct a
reliable assessment of this type is not available for the Swift Creek Landslide.
4.2.7

Seismic Liquefaction

Earthquakes can also trigger seismic liquefaction when shaking causes a collapse of loose,
saturated, granular soils. As the materials collapse, the pore water is compressed resulting
in a dramatic increase in pore water pressure and reduction in shear strength.
Granular materials such as gravely or silty sands deposited in alluvial, lacustrine and marine
environments have been observed to liquefy during earthquakes: materials containing an
abundant clay fraction are not generally considered liquefiable.
For example, Savigny et al. (1992) documented coseismic reactivation of the Little Doctor
Lake Landslide, NWT, Canada. Liquefaction was believed to have occurred in sandy
colluvium derived from glacial drift during either a M6.6 or 6.8 earthquake. The colluvium
consisted of sandy till mixed with discontinuous lenses and beds of sand and gravel, lenses
of clay, and an increasing portion of remoulded claystone as a function of depth. A
macrostructure controlled by numerous water-filled tension cracks may have collapsed
during seismic shaking, resulting in a sudden rise in pore pressure and loss of shear
strength. Large slide mobility resulted.
Seismic liquefaction of clay-rich landslide debris is less well documented. Studies in China
suggest that the potential for liquefaction in silts and clays is controlled by grain size, liquid
limit and water content (Youd and Idriss, 1997). To be susceptible, soils must have:
•
•
•

a clay fraction less than 15%;
a liquid limit less than 35%; and
a water content greater than 0.9 x Liquid Limit.

The Swift Creek Landslide is comprised of colluvium derived from weathered bedrock, and
appears to contain an abundant clay fraction. The extensive deformation within the
colluvium makes it unlikely that continuous seams of liquefiable material are present within or
at the base of the slide mass. Therefore, despite the widespread presence of water-filled
tension cracks, seismically triggered liquefaction of the landslide appears unlikely. Soil
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sampling and laboratory testing for grain size, Atterberg limits and water content would help
to verify this assumption.
4.3

The 1983 Thistle Landslide – Analogue to Swift Creek

This section describes the well-documented Thistle Landslide that occurred in 1983 in Utah.
It is discussed here in some detail because of a number of apparent similarities with the Swift
Creek Landslide, including the composition of the landslide material and the average slope
angle. A major difference between Swift Creek and the Thistle Landslide is the lack of lateral
confinement of the latter, although it is unclear how far this could influence landslide
dynamics.
On April 13, 1983 a 22 million cubic metre landslide near the town of Thistle, Utah began to
move and blocked Spanish Fork Canyon creating a lake. The landslide, which consisted of
moderately plastic, gravelly clay moved 500 feet (150 m) on a slope of about 10° through a
trough-shaped depression in bedrock (Kaliser and Fleming 1986). The Thistle Landslide
became the most expensive to mitigate landslide in US history because of dewatering,
tunnelling, and other mitigation measures. The final costs were $200 million in 1983 US
dollars.
Table 2 compares the two landslides with respect to climate, geology, geometry and
geotechnical properties.

N:\BGC\Projects\0371 KWL\004 Swift Creek\Report\Final\final_Swift_digital.doc

BGC ENGINEERING INC.

Page 28

Whatcom County
Swift Creek Landslide Study

April 14, 2005
Project No. 0371-004

Table 2 - Comparison of the Thistle and Swift Creek Landslides
Characteristics

Thistle

Swift

Mean annual
precipitation

18.5 inches (470 mm)

63 inches (1600 mm)

Max. annual
precipitation

Approx 40 inches (1000 mm) (?)
(1983)

approx. 100 inches (2500 mm) (1933)

Antecedent
precipitation

150 to 200% higher in 12 months prior

N/A

Landslide volume

29 M yd3

68 M yd3

Average slope

10°

16°

Age

Early Holocene

Early Holocene

Average thickness

130 feet (40 m)

230 feet (70 m)

Maximum thickness

195 feet (60 m)

330 feet (100 m)

Maximum length

?

1.5 miles (2400 m)

Width

790 to 1900 feet (240 – 580 m)

650 to 2400 feet (200 – 730 m)

Landslide process

Complex (secondary landslides,
earthflow, debris flows)

Complex (secondary landslides, earthflow,
debris flows, block glide, rotational slumps)

Geologic process

folding, thrust faulting, tilting,
diapirism3

folding, thrust faulting, serpentinization

Lithology

Sandstone, siltstone, claystone,
limestone, conglomerate

Clay, serpentinite, cobble conglomerates

Movement Rate

0.26 to 1.6 yd/hr4

11 yd/yr5

Liquid Limit

25 to 57 (average: 40)

49 (1 sample)

6 to 25 (average: 32)

24 (1 sample)

10 to 25 % (average 17%)

Unknown

Dry Density (silty and
sandy clays)

105 to 133 (average 118) pcf

Unknown (118 pcf assumed in analysis)

Residual friction angle

7 to 10° (LL>50)

Unknown (16 to 20o assumed in analysis)

(silty and sandy clays)
Plasticity Index
(silty and sandy clays)
Water Content
(silty and sandy clays)

up to 28° (LL=33)
Unconfined
Compressive Strength
(silty and sandy clays)

2.3 to 6.3 ksf

Unknown

Permeability

Low with some zones of higher
permeability

Low with some zones of higher permeability

Shearing

Residual shearing resistance

Residual shearing resistance

3

4
5

Diapirism is the rupturing of domed or uplifted rocks by mobile core material as a result of tectonic stresses,
geostatic load or igneous intrusion.
Maximum movement between April 16 to April 21, 1983
Average movement between 1965 and 1975
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Comparing the two landslides it is conceivable that the Swift Creek Landslide may be
susceptible to a similar acceleration of movement as witnessed at the Thistle Landslide in
1983 if extreme amounts of rainfall persist over several months. Further geotechnical
investigation would be required to make a final comparison between the two landslide types.
It is important to note, however, that while the Thistle Landslide produced a large earth flow
with moderate velocity, it did not transform into a very rapid to extremely rapid failure.
Additionally, total slope movement of the Thistle Landslide was limited to about 500 feet
(150 m) because it buttressed against a vertical bedrock cliff. These observations suggest
that even if the Swift Creek Landslide is susceptible to accelerations similar to Thistle, the
resulting slope movements are not likely to be catastrophic.
4.4

Conclusions from Slide Stability Assessment

The preliminary assessment of the stability of the Swift Creek Landslide and its potential for
rapid acceleration suggests that the bulk of the slide mass is not likely prone to very
rapid/extremely rapid slope movements defined as exceeding 3 yd/minute (10 feet/min).
Test trenching conducted by BGC on the Swift Creek fan provides further support for this
assumption, as no evidence of extremely large post glacial debris flows was observed
(Section 5).
On the basis of the information gathered and analyses conducted thus far, BGC subjectively
estimates that rapid acceleration of the Swift Creek Landslide and transformation into an
extremely large debris flow has an annual probability of 1:10,000 or 0.0001, but could
conceivably range from 1:1000 to 1:100,000. Further geotechnical investigation is required,
however, if Whatcom County wishes to refine this estimate.
However, the similarity of the Swift Creek Landslide with the Thistle Landslide suggests that
there is potential for movement acceleration in the order of several yards per hour under
unfavourable climatic conditions and perhaps associated with seismic loading.
In its simplest form, further investigation could include collection of shallow soil samples from
the toe and margins of the landslide using a hand auger. Laboratory testing to determine
variability in grain size, Atterberg limits and water content could be conducted to refine the
susceptibility of the material to seismic liquefaction.
More detailed investigation could include geotechnical drilling and sampling, installation of
piezometers and slope inclinometers, laboratory testing, three-dimensional slope stability
assessment, and deformation analyses. Difficult access and drilling conditions, coupled with
ongoing slope movements that would result in short instrument life, indicate this type of
program would be expensive and may not be capable of gathering sufficient information to
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significantly improve on the preliminary subjective estimate of the potential for rapid slide
acceleration.
Better value may be gained through evaluation (air photograph interpretation, field
observation, and test pitting) of other active and historical landslides of this nature within the
region. If fans below other old landslides where the slide material appears to have been
exhausted from the source also show no evidence of catastrophic debris flows, this would
improve confidence that the Swift Creek Landslide is not prone to this type of phenomenon.
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DEBRIS FLOW MAGNITUDE ANALYSIS

Section 4 has established that it is unlikely that the Swift Creek Landslide could completely
liquefy, accelerate and transform into a multi million cubic yard debris flow that would cause
significant damage on the fan and the Sumas River floodplain. However, debris flows have
historically initiated from the front of the landslide and are likely to continue to do so.
Accepting this hypothesis, it is necessary to quantify future debris flow magnitudes. The
design event is defined as the 500-year return period event, which equates to a 10%
probability of occurrence over a 50 year time period.
This section documents the results of test pitting undertaken on the Swift Creek fan by BGC
on May 19, 2004, as well as hypothetical debris flow magnitude estimates and estimates of
the zone of impact resulting from the design debris flow.
5.1

May 2004 Test Pits

On May 19, six test pits were dug by excavator at different locations on the upper and middle
sections of the Swift Creek fan. Logs and a location map for the test pits are included in
Appendix III. The objective of this work was threefold. First, BGC attempted to find landslide
deposits that would indicate that a mega debris flow had occurred in the past and may occur
in the future. Second, BGC wanted to find out if debris flow activity is a recent phenomenon
at Swift Creek or if those have persisted over a long time period. Thirdly, particle size and
depth of debris flow layer encountered in the test pits would allow an estimation of debris
flow intensity as defined by particle size and flow depth.
The principal conclusions from this component of BGC’s fieldwork are as follows:
•
•
•

there is no evidence of a mega debris flow during the Holocene Period (10,000 years);
smaller debris flows have occurred at numerous occasions throughout the Holocene;
and
by the time smaller debris flows reach the inhabited parts of the fan, flow depths likely
decrease to less than 2 feet (0.6 m) and boulder size is unlikely to exceed 8 inches
(200 mm) in diameter.

Several samples of organic materials were taken during the fieldwork, which could be dated
at some later point. Dating of these materials by radiocarbon methods could yield
information whether the frequency of debris flows has increased during the Holocene in
general, and over the past 70 years in particular.
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Debris Flow Magnitude Estimate

Debris flow magnitude can be expressed as volume or peak discharge transported past a
point of interest (often the fan apex). Debris flow volume depends on the following variables:
•
•
•
•

the volume of the initiating failure (Vi);
the volume of all point sources (Vs);
the channel yield rate (Yi); and
the debris volume lost by deposition along the flow path before the point of interest (Vd).
n

n

i −1

i =1

Vt = Vi + ∑ V p + ∑ Yi Li − Vd

(5-1)

At Swift Creek, the point of interest to calculate Vt is assumed the fan apex and it is
conservatively assumed that Vd = 0. Similarly, field investigations suggest that any material
added from side slope failures would likely be insignificant with respect to the initiating failure
and is thus also assumed as zero, reducing equation 5-1 to:
n

Vt = Vi + ∑ Yi Li

(5-2)

i =1

The following text will describe how the volume of the initiating failure and the entrainment
volume of equation 5-2 are determined and an estimate of Vt is being made.
5.2.1

Volume of initiating failure (Vi)

An estimate of Vi necessitates knowledge of the initiating landslide type. At Swift Creek there
are two principal mechanisms for debris flow initiation. The first process would involve a
rotational or translational slide at the toe of the landslide. The toe area is predestined for
such process because of its steepness and the presence of rotated blocks and back scarps
further upstream. During periods of elevated pore water pressures, the rotated block could
detach, lose coherence and travel to the streambed below the current landslide toe. Once
detached, the landslide debris could mix with water of the creek that flanks the landslide
mass to the south and create a sediment-water mixture favourable for debris flow movement.
During fieldwork, however, it was noted that the clay-rich material does not easily mix with
water, and that water tends to slowly erode the plastic clay. Therefore, for efficient and rapid
mixing to occur at least some part of the failed mass would have to consist either of sensitive
clays or a mixture of coarser grain sizes.
The volume of the initiating failure can only be determined with confidence if drilling could
establish the exact depth of any potential shear surface. Since no drilling results are
available, the following assumptions have to be made:
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the frontal slide block is moved during an extreme hydroclimatic event or an earthquake,
thereby oversteepening the frontal slope and discharging a debris flow;
the layer which is transformed into a viscous slurry is approximately 10 yards thick;
the layer that transforms spans the entire area of the frontal slope (18,000 yd2);

These assumptions would result in a volume estimate of approximately 180,000 yd3 with an
approximate error range of +/-50%. Using this error estimate, the initiation volume could
range between 90,000 and 270,000 yd3.
The second process would entail shallow debris avalanching and debris flows down the
lateral margins of the landslide where the slide mass could easily dam the creeks that run
between the landslide mass and the adjacent conglomerates. Such dams would be shortlasted and would rapidly be overtopped and eroded. The landslide dam could then be
entrained in the creek creating a debris flow with higher discharge than the previous flood
discharge. Further undercutting of the margins of the landslide mass is likely with a
repetition of the sliding and damming process. This process may continue until the slope
angle on the landslide margin has retreated to a point where further landsliding is unlikely.
Debris flows initiated by this process would result in multiple surges and a long debris flow
duration as opposed to a single surge with a very high discharge and short duration. Crosssection measurements near the fan apex suggest that the 1971 debris flow had a low peak
discharge (approximately 100 to 150 m3/s or 3500 to 5300 cfs). Given a total volume of
about 150,000 yd3, this would imply a debris flow duration of approximately 15 to 20 minutes.
Both the relatively low peak discharge and the long duration of the event support the
hypothesis of continued landslide margin failures and repeated creek damming at the
Narrows.
It is very difficult to estimate the volume of debris flows triggered by the second process
described in the previous paragraph, because it depends on the location of the first landslide,
the slope geometry at the time of the landsliding, whether the process occurs on only one
side of the landslide or on both, and the discharge of Swift Creek at the time. It is
conceivable that a low return period debris flow (several hundred years) could last over one
hour and transport several hundreds of thousands of cubic yards onto the fan. A detailed
debris flow frequency – magnitude analysis is only possible by a comprehensive testtrenching program in which individual debris flow layers would be identified and dated with
radiocarbon methods or tephrochronology6. This would require an additional 10 to 20 test

6

Tephrochronology is a dating method that uses the age of known volcanic ash (tephra) layers to find minimum
or maximum ages of underlying or overlying deposits. The research area lies within the tephra fall-out area of
the Mazama ash, which was deposited during the eruption of Mount Mazama (now Crater Lake) in Oregon
some 5500 years ago.
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trenches and the dating of some 20 to 30 organic samples, which is beyond the scope of this
study.
5.2.2

Volume of Debris Entrainment (ΣYi)

The yield rate is defined as the potential erosion volume per metre (or yard) of channel
length (Hungr et al. 1984). To apply the concept, the channel system of a debris flow
watershed is divided into channel reaches considered to be approximately constant in terms
of the parameters critical for material entrainment (as listed in Table 1 of Hungr et al.).
At Swift Creek the channel length containing entrainable material is assumed to be situated
between the toe of the landslide and the fan apex. Field investigations suggest an average
yield rate between 5 and 10 yd3 per yard channel length. Over a total length of 600 yards
this would result in a maximum total entrained volume of 6000 yd3, which is a negligible
amount compared to the potential point source failure during a several hundred year return
period event.
5.2.3

Total Debris Flow Volume

Using equation 5-2 and assumptions made in this section, it is conceivable that a debris flow
with a several hundred year return period could reach up to 300,000 yd3 in total volume. A
detailed frequency–magnitude analysis would only be possible if a more complete testtrenching program was conducted including the radiocarbon dating of numerous organic
samples.

N:\BGC\Projects\0371 KWL\004 Swift Creek\Report\Final\final_Swift_digital.doc

BGC ENGINEERING INC.

Page 35

Whatcom County
Swift Creek Landslide Study

April 14, 2005
Project No. 0371-004

6.0

LANDSLIDE RISK MANAGEMENT ALTERNATIVES

6.1

Introduction

This section briefly discusses alternatives for managing the risks associated with the Swift
Creek Landslide. Many of the alternatives considered were discussed by Converse Davis
Dixon Associates (1976) and are expanded upon here in light of further evaluation conducted
by BGC. This section does not address creek management options that will be described in
the report by KWL.
There are three main approaches to reducing landslide risk:
•
•
•

reducing the likelihood of landslide occurrence;
reducing the consequence of landslides, should they occur; and
reducing uncertainty associated with likelihood and consequence, as uncertainty in itself
is a form of risk.

Means of reducing the likelihood of landslides fall into two main categories: reducing the
forces promoting failure; or increase the forces resisting failure. Landslide consequence can
be reduced through hazard avoidance, installation of protective measures to minimize direct
impacts to people, infrastructure and the environment; or development of emergency
response protocols to minimize the escalation of costs such as those associated with lengthy
service outages, for example. Uncertainty regarding the likelihood of failure can be reduced
through detailed geotechnical assessment of the mechanisms, causes and triggers of failure,
including the evaluation of slopes in similar environments that have or have not produced
landslides. Uncertainty regarding the consequences of failure can be reduced by conducting
consequence analyses, interviews with stakeholders, and review of case histories
documenting the impacts from other landslides.
The focus here is on means of reducing the likelihood of ongoing or accelerated movement
of the landslide. Recommendations for reducing uncertainty through further investigation
have been discussed throughout this report, as have recommendations for gaining a better
appreciation of landslide consequence. It is important to note that while the stabilization of
large landslides is often technically feasible, it is also almost invariably expensive. Until
failure consequences are quantified, it is difficult to comment on the appropriateness of the
various stabilization options that are discussed below.
6.2

Landslide Stabilization

The movement rates of large active landslides can often be dramatically reduced through a
small (5 to 10%) improvement in the factor of safety. This can be achieved through a
reduction in driving forces or increase in resisting forces. Driving forces are a result of
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gravity, and can be reduced by flattening slopes, lowering water levels in tension cracks, or
complete removal of an unstable mass. Resisting forces can be increased by improving the
shear strength along the slide’s failure surface, typically by lowering piezometric levels.
Other means include increasing the friction angle of materials comprising the shear surface,
installation of toe berms, or reducing the potential for toe erosion.
6.2.1

Removal of Unstable Slide Mass

The Swift Creek Landslide is extremely large, with an estimated volume of 68 million cubic
yards. At a minimum cost of $5 per cubic yard for removal and storage of this volume, the
cost of this option would be on the order of $340 million. Potentially unstable ground extends
laterally and up slope of the currently active landslide, thus removal of the unstable mass
would likely promote additional instability. Consequently, this option is not considered
technically or economically viable.
6.2.2

Flattening the Slope

The landslide is over one mile long and has an interpreted failure surface that runs subparallel to the ground surface. Its size and geometry make it difficult to achieve a
measurable improvement to the factor of safety through re-grading of the slope. This
approach is not considered technically feasible.
6.2.3

Surface Drainage

Groundwater appears to be the main factor governing instability and movement rates at the
landslide. The slide contains numerous tension cracks and ponds that promote infiltration of
surface water. Water-filled tension cracks also can cause large lateral loads that can reduce
the stability of the slide.
Improving surface drainage through slope grading and the construction and maintenance of
drainage ditches could reduce infiltration and improve the stability of the landslide.
Reasonable improvements could perhaps be realized for as little as $150,000.
The disadvantages of improving surface drainage are two-fold. First, without a detailed
hydrological model, it is difficult to predict the amount that surface drainage measures would
lower piezometric levels and improve stability. This is further compounded by a lack of
piezometric data and soil characteristics information.
Preliminary stability modelling
suggests that the average piezometric level would have to be lowered by 20 to 30 feet (6 to
9 m) to result in a 10% improvement to the factor of safety of the lower portion of the
landslide. Subjectively, it is considered unlikely that this degree of improvement could be
obtained through the implementation of surface drainage measures alone.
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The second disadvantage is that, unless improvements to stability are sufficient to stop slope
movements, ongoing deformation will require ongoing maintenance. Stopping the landslide
is unlikely, and maintenance costs might be in the order of $50,000 per year.
Of the available stabilization measures, improving surface drainage is likely the least
expensive to implement, requiring less up-front capital expenditure than a detailed
geotechnical drilling program would, for example. On this basis, it may warrant a 2 or 3-year
trial period.
6.2.4

Subsurface Drainage

Subsurface drainage is of major importance because pore water pressures reduce effective
stress and shear strength along the landslide’s failure surface. In many large landslides
throughout the world, subsurface drainage is the only technique capable of reducing
movement rates to acceptable levels. Techniques for subsurface drainage of landslides
include the application of one or several of the following methods:
•
•
•

drainage wells;
drainage galleries, adits, or tunnels; and,
sub-horizontal drains drilled from the slope surface, or from drainage wells or galleries.

Other less commonly used techniques include electro-osmosis, vacuum dewatering, and
blasting of rock slopes for drainage improvement.
The three systems listed above drain by means of gravity flow or pumps to remove water
from collector galleries or wells. The effectiveness of the individual methods will depend on
hydrogeological conditions and the sensitivity of the landslide to changes in piezometric
levels. Given the size, geometry, and mobility of the landslide, installation of sub-horizontal
drains from the slope surface is not expected to be effective. The drains would likely be
rendered inoperable by slope movements within a short period of time following installation.
A series of drainage galleries or micro-tunnels excavated in the bedrock underlying the
landslide failure surface may be technically feasible. Detailed geotechnical investigation
would be required to verify the feasibility of construction and the likely improvement to the
stability of the landslide. The costs for the investigation and tunnelling might be on the order
of $200,000 and $2 million, respectively. Surface drainage improvements could be carried
out in conjunction with this option at a minimal incremental cost.
Drainage wells through the slide mass suffer from the same drawbacks as horizontal drains:
they are likely to be rendered inoperable within weeks of their installation. For these
reasons, drainage wells are not considered technically feasible.
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Shear Keys

Small to moderate-sized landslides are sometimes stabilized using shear keys that increase
resistance along shear surfaces. These can comprise concrete and steel piles or stone
columns that are drilled and installed through the shear surface. Because they are capitalintensive, these techniques are rarely used unless it is relatively certain that slope
movements can be stopped before the shear keys are destroyed. Given the size and
movement velocity of the landslide, shear keys are not considered technically feasible.
6.2.6

Toe Buttresses

Application of mass at the toe of landslides can improve slope stability. These approaches
are generally not cost-effective for the stabilization of large landslides. Converse Davis
Dixon Associates (1976) estimated 13 million cubic yards of fill would have to be placed and
compacted at the toe of the Swift Creek Landslide to gain a 25 to 50% improvement to the
factor of safety. Although not assessed here in detail, this level of effort appears to be of the
correct order of magnitude. At a minimum cost of $5 per cubic yard of material, the total cost
of a large toe buttress is likely in excess of $65 million.
6.3

Summary of Stabilization Options and Recommendations

In summary, surface drainage, subsurface drainage tunnels, and construction of a large rock
buttress at the toe of the Swift Creek Landslide are possibly technically feasible means of
slowing or halting slope movements. Any statement on the anticipated effectiveness of these
methods would have to be accompanied by a more detailed geotechnical analysis including
instrumentation, monitoring, and slope stability analysis, which are not part of this study. The
costs of such a detailed geotechnical investigation are likely of similar magnitude to an
attempt at improving surface drainage.
BGC recommends that first priority be given to quantifying the direct and indirect costs of
ongoing landslide movements and impacts of stream sedimentation and potential debris
flows. Landslide movement should be expected to continue at rates at least equivalent to
those documented in recent years. Movement rates equivalent to those experienced at the
1983 Thistle Landslide may form a reasonable upper bound for preliminary consequence
analyses. This exercise should be completed before further consideration is given to
attempting detailed geotechnical investigation or implementing landslide stabilization
measures.
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7.0

LANDSLIDE ACTIVITY ALONG SUMAS MOUNTAIN

7.1

Introduction

During the air photograph interpretation exercise and some limited field checking by
helicopter, a number of inactive landslides and one active landslide were observed in the
vicinity of Swift Creek. These observations are very important as they allow an evaluation of
the Swift Creek Landslide hazard in a regional context. The following text is a qualitative
description of small watersheds located to the immediate north and south of Swift Creek.
7.2

Watershed Descriptions

A cursory examination of eight watersheds was completed to the immediate south and north
of Swift Creek. All of the watersheds originate from the ridge of Sumas Mountain.
Watersheds S-1 through S-6 are located to the south of Swift Creek. Watersheds N-1 and
N-2 are located to the immediate north (Figure 6).
Watershed S-1 is a south tributary of Swift Creek, draining into Swift Creek downstream of
the fan apex. The watershed is characterized by a deep bowl limited by vertical bluffs of
conglomerate rocks at mid to low elevations. The upper watershed has previously been
logged and remnants of old logging roads can be discerned. While the lower watershed may
have been depleted by previous landsliding, the upper watershed still contains a large mass
of potentially unstable ground. Watershed S-1 also has a sizable and hummocky fan that
interfingers with the Swift Creek fan and appears to substantiate the hypothesis of previous
landslide activity.
Watershed S-2 has an elongated basin area and dissected by a number of smaller tributary
gullies. There are no visible outcrops of conglomerate. A hummocky fan complex delineates
a potential landslide runout zone. Approximately 20 buildings were counted on the 1990 air
photograph on the steeper sections of the fan. Air photographs from 2000 show recent
logging activities in the upper watershed.
Watershed S-3 (Dale Creek) has a high drainage density and shows several areas with
vertical conglomerate bluffs. Most importantly, the 2000 air photographs and the March 2004
helicopter inspection show a landslide in mid-basin (see Photo 6, Appendix II). This
landslide is not visible on the 1990 air photographs. The cursory helicopter inspection
suggests that the landslide could enlarge in the future. In this case, a sedimentation problem
as encountered at Swift Creek is possible. Mass movement processes in the past have
created a large low gradient fan. The 1990 air photographs show that second growth logging
has commenced in the upper watershed. The watershed has been logged extensively in the
past.
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Figure 6 - Location map of watersheds adjacent to Swift Creek

N-2 (Breckenridge Creek)

N-1
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S-1

S-2
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Watershed S-4 is concave and weakly incised. Recent logging is visible on the 1990 air
photographs. There is no evidence for active or past landsliding in the watershed. However,
drainage redirection caused by logging may become a significant factor in landslide initiation.
Watershed S-5 is characterized by a large amphitheatre shaped headscarp, which may be
the upper limit of an old landslide. S-5 is the headwaters of the Sumas River and initially
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drains south before turning to the northwest. The watershed has undergone at least two
cycles of logging and is criss-crossed by a number of old logging roads.
Watershed S-6 (Smith Creek) is located east of S-5 and is characterized by a steep
headscarp trending N-S and then E-W. The headscarp describes a large arc, which is
interpreted as an old landslide scarp. There are no active landslides visible in the watershed
on the 1990 air photographs. In particular, the lower watershed has been repeatedly logged
in the past.
Watershed N-1 refers to the North Fork of Swift Creek. The watershed is moderately
dissected by tributary gullies and drains into Swift Creek immediately downstream of the fan
apex. There are several outcrops of conglomerate rocks visible on the 1990 air photographs
but no signs of active landsliding.
Watershed N-2 (Breckenridge Creek) encompasses a large amphitheatre-shaped basin,
which is most likely an older landslide. Vertical conglomerate cliffs are visible on the south
side of the watershed. Lobate flow forms are visible in the lower reaches of the watersheds
and a large fan has formed where the watershed meets the Sumas River Valley. In its
northwestern portions the fan seems to extend down Breckenridge Creek indicating viscous
deformation on low slopes.
7.3

Summary

This section includes the description of eight watersheds along the western slopes of Sumas
Mountain in the vicinity of Swift Creek. Air photograph interpretation of the 1990 and 2000
air photographs and limited helicopter inspection showed that most of these watersheds
have a history of landsliding. One recently active landslide has been identified in watershed
S-3 (Dale Creek), which may enlarge over time and create a similar sedimentation problem
such as observed at Swift Creek. Several watersheds have undergone at least one cycle of
logging and are now being logged again. In light of these observations it is recommended to
further investigate the landslide hazard and risk from watersheds with potential downstream
impacts, and to investigate the impact of logging and forest road construction on landslide
initiation potential.
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8.0

CONCLUSIONS AND RECOMMENDATIONS

8.1

Conclusions

This preliminary analysis has shown that the Swift Creek Landslide re-activated in the 1930s
and the area of active movement has increased until the present. Specifically, the following
conclusions can be drawn from this study.
1.

It is considered unlikely that the landslide will accelerate catastrophically, evolve into a
multi-million cubic yard, very rapid earth flow (>3 yd/min), and inundate large sections of
the fan area.

2.

BGC subjectively estimates that rapid acceleration of the Swift Creek Landslide and
transformation into an extremely large debris flow has an annual probability of 1:10,000
or 0.0001, but could conceivably range from 1:1000 to 1:100,000. Further geotechnical
investigation is required to refine this estimate.

3.

The landslide will continue to progress along the valley for the foreseeable future
(decades).

4.

There is no reason to believe that annual sediment yield may decline in the foreseeable
future (decades), and it is quite possible that sediment yield may increase due to
ongoing landslide enlargement and advance, bulging and steepening at the Narrows,
negative impacts on surface drainage, and projected wetter climatic conditions.

5.

Movement rates will depend on climatic conditions and on the impacts of ongoing slope
movement on surface and internal drainage efficiency.

6.

Debris flows may discharge from the landslide vicinity in the future during extreme
rainstorms with sufficient antecedent moisture conditions.

7.

Debris flows may reach about 300,000 yd3 in volume and may reach peak discharges of
several thousand cubic feet per second.

8.

Debris flows would likely avulse on the fan due to insufficient channel capacity.

9.

It is considered likely that under sufficient antecedent moisture conditions the landslide
could accelerate to velocities of several yards per hour.

10. There are other sites along Sumas Mountain where landsliding has begun or could occur
and create conditions similar to those observed at Swift Creek.
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Recommendations

This preliminary study of the Swift Creek Landslide suggests that it is not likely that
catastrophic acceleration of the landside to several yards per minute could occur. However,
the study has indicated that there is potential for movement acceleration in the order of
several yards per hour under unfavourable climatic conditions and perhaps associated with
seismic loading. To provide firmer answers and to allow predictions of sediment discharge
and timing the following recommendations are made for a detailed geotechnical study. This
study would provide a better assessment of the landslide’s characteristics and would allow
the monitoring of the landslide movement, which may be very helpful for fan and creek
management.
1.

Drill several (six to twelve) bore holes throughout the landslide mass and install
standpipe piezometers as well as slope indicators.

2.

Install survey monuments for regular re-surveys or use LIDAR technology to monitor
continuous movement.

3.

Obtain samples of disturbed and undisturbed soils and rock and perform tests such as
Atterberg limits (liquid limit and plasticity index), water content, dry density, grain size,
mineralogical composition, and residual friction angles.

4.

Initiate monitoring program for other landslides along
photogrammetry, on-site surveying techniques or LIDAR.

5.

Review forestry operations and forest use plans with regard to potential landsliding in all
potentially affected watersheds. Although clear-cutting and logging road construction
typically do not affect deep-seated landslides, even slight disturbances or drainage
redirections could cause landslide initiation, which may not be reversible. Until further
study of the potential effects of logging in the various watersheds has been undertaken,
BGC advises that a logging companies operating in those watersheds identified as
susceptible to landsliding in Section 7 should be informed by Whatcom County of this
report.

6.

Consider geotechnical instrumentation on the recently re-activated landslide at
Watershed S-3 (Dale Creek) to understand landslide response to seasonal moisture
fluctuations.

7.

Begin a monitoring program of sediment load in Dale Creek to detect any long-term
changes that could lead to a scenario similar to that observed at Swift Creek.
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8.

Compile hazard maps for the areas at the foot of Sumas Mountain that could be affected
by landsliding.

9.

Review any development permits in potentially hazardous areas along the foot of Sumas
Mountain with respect to the findings in this report.

The first item (geotechnical drilling and instrumentation) would be expensive to implement
and may not be warranted unless Whatcom County is not comfortable with the level of
uncertainty that will remain without such studies. The remaining recommendations outlined
above are expected to prove cost effective, and could lead to effective management of a very
unusual geological situation that may become more hazardous over time.
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CLOSURE

We trust this information provided in this draft report meets your current requirements.
Please contact the undersigned if you have any questions or review comments.
BGC ENGINEERING INC.
Per:

Matthias Jakob, Ph.D., P.Geo., L.G.
Senior Geoscientist

Michael J. Porter, M.Eng., P.Eng., LEG
Geological/Geotechnical Engineer

Reviewed by:

Wayne Savigny, Ph.D., P.Eng., P.Geo.
Senior Engineering Geologist
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