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Abstract 

Steep creek hazards such as debris flows and debris floods pose considerable risks to 

mountain communities and infrastructure. In Europe and Japan, centuries of experience 

in steep creek hazard mitigation have produced substantial practical design knowledge. 

By comparison, Canadian professionals have limited experience with engineered debris-

flow and debris-flood risk management. This thesis aims to close the knowledge gap 

through three distinct approaches. First, local and international design practices are 

reviewed, to highlight the unique challenges facing Canadian practitioners. Second, I 

present a design approach that aims to improve the state of practice in Canada by creating 

a repeatable and transparent workflow. Finally, a series of case studies emphasize the 

applicability of decision analysis and integrated river management for debris-flow and 

debris-flood mitigation design. The results of this study can be used to inform steep creek 

risk management efforts in Canada.   

Keywords:  geohazard; debris flow; debris flood; mitigation; engineering design; risk 
management  
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Chapter 1. Introduction 

1.1. Steep creek hazard mitigation in Canada 

In mountainous areas, steep creek fans have historically been considered suitable 

locations for housing and infrastructure. Unfortunately, these developments are often at 

risk from debris flows and their associated secondary processes, such as flooding, erosion 

and sedimentation. Relative to other geohazards, hydrogeomorphic processes such as 

debris flows and debris floods are particularly hazardous because they travel rapidly, and 

occur frequently with minimal warning (Santi et al., 2011).  

Risks posed by hydrogeomorphic hazards have been recognized and managed 

for centuries, particularly in the European Alps (Hübl et al, 2005) and in Japan (Okamoto, 

2010). These countries have standards and regulatory frameworks to support the 

enactment of mitigation measures, as well as professionals and institutions skilled in 

design and construction of these measures. 

In Canada, professionals have limited experience with hydrogeomorphic risk 

reduction due to the comparatively limited and recent development in mountainous areas. 

As mountain communities and infrastructure projects continue to encroach into 

mountainous terrain, increased demand for debris-flow and debris-flood mitigation will 

follow. This thesis aims to address the emerging demand, by drawing on local and 

international experience to create a framework to inform the design of steep creek hazard 

mitigation measures.  

1.2. Research objectives 

The primary objective of this thesis is to develop guidance for the design of debris-

flow and debris-flood mitigation measures in Canada. This guidance is intended to 

complement professional judgement, and create a more transparent and repeatable 

process for risk reduction design than is currently practiced. The central question of the 

thesis is: can a logical, transparent and replicable framework be developed that will guide 

regulators in requesting mitigation and practitioners in arriving at optimal designs? Such 
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a framework would serve to systematize approaches nation-wide, reduce future losses 

and optimize mitigation type and design from a cost-efficiency and safety point of view. 

The secondary objectives of this research are to: 

• Catalogue the types of debris-flow and debris-flood mitigation measures that 
are currently in use in Canada and internationally 

• Identify international best practices and standards, and investigate their 
application to Canadian mitigation designs 

• Determine the geomorphological, spatial, economic, social and technical 
factors that inform the design of mitigation measures 

• Investigate the performance of existing steep creek hazard mitigation 
measures 

1.3. Thesis structure 

This thesis is organized into five major chapters and three general sections. The 

first section of the thesis, Chapters 2 and 3, is introductory and provides the necessary 

foundation for the research. Chapter 2 provides a review of steep creek hazards and 

mitigation methods. Chapter 3 summarizes current local and international practice in 

debris-flow mitigation design, as well as highlighting aspects of practice that differ between 

regions and countries. These chapters aim to provide the required background 

information, and demonstrate the necessity of a comprehensive design approach.  

The second section of the thesis, Chapter 4, provides guidance for the design of 

debris-flow and debris-flood mitigation measures in Canada and introduces a 

recommended approach.  

The third section, Chapters 5 and 6, focuses on case studies and example 

applications of the recommended design approach. Chapter 5 demonstrates the use of 

decision analysis techniques for debris-flow and debris-flood mitigation design. Chapter 6 

discusses the lessons learned from previous debris-flow and debris-flood events and then 

applies these to a design example. Finally, Chapter 7 summarizes the thesis and suggests 

possible avenues for future research.  
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Chapter 2. Review of steep creek hazards and 
mitigation methods 

2.1. Steep creek processes 

Steep creek processes include all water-driven debris transport events that occur 

in channels steeper than 3˚ or 5% (Church, 2010), including debris flows, debris floods, 

hyperconcentrated flows, mud flows and bedload transport events. The descriptive term 

“hydrogeomorphic” is a suitable general description for these processes, however, it has 

yet to be widely adopted in literature.  

The terminology used to describe hydrogeomorphic processes varies 

internationally and is summarized in Table 2-1. The apparent breadth in terminology is 

partly due to the wide range of sediment-transport events that occur on steep creeks; it is 

also exacerbated by regional differences in process occurrence and historical precedent. 

In Europe, steep creeks prone to large sediment transfer events are referred to as torrents, 

and the mitigation process is known as torrent control. In Japan, “sabo” or “sand 

prevention” measures are used to mitigate a wide-range of sediment-related processes, 

from debris flows on steep mountain streams to large bedload transfer events on major 

river systems.  

Table 2-1: International terminology used to describe hydrogeomorphic 
processes and mitigation 

Region Process terminology Mitigation terminology Key references 
Canada Debris flow; debris flood (no specific term) Hungr et al., 2014 
USA Debris flow; mud flow (no specific term) Iverson, 2014 
Europe Torrent; debris flow; Muren (German) Torrent control  
Japan doseki-ryu; yama-tsunami (Japanese) Sabo Takahashi, 2009 

It is also beneficial to clarify the terms “hazard” and “risk”. In landslide literature, 

“hazard” has two definitions; it can refer to the event or process, or to the probability of 

event occurrence. In this thesis, hazard is used predominantly to refer to the event. Risk 

is the “measure of the probability and severity of an adverse effect to life, health, property 

or the environment” (Fell et al., 2005).  
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2.1.1. Classification    

Steep creek hazards can be distinguished from each other based on sediment 

concentration, velocity, typical slope gradient, plasticity index and peak discharge. Figure 

2-1 shows cross-section and plan views of several process types, plotted according to 

their average characteristics. For example, debris flows typically involve a sediment 

concentration in excess of 50%, and occur in channels steeper than 25%.  

 

Figure 2-1: Hydrogeomorphic processes as a function of sediment/water 
concentration, channel gradient and velocity. Axes refer to cross-
sections, not plan sketches. Artwork by BGC Engineering Inc (BGC). 

A single event can include phases of multiple process types; for example, flowing 

water in a channel may entrain debris to become a surging debris flow, then transition to 

a debris flood downstream as coarse material is deposited on the fan. Hungr et al. (2014) 

recommend alleviating this confusion by classifying processes based on the focus of the 

researcher. For mitigation design, processes should be classified based on the 

characteristics at the point of interaction with the mitigation structure or elements at risk.  
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Debris flows 

A debris flow is a very rapid to extremely rapid movement of a single phase of 

saturated non-plastic debris in a steep channel (Hungr, 2005; Hungr et al., 2014). Average 

debris-flow velocity ranges from 4-10 m/s, although debris-flow velocities up to 20 m/s 

have been observed. “Saturated” notes that the water content of a debris flows is typically 

between 30 and 50% (Iverson, 1997). “Non-plastic debris” may include sediment ranging 

from clay to large boulders, as well as timber and other organics, however, the fines 

content of the flow must have a plasticity index less than 5% to maintain the debris flow 

classification. Finally, “a steep channel” has a gradient in excess of 27% (15°).   

Debris flows occur in surges within the channel, as shown in Figure 2-2. A single 

debris-flow event may be composed of several of these surge fronts, spaced seconds, 

minutes or hours apart. 

 

Figure 2-2: Cross-section of a typical debris-flow surge (from Hungr, 2005). 

Several characteristics can be used to identify debris-flow fans and channels in the 

field. Typically, the watershed areas are less than 5 km2 (Hungr et al., 2001), and fan 

slopes are between 5° and 20° (Hungr et al., 2014). Deposits tend to be inversely graded 

and matrix supported (Stiny, 1910). Coarse levees, large transported clasts, debris lobes 

and U-shaped eroded channels are also strong indicators (Hungr et al., 2014).  
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Impact forces from debris flows have been estimated in excess of 1000 kN/m2 

(GEO, 2012). In addition to direct impact, damage is also caused by erosion, avulsion and 

burial. 

Mud flows  

A mud flow is a “very rapid to extremely rapid surging flow of saturated plastic soil 

in a steep channel, involving significantly greater water content relative to the source 

material [and] strong entrainment of material and water from the flow path” (Hungr et al., 

2014). Mud flows are similar to debris flows, but incorporate soil with a plasticitiy index 

greater than 5%. Due to this increased plasticity and the associated high clay content 

which bonds free water, mud flows drain very slowly and have longer runout distances 

than debris flows (Jordan, 1994).  

Mud flows tend to be more common in areas with deep weathering, or in other 

regions with predominantly fine-grained surficial sediments. For example, mud flows are 

the dominant hydrogeomorphic hazard type in the southwestern United States. Mud flows 

sourced from the slopes of volcanoes are also known as “lahars” (Hungr et al., 2014) and 

often have high clay contents attributable to weathering of hydrothermally altered 

volcanics.  

Debris floods 

Hungr et al. (2014) defined a debris flood as “a very rapid flow of water, heavily 

charged with debris, in a steep channel”. “Very rapid” indicates velocities between 0.05 

m/s and 5 m/s, as per Cruden and Varnes (1996). Debris floods are “heavily charged with 

debris” as they contain at least 3-10% sediment. 

Debris floods lack the surging, bouldery-front behaviour of debris flows. Instead, 

debris and sediment transport occurs by exceedance of critical shear stresses acting on 

the bed, albeit at higher sediment entrainment rates than in a clear-water flood (Jakob et 

al, 2015). Watershed areas are typically between 5 and 50 km2 (Hungr et al., 2001), and 

typical creek gradients for debris-flood watersheds are between 5 and 30% (3 – 17⁰) 

(Jakob et al., 2015). Deposits tend to be imbricated and clast supported (Hungr et al., 

2001).  
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Hazards from debris floods include erosion, avulsion due to aggradation, 

inundation and burial. Due to their lower sediment load and higher volumetric water 

content, some researchers suggest that debris floods have a higher erosion potential than 

debris flows (Jakob et al., 2015), although this is not accepted by all workers, based on 

results from instrumented debris-flow scour events on Illgraben in Switzerland (Berger et 

al., 2011).  

2.1.2. Implications for design 

Accurate distinction between types of hydrogeomorphic events is critical for 

mitigation design because the process type affects the design discharge, flow density and 

velocity (Table 2-2). These parameters are relevant for the design of most aspects of 

mitigation structures, from channel size to the hydraulic behaviour of openings to the 

impact forces.  

Table 2-2: Characteristic values for physical parameters of steep creek hazards 
in Austria (from ONR, 2009; ONR, 2011) 

Parameter Debris flood 
Debris flow 

Stony (granular) Muddy (fine) 
Discharge compared to 
clearwater flood 1.4 to 3.5 times > 3.5 times 

Flow density (kg/m3) 1300 to 1700 1700 to 2000 2000 to 2300 
Velocity (m/s) 3 to 5 3 to 6 5 to 10 

The parameters in Table 2-2 taken from Austrian practice may underestimate the hazards 

in other environments. For example, Jakob et al. (2015) state that debris flow discharges 

may be “at least an order of magnitude larger than those of comparable return-period 

floods”, and Major et al. (2005) have noted velocities up to 20 m/s in volcanic 

environments.   

The distinction between process types is also critical because of their significantly 

different flow and impact behaviour. This is especially important for the design of 

transverse (cross-creek) mitigation structures such as check dams, barriers and diversion 

berms (ONR, 2009). Debris flows impact structures as high velocity, dense, bouldery 

surges, which load the structures suddenly. Debris floods, although heavily sediment 
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laden, do not demonstrate the surging behaviour of debris flows (Hungr et al., 2014). 

Instead, structures are subject to gradually increasing water and sediment loads. Hence, 

designers of transverse mitigation structures should confirm whether their site is subject 

to debris-flow surge impact. 

 Process-type classification is also relevant for pipeline burial depth selection, or 

for the design of other infrastructure that is vulnerable to creek scour. Lau (2017) showed 

that, while the mean expected scour on debris-flood and debris-flow fans is similar (-1.5 m 

and -1.7 m, respectively), debris-flow fans are subject to higher variability in local scour 

depths: -16 m to +4 m for debris flows, as compared to -6 m to +1 m for debris floods. In 

summary, there is a higher probability of increased scour on debris-flow fans, but the 

observed scour may not be caused by the debris flows. 

2.1.3. Hazard and risk assessment 

Prior to mitigation design, hazard and risk assessments should be completed to 

characterize the process and anticipated consequences (Jakob and Holm, 2012; Porter 

and Morgenstern, 2013; VanDine, 2012). Figure 2-3 shows the generally accepted 

landslide risk management framework in Canada. 
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Figure 2-3: Landslide risk management framework (adapted from VanDine, 

2012; used with permission under Open Government License - 
Canada). 

Fell et al. (2005) caution that the success of a risk management initiative is highly 

dependent on the quality of the hazard and consequence assessment. Additional 

information about steep creek hazard and risk assessment practices in Canada is 

available through technical papers and professional guidelines, including APEGBC 

(2010), Jakob et al. (2016) and Alberta Ministry of Environment and Parks (AEP) (2017, 

in press). In Canada, risk-based design is considered best practice; risk should be 

analysed and used to inform the design of steep creek hazard mitigation measures. This 

thesis focuses on the risk reduction step of the framework. 

2.1.4. Events in Western Canada 

Table 2-3, compiled by the author, presents a summary of some of the damaging 

hydrogeomorphic events that have been recorded in Western Canada. This list highlights 

the continued necessity of debris-flow and debris-flood mitigation for communities in 

mountainous and hilly areas.  
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Table 2-3: Selection of damaging hydrogeomorphic events in Western Canada 

Location Date Type Consequences Reference 
Britannia Beach, Sea to 
Sky, BC October 1921 Debris flood 37 fatalities Couture and 

VanDine, 2004 
Charles Creek, Sea to 
Sky, BC September 1969 Debris flow 1 fatality Blais-Stevens and 

Hungr, 2008 

M Creek, Sea to Sky, BC October 1981 Debris flow 9 fatalities Blais-Stevens and 
Hungr, 2008 

Charles Creek, Sea to 
Sky, BC December 1981 Debris flow 1 fatality Couture and 

VanDine, 2004 
Alberta Creek, Sea to 
Sky, BC February 1983 Debris flow 2 fatalities Couture and 

VanDine, 2004 
Philpott Road, Kelowna, 
BC June 1990 Debris 

avalanche 3 fatalities Cass et al., 1992 

Britannia Beach, Sea to 
Sky, BC August 1991 Debris flood Property damage, 

highway closure 
Couture and 
VanDine, 2004 

Hummingbird Creek, 
Mara Lake, BC July 1997 Debris flow 1 fatality (heart 

attack) Jakob et al., 2000 

Rutherford Creek, Sea to 
Sky, BC October 2003 Debris flood 5 fatalities Pique, 2013 

Van Tuyl Creek, Slocan, 
BC May 2008 Debris flow  

(post-fire) 1 fatality Hope et al., 2015 

Testalinden Creek, 
Oliver, BC June 2010 Debris flow 

(dam failure) Property damage Tannant and 
Skermer, 2013 

Patterson Creek, 
Chilliwack, BC June 2011 Debris flow Highway closure CBC News, 2011 

Johnsons Landing, 
Kootenay, BC July 2012 Debris flow 4 fatalities Nicol et al., 2013 

Fairmont Hot Springs, 
Cranbrook, BC July 2012 Debris flow 

Road closure, 
evacuation, 
property damage 

CBC News, 2012 

Bow Valley, Canmore, 
AB June 2013 

Debris floods 
(multiple 
creeks) 

Road closure, 
evacuation, 
property damage 

Jakob et al., 2014 

Kilmer Creek (and 
others), District of North 
Vancouver, BC 

November 2014 Bedload 
transport 

Property damage, 
school closure CBC News, 2014 

Pemberton Portage 
Road, Birken, BC September 2015 Debris flow 

Damage to home, 
highway, railway, 
power lines 

Petley, 2015 

Sunnybrae Canoe Point 
Road, Shuswap, BC 

April and May 
2017 Debris flow 1 fatality, property 

damage CBC News, 2017 
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2.2. Methods of steep creek hazard mitigation 

Risk reduction requires reducing the magnitude, intensity or probability of the 

hazard, or the severity of the consequences. Hazard reduction is often achieved through 

structural or “active” measures, whereas consequence reduction is typically non-structural 

or “passive” (Hungr et.al., 1987; Hübl and Fiebiger, 2005).  

Active mitigation measures can be further refined based on function (Hübl et al., 

2005; Carladous et al., 2016). Debris flows and debris floods are hazardous processes 

due to a variety of characteristics, including high velocities, high discharges, high erosion 

potential and high sediment transport potential. The risk of the overall event can be limited 

by altering one of these characteristics, e.g. lowering the velocity or preventing erosion. 

The risk can be further controlled by taking steps to address several or all of the 

characteristics. In fact, international experience suggests that use of a single mitigation 

technique is often insufficient, because of the lack of redundancy. Instead, measures are 

combined to create a “functional chain” of mitigation (Kettl, 1984; Fiebiger, 2008). The 

utility of this chain is improved by including a range of mitigation techniques, which serve 

different objectives with respect to debris-flow control.  

Passive measures can be viewed from a similar, objective-oriented perspective. 

Debris flows and debris floods are associated with high consequences due to the 

presence of elements at risk, and the vulnerability of those elements. Therefore, the 

purpose of passive mitigation techniques is to permanently or temporarily relocate people 

and infrastructure, or to improve the resilience of people and infrastructure to debris-flow 

impact (Hübl and Fiebiger, 2005).  

Table 2-4 was compiled by the author and presents a summary of mitigation 

methods and techniques, developed through field research and reference to literature, 

including: Hungr et al., (1987); VanDine (1996); Hübl and Fiebiger (2005); Mizuyama 

(2008); Rudolf-Miklau and Suda (2013); and Piton (2016). Each mitigation function is 

explored in further detail in the following sections, including definitions of terms and 

examples of typical application.  
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Table 2-4: Mitigation functions and techniques 

Type Location Function Description Techniques 

Active 

Upper 
catchment 

Source zone 
stabilization  

Limit erosion, debris entrainment or runoff in the 
watershed to prevent or limit event initiation 

Forestry management; bioengineering; stabilization 
of specific instabilities; drainage; diversion of runoff 

Watershed 
channel 

Channel stabilization Reduce entrained sediment volume by limiting 
incision and channel wandering 

Longitudinal structures (berms, riprap); transverse 
structures (low check dams, ground sills) 

Channel consolidation Elevate the channel bed to stabilize side slopes Closed check dams 
Debris retention Permanent or temporary storage of debris Closed check dams; some open check dams 

Debris regulation Attenuate or reduce peak discharges; temporary 
storage of debris; dosing and filtering Open check dams; some closed check dams 

Energy dissipation Attenuate; decrease peak discharge and velocity Debris breakers; open check dams; dewatering 
grills; closed check dams that create alluvial reaches 

Fan 

Channel stabilization Reduces sediment entrainment; protects 
infrastructure below or adjacent to the channel 

Longitudinal structures; transverse structures; 
armouring the channel 

Debris retention Permanent or temporary storage of debris Closed check dams; some open check dams 
Debris regulation Temporary storage of debris; dosing and filtering Open check dams 

Energy dissipation Attenuate; decrease peak discharge and velocity Debris breakers; open check dams; dewatering 
grills; increased channel capacity 

Diversion Redirect flows away from elements at risk Diversion berms; overflow channels or weirs 

Improved conveyance Straighten the channel and increase the cross-
section to reduce avulsion potential 

Remove or reconstruct bridges; add berms to 
contain super-elevating flows around corners 

Passive Community 

Local protection of 
infrastructure Use of damage-resistant construction methods Reinforcing upslope walls; tunneling of highways or 

rail lines; raising the construction level 

Relocation of elements 
at risk 

Permanent or temporary relocation of people and 
infrastructure  

Zoning or bylaws to manage or limit development; 
warning or alert systems to evacuate residents; 
permanent relocation if risks cannot be managed 

Emergency response 
planning 

Protocols to manage and limit risks if a disaster 
occurs 

Trained emergency services; education; disaster 
response drills 

Risk sharing Transfer financial risks to insurance agencies or 
other parties 

State-sponsored or private insurance, government 
disaster financial assistance funds 
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2.2.1. Source zone stabilization 

The objective of source zone stabilization is to limit water and debris availability in the 

watershed, to prevent the initiation of debris flows and debris floods. Water availability depends 

on the runoff characteristics of the watershed surficial material. Bare open slopes, such as 

those in a burned or logged areas or watersheds with a large percentage of outcropping 

bedrock, facilitate rapid runoff, whereas vegetated slopes facilitate infiltration and attenuate 

runoff (Cannon and Gartner, 2005; Sidle, 2005). In terms of debris availability, watersheds are 

either sediment-limited (weathering-limited) or sediment-unlimited (transport-limited) (Jakob, 

1996). In sediment-limited watersheds, there are few sediment or debris sources, and debris 

flows or debris floods will only occur once mobilizable debris has recharged. In sediment-

unlimited watersheds (Figure 2-4), the frequency of debris flows and debris floods is limited by 

the frequency of intense precipitation events (Bovis and Jakob, 1999). In general, sediment-

limited watersheds are more suitable for source zone stabilization than sediment-unlimited 

watersheds, because stabilizing a small number of sources can have a dramatic influence on 

the hazard frequency and possibly magnitude. 

Reforestation of watersheds accomplishes the dual purpose of limiting both water and 

debris availability. In the Austrian watershed of Schmittenbach, reforestation decreased 

surface runoff by about 40%, as well as significantly limiting bedload (Hübl and Fiebiger, 2005). 

In British Columbia, reforestation and controlled harvesting have been recognized as effective 

methods for channelized hazard control for decades (Hungr et al., 1987), whereas Japan and 

Europe have been practicing forest conservation for slope stabilization for centuries (Okamoto, 

2010; Piton, 2016). Reforestation is most effective in watersheds that have been previously 

logged or burnt.  

In the case of a major slope instability within the upper watershed, water management 

may be used to slow or stabilize the landslide mass. This could include using ditches to 

minimize water recharge of the slide (Hübl and Fiebiger, 2005). However, these measures may 

be too expensive, depending on the elements at risk, extent of local development and practical 

access to the upper watershed. 
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Figure 2-4: A sediment-unlimited watershed near Canmore, Alberta. Photograph by 
M. Jakob, June 2014. Used with permission from BGC.  

2.2.2. Channel stabilization 

The purpose of channel stabilization is to prevent incision, channel wandering, bank 

erosion and debris entrainment. Channels can be armoured in the upper watershed (as part 

of source zone stabilization), along the channel or on the fan (Carladous et al., 2016). Channels 

are armoured downstream of a debris retention structure to prevent or minimize scour, 

entrainment or re-entrainment of debris. Typical channel armouring techniques include 

stonework, riprap, concrete, grouted riprap, check dams and ground sills (check dams less 

than 2 m high); some examples are shown in Figure 2-5. Structures may be longitudinal (along 

the creek) or transverse (across the creek), depending on space constraints and construction 

material availability. 

Check dams are a unique form of channel stabilization, because they also serve as 

temporary debris retention structures. However, check dams are primarily intended to reduce 

the channel gradient and stabilize the bed; debris retention is a side-effect, rather than the 

design intent. 

12.5 m 

El. 2514 m 

El. 1975 m 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 2-5: Channel stabilization examples: a) stonework with concrete barriers, 
Brienz, Switzerland; b) riprap, Exshaw Creek, Exshaw, AB; c) articulated 
concrete mats, Cougar Creek, Canmore, AB; d) grouted riprap, Harvey 
Creek, Lion’s Bay, BC; e) stone check dams, Brienz, Switzerland and 
f) concrete channel, Tochio, Japan. Photographs by author.  
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2.2.3. Channel consolidation 

Channel consolidation involves increasing the bed level of the channel to stabilize side 

slope landslides (Piton, 2016) or to prevent the entrainment of in-channel debris (Hayashi et 

al., 2014). It should be noted that the use of the term “consolidation” as used in debris flow 

practice is different from the normal soil mechanics definition; it involves stabilization or 

retention of sediments, not pore water pressure dissipation, volume reduction and resulting 

settlement. Channel consolidation is normally accomplished through the installation of closed 

check dams, which gradually fill with sediment and increase the bed level of the channel. These 

consolidation structures are found throughout Europe and Japan, including a 50-m high 

structure in the upper watershed of the Illgraben catchment in Switzerland (Hurlimann et al., 

2003) and the Shiraiwa Dam in the Tateyama caldera near Toyama, Japan (Hayashi et al., 

2014; Figure 2-6).  

 

Figure 2-6: The Shiraiwa dam complex, Japan, consolidates a landslide deposit in 
excess of 100 m deep. The dam was completed in 1939 and remains the 
highest sabo structure in Japan (from Hayashi et al., 2014, photographer 
unknown). 

2.2.4. Debris retention and regulation 

Retention and regulation structures permanently or temporarily capture the debris-load 

of the hazard event; in some cases, they may also capture or attenuate the water phase. 
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“Closed” or “solid-body” barriers have no openings in the barrier, while “open” barriers or check 

dams include openings, as the name implies (Figure 2-7). The different opening configurations 

developed over time as construction methods and practice norms changed. Modern debris 

regulation barriers may combine several structural elements from Figure 2-7, such as beams, 

fins and slots (Hübl and Fiebiger, 2005; Wehrmann et al., 2006). The opening of the barrier is 

known as the outlet, or outlet structure. 

 

Figure 2-7: Open check dam outlet types (modified from Hübl and Fiebiger, 2005). 

Closed check dams retain debris until maintenance, whereas some open check dams 

are designed to allow the passage of smaller clasts (“filtering”), or the deposition and 

subsequent remobilization of debris after the event (“dosing”) (Rudolf-Miklau and Suda, 2011). 

Filtering and dosing regulate sediment transport and attenuate the sediment transport 

hydrograph. In an ideal situation, the same amount of sediment is transported, but over a 

longer period of time (Figure 2-8). Additionally, because retention structures fill with sediment 

over time (Hürlimann et al., 2003), it is necessary to continually construct additional barriers to 

maintain the retention capacity. For these reasons, modern barriers usually prioritize regulation 

over retention (Piton, 2016). 

Slot barriers 

Large slot barrier Small slot barrier 

Slit barriers 
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Net barriers 
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Figure 2-8: Hypothetical idealized hydrograph showing the effects of a debris 
regulation structure on sediment discharge. 

Of the open check dams shown in Figure 2-7, sectional, lattice and net barriers are 

preferable because normal bedload transport can be maintained by leaving an opening at the 

base of the structure (Ono et al., 2004). Open check dams have several advantages. First, 

open dams limit sediment starvation by allowing some debris to pass, preventing bank erosion 

and maintaining fish populations and stream ecology (Liu et al., 2013). Second, open barriers 

have lower maintenance costs, as open-type structures take 3-10 times longer to fill with 

debris, as compared to closed structures (Hübl and Fiebiger, 2005).  

2.2.5. Energy dissipation 

The purpose of energy dissipation structures is to limit the peak flow and energy of the 

debris flood or debris flow, in terms of water and sediment load. Open check dams, such as 

those shown in Figure 2-7, will dissipate energy, in addition to capturing sediment. However, 

additional structures may also be constructed in the basin or channel upstream to further 

decrease the energy. These include baffles and breakers, as shown in Figure 2-9, as well as 

drop structures or crash dams.  
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a) 

 

b) 

 

Figure 2-9: a) Debris-flow baffles on a channel in Hong Kong (Ng et al., 2014) and 
b) shown in a sketch (VanDine, 1996).   

In Japan, dewatering structures have also been tested to promote debris deposition 

and retention by reducing the water from the moving debris (Mizuyama, 2008; Brunkal and 

Santi, 2016). In theory, the water drains through the grill, and the debris is stalled on top of the 

grill. Field tests at Kamikamihori show that dewatering grills are quite effective at slowing or 

stopping small debris flows (pers. comm., M. Fujita). However, they have not been widely 

installed in Japan, possibly because they provide less protection psychologically than a barrier 

(pers. comm., S. Miyata).   

2.2.6. Improved conveyance 

If space on the fan is very constrained due to development or other issues, a 

“schussrinne”, or shooting channel, is an option (Couture and VanDine, 2004). In this option, 

conveyance through the main channel is improved to decrease the risk of avulsion at sharp 

bends or due to stalling debris lobes. Standard improved conveyance measures include adding 

additional culverts, installing larger culverts, installing larger or wider bridges, and straightening 

the channel. Channel confinement and a minimum channel gradient are required to avoid 

stalling of debris lobes, but the exact channel geometry required is site-dependent.  

Conveyance improvements are typically combined with channel stabilization 

measures, such as those discussed in Section 2.2.2, although the two methods have subtly 

different purposes. Channel armouring decreases the magnitude of the event, by preventing 

entrainment, bulking, bank erosion and channel scour. Improved conveyance decreases the 

consequence of the event, by reshaping the channel. Channels are designed to maintain 
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confinement, which promotes conveyance but also promotes erosion, requiring stabilization 

measures.  

2.2.7. Diversion 

Diversion involves redirecting the debris flow or debris flood into an uninhabited or 

unused portion of the fan, away from elements at risk, as shown in Figure 2-10. Deflection 

walls or berms are constructed from riprap, concrete, reinforced concrete, gabions or other 

materials, depending on the available project budget and hazard severity (VanDine, 1996).  

2.2.8. Local protection of infrastructure 

As noted by Holub and Hübl (2008), conventional active mitigation measures such as 

those outlined in Sections 2.2.1 through 2.2.7 tend to be expensive and land-use intensive. 

Residents, business and governments may select local structural precautions instead, 

depending on the risk, process type and project budget. This may include local deflection 

berms (Figure 2-11), elevated construction, modified use of the building or sealing of the 

building’s openings. The latter measures have been shown to be particularly effective for floods 

(Egli, 2002), but may be less suitable for debris-flow mitigation. 

 

Figure 2-10:  Diversion berm to protect elements at risk in Brienz, Switzerland. Note 
the berm offset (yellow arrow), which allows the passage of traffic but 
contains the debris flow. Photograph by author, June 2015. 
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Figure 2-11: Local deflection berms to protect houses in Austria (from Holub and 
Hübl, 2008). 

2.2.9. Relocation of elements at risk 

Relocation can either occur prior to development through hazard mapping and zoning, 

temporarily during the event through warning systems, or permanently.  

Hazard mapping and zoning 

Hazard mapping provides municipalities and residences with a spatial picture of the 

hazard distribution on a fan, hill slope or valley. In undeveloped areas, the maps can guide 

future construction, ensuring that critical services and residences are built away from main 

creek channels and potential avulsion paths (Staffler et al., 2008; Chen and Wu, 2014). 

Municipal policy should incorporate hazard (Figure 2-12) or risk mapping (Figure 2-13), 

especially in the zoning process. This could include: bylaws that prohibit basement occupancy; 

the creation of park space around hazardous corridors; the placement of schools, hospitals 

and emergency services in particularly safe and accessible areas; and restrictions on 

development within a hazardous area (APEGBC, 2012).  
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Figure 2-12: Hazard intensity map for Cougar Creek fan in Canmore, AB, for the 300 

to 1000 year return period event (from BGC, 2015a). 

 
Figure 2-13: Integrated risk map for Cougar Creek fan in Canmore, AB (modified from 

BGC, 2015b). 
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Warning systems 

Warning systems are used to alert the population of an in-progress or potentially 

impending hazard. Sättele et al. (2015) identify two types of warning systems: alarm systems, 

and forecasting systems. Alarm systems are typically installed in the channel or upper 

watershed, and may include geophones, rain gauges, video cameras, water level sensors, 

laser profilers, piezometers or other instruments (Liu et al., 2013), which are set to trigger 

community alarms when a debris flow or debris flood occurs. These systems are intended to 

detect and warn of ongoing events and generally provide only a few minutes of notice, which 

can limit effective evacuation. For example, the Illgraben, Switzerland alarm system provides 

5 to 10 minutes of warning, if the trigger occurs at the upper station (pers. comm., C. Berger). 

On the other hand, the rigorous Mount Rainier alarm system in Washington state can provide 

between 40 minutes and 3 hours of notice for lahars (USGS, 2016). This longer warning period 

is due to the increased runout distance of lahars.  

On the other hand, forecasting systems can provide advance warning for potential 

events based on antecedent moisture conditions, rainfall intensity, rainfall duration and 

snowpack data (also collected through instrumentation in the watershed). Appropriate triggers 

are identified through calibration with past events, and through expert judgement (Jakob et al., 

2011; Chen and Fujita, 2013; Sättele et al., 2015).  

Although typically cheaper to install than structural mitigation measures, warning 

systems are subject to false alarms and resulting alarm fatigue when evacuation is required 

(Arattano and Marchi, 2008). Alarm fatigue occurs when stakeholders cease to respond to 

alerts, because they have been inconvenienced by too many previous false alarms. Other 

socioeconomic and risk perception factors can also influence the efficacy of a warning system, 

including access to transportation, education and experience with previous events (Dash and 

Gladwin, 2007). However, warning systems are very useful for bridge, road and railway 

closures, which don’t require evacuation.  

Permanent relocation 

Relocation of elements at risk may be necessary if the above measures do not reduce 

risk to an acceptable level, or if implementation of the measures is not possible due to cost, 

space or other constraints. In practice, relocation commonly involves property acquisition, 
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based on assessed property value prior to recognition or occurrence of the hazard. For 

example, several residences on the Heart Creek fan near Canmore, AB were acquired by the 

provincial government at assessed value after erosion during the June 2013 event (BGC, 

2015c). 

In British Columbia (BC), the provincial government closed the community of Garibaldi 

due to unacceptable risk in 1981, and relocated the residents to other communities (CGEN, 

2015). Garibaldi was located between Squamish and Whistler, directly below the Barrier, an 

ice-contact lava flow escarpment that impounds Garibaldi Lake (Schön et al., 2011). A risk 

assessment commissioned by the government determined that the area below the Barrier was 

too hazardous for habitation due to rock avalanche risk.  

Relocation tends to be an unpopular and difficult option for governments to implement. 

Mountain communities commonly lack viable relocation alternatives; in Canmore, AB, for 

example, the fans may be prone to debris flows and debris floods, but the valley-bottom is 

subject to clear-water flooding from the Bow River. 

2.2.10. Emergency response planning 

Emergency response planning builds community resiliency by improving the ability of 

all stakeholders (including first-responders, government workers and the public) to respond to 

debris-flow and debris-flood disasters. This may include community meetings, outreach 

programs in schools, and training sessions or drills. Preparedness exercises are inexpensive 

and suitable for all hazard situations, in developed and developing countries.  However, 

measures are most successful when enacted in cooperation with the local population, to create 

a feeling of community ownership (Santi et al., 2011). 

2.2.11. Risk sharing and insurance 

In addition to these typical passive mitigation techniques, economic risk can also be 

managed using insurance or other risk sharing mechanisms. Rather than reducing risk, 

insurance is designed to transfer the financial risk of an event from a victim to an insurance or 

reinsurance agency, thereby sharing the risk between all parties who have purchased 

insurance. However, geohazards are often considered uninsurable. Typically, risks are 

considered uninsurable for the following reasons (Jaffee and Russell, 1997): 
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• People subject to the highest risks are the only ones who will apply for insurance 
(adverse selection) 

• The risk cannot be easily quantified 

• The risk is too large, either in terms of affected population or financial value 

Debris-flow and debris-flood risks have historically been grouped with floods, and 

considered subject to the latter two limitations. However, hazard and risk assessment 

techniques have improved dramatically (Porter and Morgenstern, 2013) and professionals 

have an increasing selection of tools available to estimate the frequency, magnitude and 

consequences of debris flows and debris floods, which would allow insurance agencies to set 

commensurate premiums.  

With respect to the size of the risk, a limited number of Canadians are subject to debris-

flow and debris-flood risk, especially compared to other natural hazards such as earthquakes. 

Similarly, debris-flow and debris-flood events tend to occur in geographic and temporal 

clusters, such as the events around Canmore in June 2013. Only a portion of insured parties 

would require simultaneous payouts. Insurance premiums could be adjusted downward, once 

reliable mitigation measures have been put in place.  

Improving disaster insurance availability is also in the best interests of governments, 

because damage can be covered by insurance claims, rather than regional emergency 

response funds. Angignard et al. (2014) distinguish four categories of geohazard coverage 

currently available, organized in order of decreasing state involvement:  

1. State-provided insurance, funded through taxes (Netherlands, 
Denmark and United States for flooding only) 

2. Compulsory insurance from government-backed insurance companies 
(France, Norway, Spain) 

3. Compulsory insurance from private companies (Switzerland) 
4. Insurance not available; payments are granted on a case-by-case 

basis through government disaster relief funds or other forms of 
government financial aid (Germany, Italy, United Kingdom). 

Prior to 2015, Canada’s coverage system would fall into the fourth case-by-case 

disaster relief category. Home and business owners can be compensated against damages 

resulting from overland flooding and some landslides through a Disaster Financial Assistance 

(DFA) fund (Government of BC, 2015). However, as of June 2015, select insurers now offer 
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overland flood insurance to private homeowners in Canada (Nadarajah, 2016). Emergency 

Management BC (EMBC) has confirmed that DFA support will not be available for homeowners 

who could have “reasonably and readily purchased overland flood insurance” (EMBC, 2016). 

However, as of July 2017, this insurance remains unavailable in at least some communities in 

the Lower Mainland (Squamish), BC. Hopefully, the availability and uptake of overland flood 

insurance will increase in the years to come. Insurance is a key risk management tool in other 

countries, and Canadians should be able to see similar benefits given increased insurance 

availability, education and potentially regulation. 

2.3. Summary 

Steep creek hazards result from a range of processes including debris flows, debris 

floods, mud flows and bedload transport events. Recognition and characterization of the 

hazard and associated consequences is critical for mitigation design. Once assessed, hazards 

can be reduced using active mitigation techniques such as: source zone stabilization; channel 

stabilization; channel consolidation; debris retention and regulation; energy dissipation; 

improved conveyance; and diversion. Consequence reduction techniques include local 

protection measures, zoning to limit development, education, relocation of elements at risk 

(either permanently or temporarily) and emergency response planning.  

While the literature provides an understanding of the fundamental objectives and 

techniques for mitigation, limited information is available concerning how to actually execute 

the design process. Publications that do exist are often summary or higher-level (e.g. Fiebiger 

and Hübl, 2005) or comprehensive but published several decades ago (e.g. VanDine, 1996). 

Similarly, design-oriented tools are few and far between (e.g. Piton, 2016), behind paywalls, in 

other languages, or both (e.g. Austrian Standards Institute, 2011). The following chapters aim 

to address these shortcomings by providing an update on current international practices 

(Chapter 3), providing a suggested workflow for steep creek mitigation design (Chapter 4) and 

investigating the design implications of existing measures (Chapter 6). 
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Chapter 3. Current Canadian and international 
practices in debris-flow and debris-flood 
mitigation design 

“[Design of the Upper Mackay Creek debris basin] required considerable 
engineering judgement because BC has no standards for this type of project.” 
– Murray et al. (1998) 

3.1. Introduction 

This chapter investigates current mitigation practices in more detail to highlight the 

knowledge gaps targeted by this research. The chapter is based on literature research, 

personal communication with recognized international experts, four weeks of field visits to 

Europe, a two-week field visit to Japan, numerous field visits in southwestern BC and 

attendance at the 2016 INTERPRAEVENT conference in Lucerne, Switzerland.  The focus is 

on summarizing the current state of the art, and comparing the standards of practice in 

Canada, Austria and Japan. Debris-flow and debris-flood mitigation experience in Switzerland 

and Hong Kong are also referenced based on field work by the author in Switzerland, and the 

availability of extensive design guidance from the Hong Kong Geotechnical Engineering Office 

(GEO). While many of the elements in this chapter are presented individually in other 

documents, this research provides a unique international perspective on current 

hydrogeomorphic hazard mitigation measures practice. Field site summaries from the research 

are included in Appendices A through D.   

The material presented in this chapter, particularly concerning Austrian, Japanese, 

Swiss and Hong Kong practice, represent the authors best interpretation of the current situation 

and it is hoped will form the basis for continued research and discussion. 

3.2. Summary of typical Canadian and international practice 

3.2.1. Canada 

Debris-flow and debris-flood mitigation in Canada initiated in the late 1970s and 1980s, 

following multiple related fatalities near Vancouver, B.C. (Table 2-3) and a subsequent 
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increase in construction along the Sea to Sky Highway. Several state-of-the-art structures were 

constructed during this period, which continue to perform well, although no events have 

occurred to date which exceed the design volumes (Couture and VanDine, 2004; Hungr, 2016).  

Canada does not have a comprehensive landslide hazard or risk mapping program, so 

assessment and mitigation continue to be largely reactionary rather than preventative, with 

some notable exceptions such as the District of North Vancouver (DNV), BC and the Town of 

Canmore, Alberta. Mitigation structures are commonly constructed in the aftermath of a flood 

or landslide event, when there is a surge of public concern (and a related increase in funding). 

Professionals and decision-makers in Canada have limited resources available to support 

mitigation design, which was a major motivation for this thesis.  

Canadian design has been highly influenced by Austrian practice, and Austrian 

academics or consultants have been employed on several Canadian projects (Murray et 

al.,1998; Town of Canmore, 2015). Considerable expertise was also developed through the 

mitigation of debris-flows for forestry and mining projects.  

Appendix A presents field observations, including geometry and design information 

where available, from 11 Canadian debris flow and debris flood mitigation systems that were 

visited as part of this research.  These systems represent a sample of such structures that 

exist in Canada, primarily in BC and Alberta. 

Resource extraction infrastructure 

Resource extraction infrastructure such as roads and camps are disproportionately 

exposed to hydrogeomorphic hazards in British Columbia compared to other types of 

development. The Forest Practices Board (FPB) estimates that approximately 800,000 km 

(20 times the Earth’s circumference or over twice the distance to the moon!) of road have been 

built in BC as of 2014, and that at least 75% of these roads are related to resource extraction 

industries such as mining and forestry (FPB, 2015). These sites are usually remote and 

commonly located in steep, mountainous areas, which are naturally susceptible to landslides 

and hydrogeomorphic hazards. In addition, a regional study suggested that forestry 

development further increases landslide frequencies roughly by a factor of ten (Schwab, 1983; 

Jakob, 2000; Jordan, 2001). It is not surprising that the BC resource industry has a high-level 

of expertise with hydrogeomorphic hazard mitigation.   
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The forestry resource industry uses a five-step workflow to identify and analyze 

hydrogeomorphic risks that exist, and may be exacerbated by logging (Wilford et al., 2009). If 

unacceptable or intolerable risks are identified, forestry management strategies may be 

applied to limit the risk, or structural mitigative measures may be developed. Several 

references provide additional information about suitable forestry management strategies for 

hydrogeomorphic hazards, including Wise et al. (2004), Wilford et al. (2005) and Wilford et al. 

(2009). VanDine (1996) remains the current reference for structural mitigation measures in 

forestry.    

As outlined in VanDine (1996), forestry structures tend to involve low expenditures, 

local materials, standard construction equipment and standard construction techniques. The 

low levels of project risk justify these ‘low-tech’ designs; protection of an access road requires 

less effort than protection of a residential development or major highway because the 

consequences of hydrogeomorphic hazards are usually lower (VanDine, 1996), although there 

are exceptions (Cass et al., 1992; Jakob et al., 2000). However, the design concepts and 

general philosophy of resource-related debris-flow mitigation are applicable to higher risk 

projects, particularly in a country like Canada, with limited federal support for landslide risk 

management.  

There is no comprehensive inventory of debris-flow and debris-flood control structures 

on forestry and mining roads. Mitigation may have been accomplished by an experienced 

operator digging a larger than usual upstream basin, or a foreman selecting an oversized 

culvert. VanDine (1996) presents an example on Cypre Creek on Vancouver Island of a 

bulldozer operator “designing” a diversion berm “as he went”. Check dams and flexible nets 

were considered by the BC Ministry of Forests, Lands and Natural Resource Operations 

(MFLNRO, then Ministry of Forests and Range, MOFR) as watershed mitigation strategies for 

channelized hazards following the Springer Creek Fire near Slocan, BC, but were discarded 

due to costs of maintenance and detailed design (Curran, 2007). Instead, the Ministry of 

Transportation and Infrastructure (MOTI) was responsible for constructing catch basins and 

overflow culverts to protect the highway (Hope et al., 2015). Additional examples of resource-

related debris-flow mitigation efforts include an earth berm with a culvert outlet on Thistle Mine 

Creek on Vancouver Island and several structures in the Rennell Sound area of Haida Gwaii 

including two deflection berms, an open debris basin, a closed debris basin and two open 

basins with deflection berms (VanDine, 1996).The Port Alice deflection berm, constructed in 
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the 1970s, is possibly the first example of engineerined debris-flow mitigation in Canada 

(Nasmisth and Mercer, 1979). 

Sea to Sky Highway, BC 

Debris flows and debris floods in 1969, 1972, 1981 and 1983 caused damage and 

fatalities along the Sea to Sky highway between Squamish and Vancouver (Couture and 

VanDine, 2004). As a result, several mitigation structures were constructed during 1980s, 

including debris barriers at Charles, Harvey and Magnesia Creeks in 1985, and lined channels 

on Newman and Alberta Creeks in 1986 and 1988, respectively. Newman Creek was also re-

aligned across the fan to the north (pers. comm., D. VanDine, 2017).  

The debris barriers display several unique design elements (Figure 3-1). The Harvey 

and Charles barriers are equipped with decant structures with outlet conduits, to allow water 

to drain even if the barrier is full of debris, and to attenuate discharge from the barrier. 

Horizontal beams on the upstream face (shown as “decant structure grillage beams”) are not 

bolted or anchored into place. Instead, they sit on rubber pads (Figure 3-2), which are intended 

to dampen impact forces. Insofar as the author is aware, this is the first example of rubber 

pads being used in barrier design. Although not prevalent in Europe or Japan, this seems to 

have led to an increased use of flexible or dampening elements into Canadian barriers, 

including in barriers with typically rigid designs (i.e. Charles Creek, Harvey Creek, Fitzsimmons 

Creek). The Charles Creek structure has been “tested” 7 times since construction (1990, 1991, 

1995, 2005, 2007, 2009 and 2010) with volumes up to 25,000 m3 (pers. comm., O. Hungr, 

2016).   

District of North Vancouver, BC 

The District of North Vancouver is situated on the steep slopes between Seymour, 

Grouse and Fromme mountains and the Burrard Inlet. Several of the creeks and rivers that 

flow through the municipality are subject to hydrogeomorphic processes, including debris 

flows, debris floods and bedload transport. A debris flows in 1995 prompted the construction 

of the Upper Mackay Creek barrier in 1997 (Figure 3-3). The barrier cost $2.9 million CAD (in 

2017 dollars, inflation adjusted) and was designed with consultation from Austrian experts 

(Couture and VanDine, 2004). Additional information concerning the design process is 

available in Murray et al. (1998). 
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Figure 3-1: Cross-section of the Harvey Creek debris barrier. The design of the 

Charles Creek barrier is very similar (Couture and VanDine, 2004). 

 
Figure 3-2: Rubber dampers at the Magnesia Creek barrier, in plan (a) and obliquely 

(b). Similar dampers are also present in the Charles and Harvey Creek 
barriers. Photographs by author, November 2015. 
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Figure 3-3: The Upper Mackay Creek barrier in the District of North Vancouver 

(DNV). Photograph by author, October 2015.   

Whistler, BC 

The resort municipality of Whistler, BC hosts two steep creek mitigation systems, on 

Whistler Creek (Figure 3-4) and Fitzsimmons Creek (Figure 3-5). Both structures were 

designed in collaboration between Canadian consultants Kerr Wood Leidal (KWL) and Gygax 

Engineering Associates; Vancouver-based BGC Engineering (BGC) was involved in the 

Fitzsimmons Creek barrier as the geotechnical engineer. 

The Whistler Creek system was constructed in 1998, to protect the development of 

Creekside from debris flows. The technical elements of the system include two debris barriers, 

a riprap-lined channel, expanded conveyance of two bridges and an emergency floodway. The 

primary barrier (Figure 3-4) is designed to store 24,000 m3 of debris and accommodate impact 

of a 2 m boulder travelling at 5 m/s (KWL, 2017). The vertical bars are spaced every 1.2 m, 

similar to the spacing used on many debris-flow structures throughout Tyrol and Vorarlberg in 

Austria. 

12 m 
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Figure 3-4: Whistler Creek barrier. Photograph by author, July 2016.  

 
Figure 3-5: Schematic showing the Fitzsimmons Creek barrier in plan (modified from 

Strouth et al., 2012). 
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Fitzsimmons Creek is subject to debris floods with the highest recorded magnitude 

event having occurred in 1991. A deep seated, active landslide upstream and increased 

consequences due to development associated with the 2010 Olympic Games prompted the 

design and construction of the barrier between 2007 and 2009. Similar to the Sea to Sky 

barriers, the Fitzsimmons barrier incorporates rubber dampers to absorb impact force. 

Furthermore, a unique hinge system was designed, to transfer impact from the horizontal cross 

beams to the frame of the structure at impact. The frame of the structure is protected from 

impact by mechanically stabilized earth (MSE) walls. The use of MSE walls was necessary 

because of the lack of suitable bedrock abutments (Strouth et al., 2012). 

As of spring 2017, neither Whistler barrier has been impacted by a debris flow or debris 

flood, so the designers have been unable to assess the performance of these innovations.  

Canmore, Alberta 

Heavy rainfall in Alberta, Canada in June 2013 caused extensive flooding in the 

southwestern portion of the province that led to Canada’s most expensive natural disaster at 

the time with estimated damage costs on the order of $6 billion CAD (Environment Canada, 

2014) 1. Major rivers flooded and inundated downtown Calgary, and smaller tributary creeks in 

the upper Bow Valley caused extensive damages on alluvial fans, with particularly high losses 

in and around the Town of Canmore and the Municipal District of Bighorn. 

 In the aftermath of the June 2013 debris floods and debris flows, the Town of Canmore 

commissioned short-term mitigation on Cougar Creek, in the form of a debris-flood net (Figure 

3-6) and articulated concrete mattresses in the fan channel reaches of Cougar Creek. The net 

is designed to retain up to 18,000 m3 of sediment, to provide protection against an event of 

similar magnitude as the June 2013 event. The concrete mats are designed to reduce the 

likelihood of bank erosion downstream of the net. BGC Engineering and Gygax Engineering 

designed the debris net supports; Geobrugg supplied the net. The debris net on Cougar Creek 

is unique in Canada because of the width of the stream that it spans (40 m) and because the 

posts are set into a highly erodible alluvial foundation.   

 

 

1 The Fort McMurray fires in 2016 have since broken this record.  



 

35 

A large barrier is planned to replace the debris net in the long-term (Figure 3-7), to be 

designed by Alpinfra of Austria. The barrier configuration was selected through an options 

analysis process that included Town of Canmore staff, elected officials, experts and local 

stakeholders (Town of Canmore, 2015).  

 
Figure 3-6: Cougar Creek debris net. Downstream is to the left. Photograph by author, 

August 2014.  

 
Figure 3-7: Artist’s rendering of the proposed Cougar Creek mitigation structure 

looking upstream. Artwork from Town of Canmore, 2015.  

6 m 

40 m 

30 m 



 

36 

3.2.2. Austria 

Information about practices in Austria was obtained through a series of site visits and 

personal communication with Johannes Hübl of BOKU and Christian Weber of the Imst-Pitzal 

Wildbach und Lawinenverbauung (WLV) office. 

In Austria, torrent control is managed by the WLV or “Torrent and Avalanche Control 

Service”, which is an agency of the Ministry for a Liveable Austria. WLV is funded by the federal 

government and is responsible for hazard mapping and risk reduction tasks, including system 

design and construction management of active and passive natural hazard protections. 

Concrete mitigation design and construction are performed by sub consultants, under the 

supervision of the WLV. Stakeholder engagement on WLV work is limited. 

Recent Austrian designs appear to involve the construction of debris regulation basins 

with open, slotted outlet structures (Figure 3-8, Figure 3-9). Structures are generally located in 

low-gradient channel reaches within the watershed, or at the fan apex. Most structures are 

heavily reinforced concrete; in recent construction, this typically entails approximately 100 kg 

of steel per cubic metre of concrete. Below the barriers, channels are protected with check 

dams, stone masonry or interlocking stones (Figure 3-10).  

 
Figure 3-8: A typical basin and open barrier design in the upper watershed at 

Waldtobel in Voralberg, Austria. Panoramic stitch, photographs by 
author, June 2016. 
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Figure 3-9: A series of check dams leads into the basin at Suggadinbach in Voralberg, 

Austria. Panoramic stitch, photographs by author, June 2016. 

 
Figure 3-10: Check dams in the channel at Lattenbach in Tirol, Austria. Photograph 

by author, May 2016. 

A recent study confirms the positive economic impacts of Austria’s funding of torrent 

and avalanche control. Expenditures of approximately €145 million ($214 million CAD) per 

year result in the creation of 3500 jobs and €220 million ($324 million CAD) of added economic 

value and loss prevention (Sinabell et al., 2016).  

Appendix B presents field observations, including geometry and design information 

where available, from 14 Austrian debris flow and debris flood mitigation systems that were 

visited as part of this research. Appendix C presents field observations from 6 such systems 

in Switzerland. These structures represent a sample of those commonly encountered in 

Europe. 
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3.2.3. Japan 

Japan has been practicing torrent control for at least 1200 years. This started with forest 

conservation regulations to control sediment input into rivers and evolved into more structural 

solutions (Oda et al., 2008). Sediment control structures are known as “sabo” or “sand 

prevention” works, and are managed by a division of the Ministry of Infrastructure, Land use, 

Transportation and Tourism (MILT). In approximately 20 regions with significant 

hydrogeomorphic hazards, MILT has created sabo offices, which fulfill a similar supervision 

and maintenance role as the WLV in Austria. 

Flood control laws have been in place since 1897 and are some of the oldest existing 

regulations in Japan. Together, the laws regulate: 

• The identification and protection of source-zone watersheds 

• The construction of debris-flow and debris-flood mitigation works, including 
financing responsibilities 

• Compensation for victims of sediment-related disasters 

Due to the long history, high population density and high levels of government support, 

Japan hosts a large number of sabo structures. According to Mizuyama (2008), there were at 

that time approximately 85,000 steep creeks near at-risk developments in Japan. Of these 

creeks, at least 20% had been mitigated with at least one sabo dam, for a total of at least 

17,000 sabo structures in the country.  

Japanese sabo philosophy favours structures that require minimal maintenance; due 

to space limitations in Japan, it is very difficult to find disposal locations for debris. Historically, 

massive closed check dams were constructed, which gradually fill with debris over time. The 

Hongu consolidation dam near Toyama is the largest example of this philosophy; the structure 

filled with 5 million m3 of sediment within about a decade of construction (personal 

communication, D. Tsutsumi, 2016) (Figure 3-11). Once full, the basin creates a low-gradient, 

unconfined reach that attenuates debris flood peak discharges. Typically, the concrete used in 

Japanese barriers is not reinforced, although Mizuyama (2010) recommends that reinforced 

concrete should be considered for future designs. However, there is often some resistance 

from concrete supply companies, which continue to lobby for concrete-intensive designs. 
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Figure 3-11: Hongu consolidation dam on the Joganji River in Toyama prefecture, 

Japan, with markup indicating dimensions. Photograph by author of an 
educational sign near the dam, October 2016.  

Grid dams such as Shiramizudani (Figure 3-12) are another typical Japanese 

technique for debris-flow mitigation. Steel companies have developed standardized grid 

designs, which can be quickly adapted to different creek and process characteristics. Shutter-

type grid dams are a new innovation (Figure 3-13), with moveable gates that can be opened 

depending on the event phase and sediment transport volume.  

With the notable exception of the Shiraiwa dam (Figure 2-6), debris-flow mitigation 

structures in Japan tend to be less than 15 m tall. This is due to a technical regulation, which 

requires dams larger than 15 m to adhere to more rigorous seismic design and foundation 

specifications (NILIM, 2007b; pers. comm., M. Fujita, 2016). 

Public perception around sabo works has been changing. Historically, stakeholder 

engagement in the design process was limited. However, the growing environmental 

movement in Japan has recently been protesting the large-scale watershed reshaping that is 

associated with large sabo projects such as the Tateyama caldera. Public resistance, in 

combination with economic downturn, has limited the scale of Japanese sabo projects in recent 

years compared to its peak in the 1980s, although local sabo offices such as Rokko and 

Tateyama still receive ¥3 to 4 billion ($35 to 47 million CAD) in annual budget.     

107 m 

22 m 
107 m 
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Figure 3-12: The Shiramizudani grid dam near Nakao in Gifu prefecture, Japan. 

Photograph by author, September 2016. The inset shows the dam prior 
to filling in 1983.  

 
Figure 3-13: Shutter-type sabo dam on the Joganji River below the Tateyama caldera. 

The inset shows a closer view of the shutter. Photograph by author, 
October, 2016. 
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Appendix C presents field observations, including geometry and design information 

where available, from 17 Japanese debris flow and debris flood mitigation systems that were 

visited as part of this research. These structures represent a sample of those commonly 

encountered in Japan. 

3.3. Technical guidance for mitigation design 

3.3.1. Canada 

To date, no standards or technical guidelines regulate the design of debris-flow and 

debris-flood mitigation measures in Canada. The Association of Professional Engineers and 

Geologists of British Columbia (APEGBC) (2010) have developed professional practice 

guidelines for landslide risk assessments, and in Alberta draft guidelines for steep-creek risk 

assessments are also available (AEP, 2017), but these documents do not address mitigation 

design. VanDine’s 1996 working paper “Debris flow control structures for forest engineering” 

is a practical tool for professionals working on resource extraction projects, but it is less 

applicable to high risk urban developments, because it focuses on low cost, efficient design 

options, rather than long-term, highly reliable solutions.  

3.3.2. Austria 

Torrent control structures in Austria are subject to the WLV Technical Guidelines, as 

well as the Österreichischen Normungsinstituts Regeln (ONR) 24800 series from the Austrian 

Standards Institute (Rudolf-Miklau and Suda, 2012). The WLV Technical Guidelines are 

available online for free, albeit in German. Table 3-1 lists the relevant available WLV guidelines 

and resources, and briefly summarizes their contents.  

  



 

42 

Table 3-1: Summary of WLV technical guidelines and resources (from WLV, 2017) 

Title Year Contents 

Economic study and prioritization policies 2005 Guidelines for the use of cost-benefit analysis for 
WLV projects (update of the original 1978 methods) 

Relevant standards and guidelines for WLV 2009 
List of 117 standards pertaining to the various phases 
of geohazard management, including the ONR 24800 
series, concrete technology, hydraulic engineering 
and general construction practices 

Guidance for establishing and harmonization 
of design events 2010 

Process-dependent return period guidance (see  
Table 3-5Table 3-5); workflow schematic showing 
how regional and local hydrological records are used 
in combination with empirical formulae to determine 
the design event 

Inspection of protective torrent control 
structures 2013 (in German) 

Guidelines for retention basins 2014 Detailed design guidelines for basin design, including 
hydraulic and geotechnical design considerations 

Benefit analysis standardized (Excel) 2015 (in German) – relates to the “Economic study and 
prioritization policies” guideline 

Technical guidance for torrent and 
avalanche control 2015 Focuses on project management aspects, not design 

Torrent inspection form 2015 (in German) 

Cost benefit study questionnaire (Excel) 2016 (in German) – relates to the “Economic study and 
prioritization policies” guideline 

All Austrian standards are solely available in German and can be purchased through the 

Austrian Standards Institute either digitally or as hard copies. There are three documents in 

the ONR-24800 series that relate to debris flow design: 

• ONR 24800 – Protection works for torrent control – Terms, definitions and 
classification (2009) 

• ONR 24801 – Protection works for torrent control – Static and dynamic loads on 
structures (2013) 

• ONR 24802 – Protection works for torrent control – Design of structures (ONR, 
2011).  

ONR 24800 (2009) provides an extensive list of debris-flow and mitigation related 

definitions, and summarizes the functional types of mitigation (see Table 2-4). ONR 24801 

(2013) provides methods and formulae for quantifying the forces that act on debris-flow 

structures. This includes water pressure, uplift pressure, static sediment pressure and dynamic 
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impact pressure. However, the load scenarios that use these calculations are outlined in ONR 

24802 (2011). 

ONR 24802 focuses on the design process and is arguably of the most direct use for 

international practitioners interested in Austrian methods. It provides a 19-step procedure for 

the design of torrent control works. Most tasks (other than data collection and review) are 

elaborated upon in ONR 24800 or in later sections in ONR 24802. Specifically, ONR 24802 

includes high-level information on: 

• Classification of mitigation structures according to risk reduction and safety 
requirements 

• Selection of the mitigation structure geometry 

• Hydraulic design, including discharge, outlet structure and basin 

• Guidance on appropriate geotechnical site investigation 

• Load scenarios and expected load durations 

• Required material properties for concrete, rebar and structural steel 

• Limit state design and mode of failure of check dams 

• “Rules” for the design of various structure types 

• Requirements for concrete construction 

3.3.3. Japan 

Sabo design standards in Japan are set by the National Institute for Land and 

Infrastructure Management (NILIM). NILIM commissioned the Sabo Technical Center (STC) 

in Tokyo to develop the standards (pers. comm., Akihiko Ikeda, 2016). The standards consist 

of two documents, Technical Notes 364 and 365, which address event characterization and 

structure design respectively (NILIM, 2007a, 2007b). The author was provided with an English 

translation of No. 364 by the STC, and completed a rough translation of No. 365. This work 

was also supported by two English summaries of Japanese debris-flow design standards 

(Osanai et al., 2010; Ikeda, 2016).  

Technical Note No. 364 is titled “Manual of Technical Standards for establishing sabo 

master plans for debris flows and driftwood” (NILIM, 2007a). The document focuses on event 

characterization, including discharge, sediment volume and driftwood. It includes a basic 

description of mitigation types according to the high-level categories used in Japan: capture 
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works; production prevention works; training dike works; deposition works; buffer forest zones; 

and direction control works.  

Technical Note No. 365, titled “Manual of Technical Standards for designing sabo 

facilities against debris flow and driftwood” (2007b), focuses more on the design requirements, 

including coverage of the following technical aspects: 

• Overview of the layout of closed, open and semi-permeable check dam systems 

• Design of retention and regulation (“capture”) works, including design loads, 
freeboard, stability conditions, spillways, erosion protection and outlet structure 
dimensions 

• Design of channels and diversion structures, including freeboard, expected run-up 
and recommendations to minimize channel bends 

• Limited information about the design of deposition basins and forest buffer zones 

• Additional information about impact force calculation for the debris-flow surge, 
boulders and large woody debris 

The documents contain limited references and in-text citations, so the user is unable to track 

the source or basis of specific requirements. In general, the Japanese standards provide much 

less specific guidance than the Austrian ONR 24800 series, especially in terms of the design 

process. This is not intended as a detraction of either method, just a comparison of the different 

design norms. 

3.3.4. Hong Kong 

The Hong Kong Geotechnical Engineering Office, GEO, documents relevant to 

hydrogeomorphic hazard mitigation design are summarized in Table 3-2 below along with 

associated Technical Guidance Notes (TGNs). Reports 104, 270 and 319 are particularly 

relevant to this thesis. 
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Table 3-2: List of GEO reports relevant to channelized hazard mitigation design. 

Report 
No. Name Year TGNs 

(year) Contents 

104 
Review of natural terrain 
landslide debris-resisting 
barrier design 

2000 35 (2012); 
45 (2015) 

Types of barriers, review of local designs, 
design methods, suggestions for design; focus 
on debris movement and impact 

138 Guidelines for natural terrain 
hazard studies 2016 45 (2015) Hazard types, QRA approach, design event 

approach, methods, mitigation overview 

174 
Design basis for 
standardized modules of 
landslide debris-resisting 
barriers 

2005 
 Runout modelling, development and 

applications of standardized designs; focus on 
loading and stability 

182 
Use of standardized debris-
resisting barriers for 
mitigation of natural terrain 
landslide hazards 

2004 
 

Standard designs up to 600 m3 storage 
capacity 

270 
Supplementary technical 
guidance on design of rigid 
debris-resisting barriers 

2012 
33 (2012); 
44 (2015); 
47 (2016) 

Impact load and run-up estimation 

309 
A preliminary study on 
impact of landslide debris on 
flexible barriers 

2015 
 Existing approaches, numerical modelling, 

impact energy, barrier interaction 

319 
A pilot study on the design 
of multiple debris-resisting 
barriers 

2013 
 Closed check dam series design, including 

retention, spacing and impact calculation 

3.3.5. SedAlp design framework 

The SedAlp project involved researchers and professionals from fourteen institutions 

across Austria, France, Germany, Italy and Slovenia and took place between March 2013 and 

June 2015. The objective of the partnership was to collect knowledge of sediment and woody 

debris management in the Alps, on four topics: 

• Basin-scale sediment dynamics 

• Sediment transport monitoring 

• Interactions with structures 

• Sediment management 

The results of the sediment management section are of particular interest to this thesis, 

because they involved the development of a conceptual, non-technical design framework. The 

steps of the framework are as follows (directly from Mazzorana et al., 2015):  
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1. Problem identification and description.  

2. Formulation and visualization of the Ideal Final Result (IFR) to be achieved. 
Description of a “model” to be approximated.  

3. Analysis of all possible physical, spatial and temporal resources for an optimal 
attainment of the IRF.  

4. Definition of admissible system changes: The planning process is meant to 
address the removal of obstacles to the full attainment of the IFR.  

5. Elaboration of solution concepts based on the IFR.  

6. Evaluation of the developed solution strategies. The evaluation should clearly state 
for each design solution or project alternative (i) what has been enhanced, (ii) 
what has been worsened, (iii) what has been substituted, (iv) what remains to be 
done with reference to the attainment of the IFR and (v) whether the systemic and 
developmental contradictions could be solved.  

7. Participatory selection of the optimal solution taking into proper consideration cost-
benefit criteria.  

The framework also includes a decision analysis tool, which can be used to review and 

compare the design options based on costs, disturbances, risks, natural value and 

externalities.  

 

This framework deviates from the technical content provided by the national standards 

in several ways, including the use of multiple criteria decision analysis, participatory selection 

and the attention to integrated river management. According to G. Piton (second author), the 

SedAlp framework represents the future of sediment management in mountain streams in 

Europe, although the recommendations are not yet regularly followed (pers. comm., 2017). 

The design approach presented in this thesis (Chapter 4) aims to also follow the integrated 

river management philosophy, but is intended to be more accessible than the SedAlp 

framework for Canadian practitioners.  

3.4. Basic principles for the design of mitigation 

The design of steep creek hazard mitigation is the responsibility of the qualified 

professional (ONR, 2011; APEGBC, 2012). Engineering judgement has a large role in this 

process; as observed by Jaeggi and Pellandini (1997), “the design of these structures relies 

mostly on observation and professional experience. It is to a large extent intuitive”. 

Nonetheless, literature and field observations suggest some recommendations for the design 
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of specific types of mitigation. This section aims to summarize the general state of practice, 

with a focus on design aspects that are widely accepted by the international community.  

3.4.1. Conceptual design of mitigation measures 

There is limited guidance available to support the selection of structure types; this is 

where the “intuition” mentioned by Jaeggi and Pellandini (1997) must be applied. Ikeda (2016) 

recommends that, “after comparing the merits and demerits of each dam type and 

considerations of the topography, geology, economy and safety around the site, the dam type 

is decided”. SedAlp (2015) provides the method mentioned in Section 3.3.5, which 

recommends a dam type according to the process type. Both recommendations only focus on 

dam type selection, not on design of the overall mitigation system.  ONR 24802 recognizes 

that a resilient mitigation system requires more than just a debris barrier, but does not specify 

what these systems might involve, or how mitigation functions and techniques might 

reasonably be combined (ONR, 2011).  

A general understanding prevails in the literature of the trade-offs between the 

implementation of structural and non-structural measures. In Austria and Switzerland, both 

types of measures are part of the system or “functional chain” approach, and redundancy is 

recommended (Holub and Hübl, 2008). Hübl and Fiebiger (2005) observe that “beside the 

assignment of technical structures, hazard mapping in combination with land-use planning 

seems to be a proper and cost-effective tool to reduce future losses”. Wendeler (2016) 

suggests a standardized protection approach involving urban and regional planning, (physical) 

protective measures and emergency planning. After typhoons Herb and Toraji in Taiwan, 

Cheng et al. (2004) also reconsidered the dependence on structural measures, noting that 

“many people [recognized] that the effectiveness of engineering structures in disaster 

prevention is limited. It is also required to have more comprehensive strategies…” . Finally, 

Chen et al. (2004) used cost-benefit analysis to demonstrate the efficiency of a combination of 

structural and non-structural risk reduction methods in Songhe, Taiwan. The non-structural 

measures, including a warning system and multiple evacuation drills, had a more favourable 

cost-benefit ratio but were only able to limit loss-of-life risk. Structural measures, including the 

construction of check dams, were required to protect houses, roads and critical infrastructure. 

This thesis focuses on the design of structural mitigation measures, but non-structural 

techniques should also be considered as part of the risk reduction system. 
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3.4.2. Use of decision analysis techniques 

Decision analysis techniques are used to ensure structured, repeatable and optimized 

decision-making. In debris-flow mitigation design, decision analysis is suitable for project 

prioritization, go/no-go decisions and for selecting between a range of mitigation options. 

Internationally, cost-benefit analysis is the most common decision analysis technique. Austria’s 

system is standardized by a WLV guideline (2005). In Switzerland, cost-benefit comparison 

using the EconoMe system is required to access federal government funding for mitigation 

initiatives (Bründl et al., 2016). Japanese sabo offices also required to assess the cost-benefit 

ratio of projects to obtain federal funding (pers. comm., Rokko Sabo office, 2016). Decision 

analysis has also been applied to projects in Canada (Town of Canmore, 2015; Compass and 

Ebbwater, 2016), but the range of techniques and potential applications may not be familiar to 

a wide range of professionals. Decision analysis techniques are further discussed in Chapter 

4 and Chapter 5. 

3.4.3. Location selection 

Location selection for mitigation structures can be compared at a site-scale (i.e. the 

specific characteristics of the selected alignment) and at a watershed-scale (i.e. located in the 

upper watershed, on the channel or on the fan). Site-scale location selection recommendations 

are internationally applicable and are discussed here; watershed-scale locations vary by 

country and are discussed in Section 3.5.5.  

 Once the general location and type of structure are identified, location optimization can 

be achieved by the following considerations: 

• Accessibility, both for construction and long-term maintenance (VanDine, 1996).  

• Abutment competence and stability to avoid outflanking and to withstand impact 
forces 

• Channel competence and stability, particularly for measures such as flexible 
barriers which require anchors (Wendeler, 2016) 

• Geometry and morphology, to optimize the storage capacity of the check dam 
(ONR, 2011) 

• Avoidance of direct and unnecessary impact or loading from additional processes 
such as rockfall, avalanches and lateral slope pressure (ONR, 2011) 
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3.4.4. Slope of debris deposit 

To determine the storage capacity of a structure, it is necessary to determine the 

expected gradient of the deposit (Figure 3-14). The deposit slope is usually less than the 

natural channel slope, although the ratio between the two values depends on the hydraulic 

conditions (Piton and Recking, 2015a).  

 
Figure 3-14: Sketch demonstrating the importance of depositional slope. The slope of 

the debris deposit (Sdep) is less than the slope of the natural channel (Sint). 

It is standard practice in Japan, Europe and Hong Kong to use a design deposit slope between 

1/2 and 2/3 of the existing streambed slope (NILIM, 2007a, 2007b; GEO, 2013). Specifically, 

Japanese standards recommend using 𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 = 1 2⁄ 𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 for the long-term storage slope behind 

a closed or semi-permeable barrier, and 𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 = 2 3⁄ 𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 for sediment that is temporarily 

captured or attenuated, then remobilized through erosion (Osanai et al., 2010). Hong Kong 

also uses an additional 8% bulking factor when calculating storage volumes (GEO, 2012).  

The designer should also review information about the deposit slopes of previous events (if 

available), and local geological conditions; Tacnet et al. (2014) observed a deposit slope of 

only 3% upstream of a check dam, after a muddy debris flow in the French Alps. For a more 

thorough treatment of deposit slope estimation literature and methods, refer to Piton and 

Recking (2015a).  

3.4.5. Outlet structure design 

For open check dams, it is necessary to determine the opening dimensions of the slot 

or slit (Figure 3-15, ℎ𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑, 𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑) as well as the spacing of the beams or bars if present (ℎ𝑜𝑜𝑑𝑑𝑑𝑑𝑖𝑖, 

Check dam, open barrier or other 
impediment causing deposi�on 

Sdep < Sinit 



 

50 

𝑤𝑤𝑜𝑜𝑑𝑑𝑑𝑑𝑖𝑖). The required dimensions of the beams (𝐷𝐷𝑏𝑏𝑑𝑑𝑏𝑏𝑏𝑏) should be determined by a structural 

engineer according to the expected impact forces.  

 

Figure 3-15: Outlet structure design parameters, for three different example outlet 
configurations (a-c).  

Backwater effects occur when flow through the outlet (𝑄𝑄𝑖𝑖𝑜𝑜𝑛𝑛𝑏𝑏𝑏𝑏𝑛𝑛 with depth ℎ) exceeds 

the hydraulic capacity (𝑄𝑄ℎ𝑦𝑦𝑑𝑑). Opening dimensions should be designed to avoid backwater 

effects during normal discharge (Osanai et al., 2010; ONR, 2011), but is intended to cause 

backwater during extreme events to encourage sediment deposition behind the barrier.  

Formulae are available to calculate the hydraulic capacity for various outlet structure 

configurations (Piton and Recking, 2015a), however ONR 24800 recommends use of the 

Grand Orifice formula (Equation 3-1), adapted for slit dams (Zollinger, 1983; ONR, 2011).  

𝑄𝑄ℎ𝑦𝑦𝑑𝑑 =
2
3
∙ 𝜇𝜇 ∙ 𝑤𝑤𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑 ∙ �2𝑔𝑔 ∙ ℎ3 2�  Equation 3-1 

where 𝜇𝜇 is a dimensionless slit coefficient and 𝑔𝑔 is the gravitational constant, 9.81 m/s2 . ONR 

24802 recommends setting 𝜇𝜇 = 0.5, while Piton and Recking use a starting value of 0.65, to 

be modified depending on the beam spacing (ℎ𝑜𝑜𝑑𝑑𝑑𝑑𝑖𝑖) (ONR, 2011; Piton and Recking, 2015a). 

For beam spacings of about 0.8 m or greater, setting 𝜇𝜇 = 0.5 provides a conservative estimate 

of the hydraulic capacity. For smaller spacings, the practitioner should consider referring to 

details in Piton and Recking (2015a) in order to maintain a conservative design. Hydraulic 

capacity and backwater effects are not addressed in the Hong Kong design standards.  
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 Beam and bar spacing in the outlet structure depend on the expected grain-size 

distribution of sediment during an event, as well as the presence of large woody debris (LWD). 

Use of Equation 3-2 is recommended in the literature for the calculation of sediment retention 

(Ikeya, 1989; D’Agostino, 2013). 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑜𝑜𝑜𝑜𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝑔𝑔 =  
𝑂𝑂𝑜𝑜𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝑔𝑔 𝑠𝑠𝑅𝑅𝑠𝑠𝑅𝑅
𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅𝑀𝑀𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑅𝑅𝑠𝑠𝑅𝑅

 Equation 3-2 

Opening size is the minimum dimension of the opening (ℎ𝑜𝑜𝑑𝑑𝑑𝑑𝑖𝑖 or 𝑤𝑤𝑜𝑜𝑑𝑑𝑑𝑑𝑖𝑖). Material size 

for sediment should be taken as 𝐷𝐷𝑏𝑏𝑏𝑏𝑚𝑚 or a functional equivalent such as 𝐷𝐷84 (D’Agostino, 

2013). For LWD, the material size is the average length of the wood, since LWD pieces rarely 

orient parallel to the flow (D’Agostino et al., 2000).  

For sediment blocking and capture, it is generally accepted that the relative opening 

size should be between 1.0 and 2.0 (Zollinger, 1983; Ikeya, 1989; Ono et al., 2004; Itoh et al., 

2011; D’Agostino, 2013; Piton and Recking, 2015b; Shima et al., 2016), however a recent 

trend has emerged towards designing openings at the lower end of this range. Silva et al. 

(2015) found that trapping efficiencies were 20 to 30% lower at a relative opening size of 1.5, 

compared to 1.2, for stony debris flows (no LWD). The Japanese design standards recommend 

a relative opening of 1.0 as a baseline, but openings up to 1.5 are acceptable if the designer 

is confident that the openings will block if a major event occurs (NILIM, 2007b; Osanai et al., 

2010).  

When LWD is expected, the wood contributes significantly to the blocking potential of 

the outlet. For these structures, Uchiogi (1996) recommends a relative opening of 1/3 to 1/2 of 

the average wood length, while Bezzola et al. (2004) recommend a value of 2/3 . The sediment 

blocking requirements usually control the design. Austrian-type outlet structures with inclined 

grills (Figure 3-16) are particularly effective for LWD creeks, because log-jams can slide up 

and down along the incline, allowing the sediment transfer capacity to be partly maintained. 
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Figure 3-16: An Austrian-type open check dam outlet on lower Rennebach in Tirol, 

Austria. Photograph by the author, June 2016. 

3.4.6. Erosion protection 

Erosion protection measures are required within the general debris-flow and debris-

flood mitigation system to prevent entrainment of debris, but they are particularly critical near 

open and closed check dams, which may be destabilized by scour.  

Scour protection for large dams is generally accomplished through the installation of a 

counter-dam below the main structure (Figure 3-17), although a concrete or masonry apron 

may also be employed (Figure 3-18). Counter-dams are standard practice in Austria (ONR, 

2011) and Japan (Ikeda, 2016). 

Material selection for erosion protection depends on functional requirements, 

availability and cost. Some examples of channel armouring are shown in Figure 2-5 and 

described below.  

 

5.5 m 

4 m 
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Figure 3-17: A counter-dam below the main open check dam on Suggadinbach in 

Vorarlberg, Austria. Photograph by author, June 2016. 

 
Figure 3-18: Masonry and grouted riprap apron below the main dam on Täschbach in 

Täsch, Valais, Switzerland. Photograph by author, June 2016. 

6 m 

22 m 

11 m 

15 m 

12 m 



 

54 

• Riprap: The most common form of channel protection in British Columbia, although 
it is susceptible to erosion and transport in large events. It is widely available 
across Canada, and is the cheapest armouring option. There are some concerns 
about riprap’s long-term suitability for debris flow and debris flood systems (pers. 
comm., A. Esarte, Canmore Engineering Manager, 2017). 

• Grouted riprap: Grouting improves the stability of riprap, and decreases the size of 
clasts required. However, grouted riprap is also prone to cracking, frost heave and 
degradation over time, whereas non-grouted riprap is self-healing. Many 
practitioners do not recommend grouted riprap for debris-flow applications.  

• Concrete (smooth): Highly functional for erosion protection, but inflexible, 
expensive, slow to install and aesthetically unappealing 

• Concrete (articulated mats): Precast blocks connected by flexible linkages.  

• Stone masonry: Usually prohibitively expensive in Canada, although it is 
aesthetically pleasing. 

• Interlocking stones: Boulders keyed into each other. Like masonry, but without 
grout; allows for drainage and pressure dissipation.   

• Grade control structures or ground sills (check dams < 2 m high): These structures 
stabilize the channel bed by lowering the channel gradient and velocity, and 
resisting erosion and scour. They may be constructed from wood, large boulders 
or concrete. 

Riprap dimensions and thickness 

Minimum riprap sizes can be determined using Equation 3-3, modified from the US 

Army Corps of Engineers (USACE, 1994) flood control channels design manual:  

𝐷𝐷𝑏𝑏𝑏𝑏𝑚𝑚 =
4 𝑆𝑆0.555 𝑞𝑞2/3

𝑔𝑔1/3
4 𝑆𝑆0.555 𝑞𝑞2/3

𝑔𝑔1/3  Equation 3-3 

where  

𝐷𝐷𝑏𝑏𝑏𝑏𝑚𝑚 is the maximum riprap size (m),  

𝑆𝑆 is the slope of the bed (m/m) 

𝑞𝑞 is the unit discharge (𝑞𝑞 = 𝑄𝑄/𝑏𝑏) 

𝑔𝑔 is the gravitational constant, 9.81 m/s2 and  

𝑏𝑏 is the channel width (m) 

This equation is intended for uniform flow down a regular chute with channel slopes between 

2 and 20%, assuming riprap density between 2400 and 2800 kg/m3. Hence, it provides a 

minimum indication of the riprap dimensions required, since steep creek hazards do not involve 

uniform flow, or regular channels. Equation 3-3 was used to estimate riprap specification 

recommendations for a range of conditions in Table 3-3, assuming approximately a 2:1 size 
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ratio between 𝐷𝐷𝑏𝑏𝑏𝑏𝑚𝑚 and 𝐷𝐷50 (USACE, 1994). In Table 3-3, red text denotes riprap products 

that are likely impractical to source and work with, due to their large sizes. 

Table 3-3: Recommended riprap dimensions according to the USACE (1994) 
formula. 

Slope of bed (𝑺𝑺) Unit discharge 
(𝒒𝒒) (m3/s/m) 𝑫𝑫𝟓𝟓𝟓𝟓 (mm) 𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎 (mm) 

10% 
(6 degrees) 

2 400 800 
5 700 1500 

10 1200 2400 

15% 
(8.5 degrees) 

2 500 1000 
5 900 1900 

10 1500 3000 

20% 
(11 degrees) 

2 600 1200 
5 1100 2200 

10 1700 3600 

Practitioners should note that unit discharge (𝑞𝑞) has a large effect on riprap 

requirements. Although designers are generally unable to alter the slope of the bed or the 

overall peak discharge of the event (𝑄𝑄), channel hydraulic radius (𝑏𝑏) can selected to ensure 

that riprap armouring is feasible and constructible.  

Additional recommendations for the design of riprap include:  

• In Equation 3-3, multiply 𝑞𝑞 by a safety factor of 1.25; use a larger factor if the flow 
approach direction is not parallel to the channel wall (USACE, 1994). 

• Riprap thickness should be at least 1.5 x 𝐷𝐷𝑏𝑏𝑏𝑏𝑚𝑚 

• Channel side slopes should be 1.5H : 1V or flatter (ideally at least 2H:1V), except 
in cases where it is possible to use larger stones that can be keyed well into the 
bank. 

If the riprap size recommended by Equation 3-3 is larger than readily available clasts, stones 

may be keyed together or grouted, as shown in Figure 3-19, to improve resistance to erosion. 

Additional province-specific guidance should also be followed for riprap design in Canada, 

such as the BC and Alberta government guides (BC Ministry of Environment, 2000; Alberta 

Transportation and Alberta Environment, 2004; BC Ministry of Transportation and 

Infrastructure, 2013).  
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Figure 3-19: Basin armouring upstream of the Whistler Creek debris barrier, including 

grouted riprap (foreground) and larger, keyed-in boulders (top right). 
Photograph by author, July 2016.   

Channel dimensions 

Selection of channel dimensions depends on several factors, including peak discharge, 

flow velocity, channel slope and channel roughness. Discharge, velocity and channel capacity 

are related through the fundamental Continuity Equation: 

𝑄𝑄 = 𝑅𝑅𝑣𝑣 Equation 3-4 

where  

𝑄𝑄 is the discharge (m3/s) 

𝑅𝑅 is the flow velocity (m/s) and 

𝑣𝑣 is the cross-sectional channel area (m2) 

10 m 
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At least five methods are available to calculate velocity (Equation 3-5 through Equation 

3-9), however several of these equations require flow depth as an input. This makes the 

calculation of channel dimensions and iterative process, because the channel capacity 

depends on the velocity, and vice versa.  

𝑅𝑅 =
1
𝑜𝑜
𝑅𝑅2/3𝑆𝑆1/2 Manning’s equation Equation 3-5 

𝑅𝑅 =
1
𝑜𝑜
ℎ2/3𝑆𝑆1/2 PWRI, 1988 Equation 3-6 

  𝑅𝑅 = 2.1𝑄𝑄1/3𝑆𝑆1/3 Rickenmann, 1999 Equation 3-7 

𝑅𝑅 =
2
3
𝜉𝜉ℎ3/2𝑆𝑆1/2 Hungr et al., 1984 Equation 3-8 

𝑅𝑅 = 0.35ℎ2𝑆𝑆 + 5.36 Prochaska et al., 2008 Equation 3-9 

where  

𝑜𝑜 is the pseudo-Manning’s coefficient (s/m1/3)2 

𝑅𝑅 is the hydraulic radius (𝑅𝑅 = 𝑣𝑣/𝑃𝑃) (m)  

𝑃𝑃 is the wetted perimeter (m) 

𝑆𝑆 is the slope of the bed (m/m) 

ℎ is the maximum flow depth (m) and 

𝜉𝜉 is a coefficient that depends on grain size and grain concentration (s-1m-1/2)3 

Because of this iterative process and the uncertainties involved in using these equations, it is 

recommended to check the channel dimensions using all the equations, for redundancy. As 

shown in Figure 3-20, the five equations provide similar outcomes for lower discharge values 

(around Q = 100 m3/s), but flow depth estimates diverge at larger discharges by as much as 2 

m. Equation 3-6, Equation 3-7 and Equation 3-8 estimate lower flow depths, which is less 

conservative for channel design. However, Equation 3-5 may be overly conservative for high 

discharge scenarios with a narrow channel base. A flow depth difference of 0.5 m or 1 m 

significantly influences construction effort and armouring quantity requirements over a 1 km 

channel.    

 

 

2 From Rickenmann (1999), 𝑜𝑜 = 0.077𝑄𝑄1/15. Considered a pseudo-Manning’s coefficient in debris-flow 
hydraulics, because it depends on the flow properties, in addition to the channel roughness.  

3 From Rickenmann (1999), 𝜉𝜉 = 150𝑄𝑄−2/5. 
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Figure 3-20: Estimated flow depths using Equations 3-5 through 3-9 for a range of channel scenarios with varying channel 
base widths (b), slopes (S) and discharges (Q). 

  b
 =

 3
 m

 b
 =

 5
 m

 b
 =

 3
 m

 b
 =

 5
 m

 b
 =

 3
 m

 b
 =

 5
 m

 b
 =

 3
 m

 b
 =

 5
 m

 b
 =

 3
 m

 b
 =

 5
 m

b 
= 

10
 m

 b
 =

 3
 m

 b
 =

 5
 m

b 
= 

10
 m

 b
 =

 3
 m

 b
 =

 5
 m

b 
= 

10
 m

 b
 =

 3
 m

 b
 =

 5
 m

b 
= 

10
 m

b 
= 

3 
m

b 
= 

5 
m

b 
= 

10
 m

b 
= 

3 
m

b 
= 

5 
m

b 
= 

10
 m

b 
= 

3 
m

b 
= 

5 
m

b 
= 

10
 m

 b
 =

 3
 m

 b
 =

 5
 m

b 
= 

10
 m

0

2

4

6

8

10
Es

tim
at

ed
 fl

ow
 d

ep
th

 in
 c

ha
nn

el
 (m

)

Equation 3-5
Equation 3-6
Equation 3-7
Equation 3-8
Equation 3-9

S 
= 

0.
10

 m
/m

S 
= 

0.
15

 m
/m

S 
= 

0.
20

 m
/m

S 
= 

0.
10

 m
/m

S 
= 

0.
15

 m
/m

S 
= 

0.
20

 m
/m

S 
= 

0.
10

 m
/m

S 
= 

0.
15

 m
/m

S 
= 

0.
20

 m
/m

Q = 100 m3/s Q = 500 m3/s Q = 1000 m3/s

S 
= 

0.
25

 m
/m

S 
= 

0.
25

 m
/m

S 
= 

0.
25

 m
/m



 

59 

In addition, practitioners should also ensure that the depth-to-width ratio of the channel 

exceeds 0.2, to ensure sufficient confinement to avoid stalling or deposition of debris (Hungr 

et al., 1984). Of the field sites visited in Austria, Switzerland and Japan, many conveyance 

channels appeared to have depth-to-width ratios much higher than 0.2 (see Lattenbach, and 

Schnannerbach (Appendix B); Taschbach (Appendix C) and Yakegahara (Appendix D)). If the 

channel is particularly low angle, increased confinement may encourage conveyance.   

Note that these dimensions represent the required hydraulic capacity at the end of 

construction. If riprap is being used to stabilize the channel, the channel will need to be over-

excavated to allow for riprap placement.  

3.4.7. Site investigation for structure 

Prior to design and construction, the local site conditions must be assessed. Depending 

on the scale and type of structure, this site investigation may involve a variety of assessments 

including test-pitting, sample collection, geotechnical drilling and geophysics. The Japanese 

standards do not recommend a site investigation procedure (NILIM, 2007b), although Ikeda 

(2016) suggests a seismic survey and drilling four boreholes, three along the dam centerline 

and one downstream at the counter-dam or scour protection location. Austrian standards 

establish site investigation requirements based on ground conditions, uncertainty and structure 

height; structures above 10 m in height require more rigorous investigation programs (ONR, 

2011). Specific recommendations are summarized in a separate standard (unavailable at time 

of writing), which applies to all civil engineering projects in Austria.  

Canadian practitioners should refer to the APEGBC practice guidelines on “Site 

Characterization for Dam Foundations in BC” (2016). Although intended for water, industrial 

and tailings dams, the guidelines provide suggestions on the development of a workplan and 

the various components of the foundation investigation process.  

3.4.8. Foundation design 

The Japanese standards promote bedrock foundations for sabo dams; if bedrock is not 

available, the dam should be less than 15 m high (NILIM, 2007b). Foundation excavation 

requirements are also ground condition dependent. On bedrock foundations, the base of the 
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dam should be set at least 1 m below the bed level, and the dam should be inset at least 2 m 

on sand and gravel foundations, to avoid rotational failure (Ikeda, 2016).  Ikeda (2016) provides 

a table of allowable strength and friction parameters for bearing capacity design, although not 

included in the NILIM standard. The Austrian ONR 24800 series does not provide specific 

guidance on foundation design (ONR, 2011).  

3.4.9. Aesthetic integration of structures 

Where possible, it is considered best practice to integrate mitigation structures into the 

landscape. Aesthetic integration is important for gaining stakeholder support. For example, 

residents of Dead Man’s Flats near Canmore, AB were opposed to modifying the reach of 

Pigeon Creek within the hamlet to create a channel “that a tank can ride through” (Small, 2015; 

Figure 3-21). A revegetation program that incorporated community requests may have 

improved the situation and developed ownership for the mitigated area. Creek mitigation 

should not limit resident enjoyment of the area, or limit their access to the creek during normal 

flow periods.  

 

Figure 3-21: Pigeon Creek in Dead Man's Flats as of 2015 as critiqued by nearby 
residents. Photograph courtesy of Rocky Mountain Outlook.  
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Japanese are considered experts for aesthetic integration (pers. comm., C. Weber, 

previous Imst-Tirol WLV manager, 2016). The author has also observed well-integrated 

structures in Austria (Figure 3-22), Switzerland and Canada. Revegetation of the diversion 

berm and retention basins along the Coquihalla highway in BC has been so inadvertently 

successful that it can be difficult to identify them, even when standing on top of them.  

Aesthetic integration techniques include revegetation and use of natural stone. Where 

concrete barriers are present, they can be covered by vegetated earth embankments, to make 

them invisible to land users downstream, such as the avalanche barrier in the community of 

Riemenstalden in Switzerland. Hong Kong is looking at using flexible barriers, where 

applicable, for aesthetic reasons (pers. comm., D. VanDine, 2017).    

 

Figure 3-22: A naturalized reach of Rietzbach in Tyrol, Austria. Photography by author, 
May 2016. 



 

62 

3.4.10. Design of flexible debris barriers 

Flexible barriers are gaining popularity in debris-flow mitigation design, due to their low 

costs and small footprints for certain applications. Flexible barriers have been installed for 

debris-flow mitigation in Canada, Japan, Austria and Switzerland. Geobrugg (Switzerland), 

Trumer Schutzbauten (Austria) and Maccaferri (Italy) offer commercial flexible barrier 

products, which often include design support. The Swiss Federal Institute for Forest, Snow and 

Landscape Research (WSL) published a thesis in English by Wendeler (2008 in German, 2016 

in English) on flexible barrier design for debris-flow mitigation, which involved field tests of 

Geobrugg barriers on Illgraben.  

Channel geometry is a key consideration when assessing the feasibility of flexible 

barriers for channelized hazard mitigation design. Wendeler (2016) states that “any debris-flow 

channel or mountain torrent is suitable for the installation of flexible ring net barriers, as long 

as its width is less than 25 m and appropriate bank slopes are present for anchoring the load-

bearing system”. However, Wendeler also specifies that ring nets are generally suitable for 

retaining debris volumes less than 1000 – 1500 m3. If a larger storage volume is required, nets 

must be placed in series, or a rigid barrier should be considered instead. To this extent, flexible 

barriers are potentially cost-effective mitigation options that should be considered in Canada 

for projects requiring lower debris storage volumes.  

3.4.11. Design development using physical and numerical modelling 

As discussed previously, significant uncertainties persist in the “basic principles” of 

steep creek hazard mitigation design. Geomorphic process or structure performance prediction 

is challenging. This includes prediction of debris flow runout, mobilized grain sizes, impact 

velocities, trapping efficiency and deposition patterns. Physical and numerical modelling are 

typically used to support mitigation designs (Gems et al., 2014).  

Physical models are generally scaled to between 1/20 and 1/100 (Oda et al., 2008), 

although larger-scale models have been developed (Iverson et al., 2010). Intensive 

instrumentation of flume setups, including particle image velocimetry, can improve the ability 

to track specific particles and better understand flow behaviour (M.A.Z. et al., 2011; Kwan et 

al., 2015; Choi et al., 2016). Several international institutions have large facilities for physical 

modelling of steep creek processes, including the University of Natural Resources and Life 
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Sciences (BOKU) in Vienna and the Disaster Prevention Research Institute (DPRI) at the 

University of Kyoto.  

Iverson (2015) observes several challenges with physical debris-flow modelling, 

including the disproportionate effect of viscous shear resistance and cohesion in scaled-down 

systems. Scaling of grain sizes is also complicated by size effects.  

The application of numerical modelling for mitigation design assessment has improved 

with recent computing advances, although challenges remain. The Alberta Environment and 

Park Steep Creek Risk Assessment guidelines (2017, in press) provide an overview of 

commercial and non-commercial debris-flow and debris-flood runout models. These runout 

models are also applied to mitigation design. The models often use grid-based topography 

with 1 or 5 m grid sizes, which are poorly suited to capture the details of small-scale mitigation 

designs. Recently, computationally intensive methods have been applied, such as discrete 

element method modelling (Law et al., 2015). This method allows observation of particle-scale 

flow dynamics around mitigation structures such as baffles and outlets, although the Law et al. 

(2015) study simplified the problem by using a dry flow of identical, spherical grains, due to 

computational limitations.  

Coupled physical and numerical modelling assessments are quite common, in which 

the physical model is used to calibrate a numerical model, which can then be used to evaluate 

a larger range of cases more efficiently. This method was used to optimize the design of a 

proposed deflection structure for the Illgraben torrent in Switzerland (Berger et al., 2016). A 

physical model was used to evaluate the performance of the structure for several smaller event 

scenarios, and the largest event scenario was modelled using the code RAMMS::DEBRIS 

FLOW. The initial mitigation design did not perform as anticipated, so it was necessary to alter 

the geometry based on the results of 40 physical model runs.  

In Canada, physical models were used during the development of the Port Alice 

deflection berm and Charles Creek barrier designs (Nasmith and Mercer, 1979; VanDine, 

1985). Physical models have not been developed for more recent mitigation structures, 

possibly due to the lack of experience with, and facilities for, this type of modelling in Canada. 

Numerical modelling for the recent studies was focused on post-mitigation risk assessment, 

with the assumption of appropriate mitigation performance, rather than explicit evaluation of 

the mitigation design. 
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3.5. Comparison of international practice 

As summarized in Section 3.4, a wide range of basic principles exist for steep creek 

hazard mitigation design that are accepted by the international community. However, 

international literature and standards provide conflicting assessments for several other design 

considerations, in addition to suggesting principles that are not directly applicable in Canada. 

This section highlights key differences between Canadian and international practice, and 

situations or decisions that are managed differently in different countries. 

3.5.1. Comparison of technical guidance 

Whether available from government agencies or academic journals, the standards, 

guidelines and frameworks discussed in Section 3.3 are intended as design tools. They assist 

practitioners in various countries with the process of debris-flow and debris-flood mitigation 

design. These design tools differ in terms of design steps addressed, content and technical 

specifics, as summarized in Table 3-4.  

Documents are considered to provide “guidance” on a given aspect when they provide 

formulae, rules or other applicable information. Mention of the requirement to address a certain 

design aspect was not considered to constitute guidance. 

A review of international standards and guidelines highlights that many differences are 

political or social, rather than technical. Practitioners broadly agree on the expected behaviour 

of processes, structures and materials, but design realities are determined by local precedents 

and constraints. These differences are further explored in the following sections. 
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Table 3-4: Catalogue of technical guidance from international design resources 
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Hazard and risk 
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Hazard assessment         
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Defining the design 
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Discharge         
Sediment volume         

Conceptualization 
Location         
Structure type         
Option selection         

Hydraulic design 
Outlet structure         
Basin         
Channel          

Dam or berm height; run-up potential         
Check dam series design         
Foundation assessment and design         

Loading and 
stability 

Loading scenarios         
Impact calculations         
Limit states and 
factors of safety         

Design of sub-
structures 

Apron and sub-dam         
Spillway         
Wing walls         

Inspection and performance assessment         

3.5.2. Funding 

In international jurisdictions, mitigation systems are usually funded through formal cost-

sharing arrangements between levels of government. In Austria, the federal government 

provides 60-70% of the capital and the provincial government provides 20%, leaving the local 

government responsible for the remaining 10-20% (i.e. WLV, 2016). Similar allocations are 

used in Switzerland (pers. comm., M. Stoffel, 2015). In Japan, the sabo offices are also funded 
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federally. In Canada, municipalities, the province or private companies are responsible for 

mitigation. Canada lacks a consistent multi-tier funding system for geohazard mitigation 

projects.  

3.5.3. Liability 

Anecdotal evidence suggests that geotechnical engineers and geoscientists in Canada 

are exposed to higher liability compared to professionals in other fields (Berezowskyj, 2010) 

and countries (pers. comm., Hübl, 2014). Indeed, experts in at least one BC consulting firm 

have acted as expert witnesses in several law suits relating to steep creek hazards. Given 

B.C.’s judge-based (common) law, this may have led to increased conservatism in design.  

3.5.4. Design event determination 

The design event is the capacity of the mitigation system, including the sediment 

volume and discharge that can be managed. Design event determination varies substantially 

from country to country, both in terms of the methods used and the return periods considered. 

Selection of the design event allows the engineer to understand the quantity of debris that 

needs to be handled by the debris-flow or debris-flood mitigation system. This includes the 

combined peak discharge of sediment and water, and the sediment management volume 

required to reduce risk to acceptable levels. In practice, these values can be difficult to 

calculate, even with detailed hazard and risk assessments in hand.  

In Austria, ONR 24800 mandates a discharge return period according to the elements 

potentially at risk, as per Table 3-5. Larger return periods are recommended for debris floods 

and debris flows because of the increased damage potential and modelling uncertainty. The 

ONR 24800 series does not provide explicit guidance for the calculation of sediment volume 

from peak discharge, although this may be covered by local WLV methods that were not 

available to the author.  

In Japan, the return period of the design event is generally taken as 100 years, although 

150 years may be used for highly developed areas (pers. comm., A. Ikeda, 2016). Empirical 

formulae are used to estimate the expected debris volume and peak discharge that may result 

from the 100 year storm (NILIM, 2007a).  
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Table 3-5: Austrian design event guidance (adapted from ONR, 2009 and 2011) 

Process type 

Discharge return period for mitigation design 
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Hong Kong’s GEO is widely respected for the Quantitative Risk Assessment (QRA) 

approach that was developed in the late 1990s. Under this approach, risk to human life is 

quantified and evaluated to risk tolerance standards: 1 in 10,000 for existing development, and 

1 in 100,000 for new development (GEO, 1998). When mitigation is required, the design event 

is determined by estimating the sediment volume and discharge reduction needed to reduce 

risk to an acceptable level. However, the QRA approach is not widely used, except for high-

level prioritization assessments and evaluating the risks of potentially hazardous installations 

such as liquefied natural gas (LNG) stations (GEO, 2016).  

Instead, the Design Event Approach (DEA) is more commonly used in Hong Kong, 

because it is easier to apply and does not require as much detailed data and analysis. 

Practitioners also consider the DEA particularly suitable for smaller or lower risk installations, 

since it is intended to avoid unnecessary over-conservatism (GEO, 2016). Like Japan, the DEA 

also uses a nominal 100-year return period, although events up a 1000-year return period may 

be considered in some high-consequence scenarios.  

In Canada, design events have historically been hazard-focused; for example, a bridge 

or channel may be designed for the 100-year or 200-year return period flood, without 

assessment of the consequences of the hazard. More recently, semi-quantitative and 

quantitative risk assessments (QRAs) have been used to identify risk, and compare with risk 

tolerance criteria where in place. The District of North Vancouver (DNV) and the Town of 

Canmore are the only jurisdictions in Canada to formally adopt risk tolerance criteria for 

landslides (DNV, 2009; Town of Canmore, 2016). DNV used a public consultation process to 

confirm the following thresholds: 
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• A maximum 1 in 10,000 risk of fatality per year for minor updates to existing 
developments 

• A maximum 1 in 100,000 risk of fatality per year for new developments, or major 
upgrades in existing developments. 

However, there is uncertainty in Canada about what return periods to consider when 

completing a QRA. QRAs in Alberta have accounted for events up to a 3000-year return period, 

while an expert review panel for a large debris-flow mitigation structure in Squamish, BC has 

suggested that the 10,000-year event should be considered for in certain situations (Clague et 

al., 2015). Table 3-6 summarizes the methods used by region and country.  

Table 3-6: Comparison of design events used for steep creek hazard mitigation 

Country or region 
Identification of 
unacceptable 
hazard or risk 

Maximum return 
period considered Method 

Austria National hazard 
maps 150 years Discharge return period based on 

elements at risk (ONR, 2009) 

Hong Kong 
National QRA for 

prioritization (GEO, 
2004) 

1000 years Design event approach for design 
(GEO, 2016) 

Japan National hazard 
maps 150 years 

Empirical relationships used to develop 
watershed “sabo master plan” (NILIM, 
2007a) 

British Columbia Event triggers study 
of local hazard 

10,000 years Dependent on the approving authority 
and consultant Alberta 3,000 years 

3.5.5. Preferred mitigation techniques 

Although many methods and structure-types seemed to be used similarly in Europe 

and Asia, Professor Mizuyama of Kyoto University suggested a fundamental difference of 

approach in his 2008 summary paper of sabo techniques in Japan: 

Researchers often consider debris flows to be similar to avalanches and 
assume that drop structures and concrete slit dams or breakers are required 
to dissipate the energy of a debris flow [e.g., Austrian researchers Hübl and 
Fiebiger, 2005]. This assumption is incorrect; the most effective way to 
control a debris flow is to trap all its sediment using the storage capacity of 
sabo dams. 
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The author’s research in both Austria and Japan suggests that both areas use sediment 

retention and regulation works, but that Austrian barriers are more likely to include fins or 

inclined upstream slopes to dissipate energy.  

3.5.6. Zone selection 

The watershed zone in which mitigation structures are constructed depends on access, 

level of development and mitigation approach. Figure 3-23 compares, by country, the 

watershed-scale locations of steep creek hazard mitigation systems that were researched or 

visited during field work for this thesis. It should be noted that these sites cover a very small 

subset of structures in Austria, Japan and Switzerland, and are not intended to be a complete 

representation of practice in these countries.  

 
Figure 3-23: Comparison of mitigation zones for field sites visited in Austria, Canada, 

Japan and Switzerland: a) watershed schematic showing the location 
zones where mitigation may be located, b) number of creeks with 
mitigation structures in each zone (some creeks have structures in 
multiple zones). 

This demonstrates that Canada tends to locate fewer structures in the watershed and 

channel, compared to Austria, Japan and Switzerland. Mitigation structures in Canada are 

concentrated at the fan apex and on the fan, with the exception of the deactivation of watershed 

resource roads. This is commonly due to access issues such as the prohibitive costs of access 

road construction, lack of land ownership, or designation of the watershed as protected. As 

per Table 2-4, this limits the range of mitigation functions and techniques available to Canadian 
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practitioners. It is difficult to stabilize the source zone or prevent debris entrainment from 

channel incision when it is impossible to access the watershed and channel.  

3.5.7. Building materials and techniques 

Canada also differs from Austria and Japan in terms of the building materials and 

techniques employed. As mentioned in Section 3.2.2, Austria tends to use heavily reinforced 

concrete for debris-flow barriers and basins, in the following main configurations: 

1. Outlet structure and barrier entirely constructed from concrete 

2. Concrete outlet structure; earthfill embankment with concrete core or cutoff wall 

3. Concrete outlet structure; earthfill embankment without (visible) concrete core 

The proposed Cougar Creek long-term mitigation measure (Canmore, AB) uses the 

second configuration, modelled after an existing structure in Austria (see photographs of 

Lankowitzbach in Town of Canmore, 2014). For field sites using the third configuration, the 

earthfill embankments are significantly higher than the outlet structure to prevent overtopping 

of the earthfill sections, as shown in Figure 3-24.  

On the other hand, Japan constructs debris-flow check dams using steel grids and non-

reinforced concrete, as well as a technique called “sabo soil cement”, which uses local site 

sediments to create a cemented compound (Mizuyama, 2002). Different strengths of sabo soil 

cement can be created, depending on where the soil cement will be used in the structure; in 

general, soil cement is more susceptible to erosion than concrete. Table 3-7 compares the 

recommended application of different material types in Japan. 

 
Figure 3-24: Concrete barrier (left) and earthfill embankment (right) creating a 

deposition basin on a creek above Pettnau am Arlberg in Tyrol, Austria. 
Panoramic stitch; photographs by author, June 2016.  

8.5 m 

140 m 
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Table 3-7: Applicability of sabo soil cement to various structural elements (from 
Mizuyama, 2002). 

  Site-generated soil Sabo soil cement Concrete 

Applicable 
facilities or 
portions of 
the facility 

Embankment    
Subbase    
Filing    
Artificial bank    
Structure foundation    
Internal portions of structure    
External portions of structure    
Dam body and crest    

Finally, many Canadian structures consist of simple earth berms, often with no material 

gradations or concrete (VanDine, 1996), although there are some exceptions (i.e. Charles 

Creek, Harvey Creek – Section 3.2.1). The lack of a concrete core wall in many Canadian 

barriers makes them prone to erosion and breach in the event of overtopping, hence slope 

armouring becomes critical. 

3.5.8. Loading scenarios 

International practice accounts for similar loading scenarios, although the Japanese 

require more rigorous designs for structures taller than 15 m (Table 3-8), whereas Austrian 

designs depend on the type of structure and the process characteristics (Table 3-9).  

Table 3-8: Load scenarios to consider for design of a concrete gravity sabo dam, 
according to Japanese standards (NILIM, 2007b; Ikeda, 2016). 

Dam height Usual state During flood During debris flow 

< 15 m -  Hydrostatic pressure 
Debris flow impact 

Hydrostatic pressure 
Sediment pressure 

≥ 15 m 

Hydrostatic pressure 
Sediment pressure 

Uplift pressure 
Seismic inertial force 

Hydrodynamic pressure during 
earthquake 

Hydrostatic pressure 
Sediment pressure 

Uplift pressure 

Debris flow impact 
Hydrostatic pressure 
Sediment pressure 

Uplift pressure 
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Table 3-9: Load scenarios to consider for check dam design according to Austrian 
standards (ONR, 2009, 2011). 

Structure 
type Usual state 

Temporary state 
Exceptional 

state Bedload transport and 
debris floods 

Debris flows and mud 
flows 

Stabilization 
and 
consolidation 

Hydrostatic pressure 
Sediment pressure  

(full dam) 
Uplift pressure 

Hydrostatic pressure 
Sediment pressure 

Uplift pressure 

Debris flow impact* 
Hydrostatic pressure 
Sediment pressure 

Uplift pressure 
Earthquakes, 
rockfall, 
avalanches, 
lateral slope 
pressures 

Debris 
retention and 
regulation 

Hydrostatic pressure 
Uplift pressure 

Hydrostatic pressure 
Sediment pressure 

Uplift pressure 

Debris flow impact**† 
Hydrostatic pressure 
Sediment pressure 

Uplift pressure 

Energy 
dissipation  

Debris flow impact** 
Hydrostatic pressure 
Sediment pressure 

Uplift pressure 

N/A 

Debris flow impact† 
Hydrostatic pressure 
Sediment pressure 

Uplift pressure 
* Impact on wings or on empty structure after construction 
** Impact on empty structure 
† Impact on partially full structure 

In Hong Kong, the GEO has developed a set of standardized barrier designs with 

capacities up to 600 m3; use of these standardized designs does not require impact or loading 

assessment. For design of non-standardized barriers, the following scenarios must be 

accounted for (GEO, 2000; GEO, 2012): 

• Initial debris impact 

• Subsequent impact on structure that is partially filled with debris 

• Static loading (sediment pressure) on the wall when the debris has come to rest 
after impact 

• Boulder impact 

• Debris flow and boulder impact to the crest 

• Overtopping of the barrier, including the resulting shear stress and drag force 

• Static earth and water pressures (uplift pressure) 

• Rockfall impact 

Consideration of earthquakes is not required by the GEO guidelines. 
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 Overall, international guidelines require consideration of similar loading scenarios, but 

differ significantly in terms of how the loading scenarios should be evaluated for different 

structure types. This is particularly true for structures under 15 m high in Japan, which don’t 

require consideration of sediment pressure during permanent conditions, or uplift pressure 

under any scenario. Also, the GEO guidelines are the only guidelines to consider an 

overtopping scenario.  

3.5.9. Impact force assessment 

Steep creek hazards produce two types of impact force: the impact of the debris-flow 

surge (debris impact pressure), and the impact of a specific boulder within that surge. In 

general, these forces are much larger for debris flows than for debris floods, since debris floods 

have lower flow depths and smaller boulder sizes. 

Debris impact pressure should be evaluated using the hydrodynamic model, which 

accounts for debris impact velocity. The equation is of the following form:  

𝑜𝑜 = 𝛾𝛾𝛾𝛾𝑅𝑅2 Equation 3-10 
where  

𝑜𝑜 is the debris impact pressure (Pa) 

𝛾𝛾 is the dynamic pressure coefficient (no units) 

𝛾𝛾 is the density of the flow (kg/m3) and 

𝑅𝑅 is the flow velocity normal to the barrier (m/s)  

Historically, international literature shows that this equation was applied slightly differently in 

Austria, Japan, Hong Kong and Canada, with different values of the dynamic pressure 

coefficient (see GEO, 2012, Table 4-1). However, Austrian standards (ONR, 2013), Japanese 

standards (NILIM, 2007) and Canadian literature (VanDine, 1996) now suggest using 𝛾𝛾 = 1. 

The Hong Kong GEO recommends using 𝛾𝛾 = 2.5, based on an instrumented field study in 

China (Hu et al., 2011). Table 3-10 compares the results of Equation 3-10 with data from field 

and laboratory tests. It should be noted that the high values from the Hu et al. (2011) study are 

outliers that likely result from boulder impact. Only 10 of the 114 measurements were over 

500 kPa (Hu et al., 2011; GEO, 2012). 
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Table 3-10: Typical impact pressure values from calculations, field measurements 
and physical models 

Source Density (𝛾𝛾) 
(kg/m3) 

Velocity (𝑅𝑅) 
(m/s) 

Impact pressure (𝑜𝑜) (kPa) 
Minimum Maximum Median 

Equation 3-10 using typical 
debris flow parameters 1600 to 2200 5 to 15 40 500 - 

Hu et al. (2011) 
(field measurements) 2100 (2000 to 2200) 7 (5 to 11) 5 1100 91 

Bugnion et al. (2011) 
(physical model) 1900 (1750 to 2100) 9.1 (2.2 to 13.6) 17 201 96 

 Boulder impact can be evaluated using a simplified form of the Hertz Equation (GEO, 

2012, assuming a spherical boulder):  

𝐼𝐼 = 4000 𝐾𝐾𝑐𝑐  𝑅𝑅1.2 𝑀𝑀2 Equation 3-11 
where  

𝐼𝐼 is the impact force of a single boulder (kN) 

𝐾𝐾𝑐𝑐 is the load reduction factor and 

𝑀𝑀 is the boulder radius (m). 

The Hong Kong GEO (2012) recommends using a 𝐾𝐾𝑐𝑐 value of 0.1 for “typical design 

scenarios”, which is defined as boulders of 1 to 2 m in diameter, moving at 8 to 15 m/s and 

impacting barrier that is 20 m long by 5 m high by 0.8 m thick It should be noted that this barrier 

geometry would not be typical in a Canadian context. Appendix B of GEO Report No. 270 

(2012) includes the derivation of this simplified version of the Hertz equation, which can be 

modified to be more suitable to boulder impact assessment in Canada, where thicker, earth-

fill barriers are more typical. 

Boulder impact forces have been back-analyzed from case histories, as presented in 

Table 3-11. Each case involved failure of a concrete or steel structure, so impact forces and 

𝐾𝐾𝑐𝑐 values were back-calculated from the estimated failure capacity of the material.  
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Table 3-11: Boulder impact force case histories (modified from GEO, 2012 Table 3.1) 

Case history Velocity (𝑅𝑅) 
(m/s) 

Boulder radius 
(𝑀𝑀) (m) 

Estimated 
impact force 

(𝐼𝐼) (kN) 

Back-
calculated 𝐾𝐾𝑐𝑐 

value 
Boulder impacting rail bridge 
(Zhang et al., 1996) 9 3.32 12,000 0.02 

Boulder impacting steel pipes 
(Zhang et al., 1996) 12 2.75 28,600 0.05 

Boulder impacting bridge pier (Wu 
et al., 1993) 13 1.5 28,770 0.15 

Boulder destroying reinforced 
concrete structure (Wu et al., 1993) 11 1.8 1,290 0.006 

3.5.10. Assessment of run-up and super-elevation potential 

Run-up and super-elevation occur naturally around channel bends, but also occur 

when debris flows impact transverse structures or diversion berms (VanDine, 1996). Canadian 

literature recommends the consideration of run-up when determining barrier height (Hungr et 

al., 1984; VanDine, 1996), and run-up is also considered in GEO designs (GEO, 2012) but 

GEO Report No. 270 notes that “such a design provision is not required by other codes or 

practices”.  

Concern about run-up in Canada may be driven by typical construction practices, which 

tend to involve earth embankment structures rather than concrete or steel. Earth-fill structures 

are more susceptible to failure from overtopping, whereas many international structures, 

particularly closed check dams historically, are designed to withstand overtopping as a regular 

design scenario. Run-up evaluation is less pressing when designs are run-up resistant.  

 Additional information on run-up assessment can be found in Iverson et. al (2016) who 

recommends the use of momentum jump and smooth momentum flux models, rather than the 

point mass formula.  

3.5.11. Consideration of climate change 

Design for climate change is complicated, because more frequent and heavier rain 

events could reduce the long-term debris-flow or debris-flood hazard by causing more 

frequent, smaller events in supply-limited basins. In so far as the author is aware, design in 
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Austria and Japan does not explicitly consider designing for climate change. However, Austria 

does add 10% to sediment storage volumes as a general buffer or margin of error. In Canada, 

APEGBC (2014) states that professionals are expected to consider the changing climate as 

part of their work, but limited specific guidance is available.  

3.5.12. Use of warning systems 

Warning systems are widely employed in Austria, Japan and other areas of Europe, 

but have been difficult to implement for residential developments in Canada because of 

ownership and liability issues. In Austria, the warning system instrumentation and protocols 

are established by the WLV, but managed and triggered by the mayors (pers. comm., C. 

Weber, 2016). Developments near steep creeks are usually villages or hamlets with less than 

100 residences, so local management may be more feasible because of direct social ties 

between the residents. Warning systems are also managed using local capacity in Japan (also 

mayors, pers. comm., M. Fujita, 2016) and Switzerland (firefighters).  

By contrast, Canadian municipalities or regional districts are usually much larger, due 

to the lower population density. If the district is large enough to have an emergency manager, 

this person (or the seat of government in general) may be located at considerable distance 

from the at-risk area, which complicates response. There also seems to be a perception in 

some areas that management of warning systems requires technical expertise beyond the 

ability of regional staff (pers. comm., F. Dercole, 2016). For these reasons, consultants are 

asked to assume responsibility for the system, which involves significant exposure to liability. 

It should be noted that warning systems are used successfully in Canada to protect linear 

infrastructure, particularly railroads against rockfall and debris flows (Peckover and Kerr, 

1977).  

3.6. Summary 

This chapter reviews current practices in steep creek hazard mitigation, with a detailed 

focus on Canada, Austria, Japan and Hong Kong, and some review of practices in Switzerland. 

Mitigation techniques and norms are shown to differ by country in terms of typical practice, and 

the availability and content of technical guidance. Certain basic principles apply in all contexts, 

but other aspects are country-specific. Generally applicable practices include:  
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• some aspects of conceptual design 

• use of decision analysis techniques 

•  some aspects of location selection (local scale); 

• methods for determining the slope of the debris deposit 

• outlet structure design 

• erosion protection design 

• site investigation 

• foundation design 

• aesthetic integration of structures 

• design development techniques, such as numerical and physical modelling  

• design of flexible barriers  

On the other hand, Table 3-12 provides a comparison between international practice and 

Canadian practice for other design aspects.  

Table 3-12: Comparison of Canadian and international practice 

 International practice Canadian practice 

Technical guidance Standards issued by government or 
government agencies No specific standards available 

Funding Formalized cost sharing agreement 
between levels of government 

Funding organized on a project-by-
project basis 

Liability Lawsuits are (anecdotally) rare Lawsuits are more common 

Design event basis 
Defined by standards, often hazard-
based or semi-risk based. Consider 
return periods up to 1000 years, but 
usually 100-150 years 

Variable. Rarely consider return 
periods up to 10,000 years 

Mitigation zone (fan, apex, 
channel or watershed) 

Distributed in all zones; typically 
initiate in watershed or channel Typically limited to fan and fan apex 

Building materials Concrete and reinforced concrete Typically earth-fill 

Loading scenarios Specified by standards; dependent on 
height of structure Variable; not standardized 

Impact force assessment Specified by standards 

Run-up assessment Not accounted for in Japan or Austria More relevant due to earth-fill 
construction 

In general, Canadian designers are confronted with a range of unknowns compared to 

international colleagues, including design event selection, material selection, and loading, 

impact and run-up calculation. Without government-supported technical guidance, decision-
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making around these design aspects tends to rely on empirical and experience-based design 

methods. However, experience-building in Canada is limited by the comparable scarcity of 

mitigation design projects; professionals in Austria or Japan may spend an entire career 

working on only debris-flow mitigation, whereas projects in Canada may come along every few 

years, or less.  

The following chapters aim to address the disparities identified in Table 3-12, as well 

as the comparative lack of mitigation design experience in Canada, through two mechanisms: 

1) provision of a recommended design approach (Chapter 4), and 2) review of case studies 

involving the performance and sometimes failure of mitigation systems (Chapters 5 and 6).  
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Chapter 4. Recommended approach for the design of 
steep creek hazard mitigation in Canada  

“Three continents, no winners…” – Mike Currie, KWL (2010) 

4.1. Introduction 

As of 2017, most large debris-flow mitigation structures in Canada were built in the 

1980s, or with support from international experts. The above epigraph alludes to the challenge 

of looking to other continents for design solutions; the designers of the Fitzsimmons Creek 

barrier had to develop a custom concept because other designs in Europe, North America and 

Asia were not appropriate for the Canadian context, due to high costs and different conditions. 

Chapter 4 aims to provide technical support for future professionals that may find themselves 

in this situation. 

This chapter is the core of this thesis and introduces a workflow for the design of steep 

creek hazard mitigation techniques. Recommendations are provided for mitigation design in 

Canada, as well as specific recommendations for design of channels, diversion berms, 

retention basins and open check dams. The chapter outlines the general design approach, 

which can be applied to all techniques; particular attention is given to the scoping, conceptual 

design and options analysis phases, since these phases have received the least treatment 

both in the published literature and in the technical standards of other countries. The design 

approach is intended to facilitate the use of integrated river management in Canada.  

4.2. General recommendations for mitigation design in Canada 

4.2.1. Design event 

Ideally, the design event would be developed from a clear and certain understanding 

of the hazard scenarios. Residual risks after mitigation implementation would be thoroughly 

characterized and communicated and further risk reduction planned, where appropriate to 

meet the obligations mandated by the ALARP (as low as reasonably practicable) principal. As 

discussed in Section 3.5.2, practical application of these principles is challenging.  
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Canada is at a crossroads with respect to risk-based design for landslide mitigation. 

Detailed assessment of risk against risk tolerance criteria, such as the criteria adopted by the 

DNV (BC) or the Town of Canmore (AB), requires Quantitative Risk Assessments (QRAs). 

While QRAs seem to be international best practice for industrial and anthropogenic risks such 

as nuclear facilities and large dams, they are rarely applied to landslide risks in other countries, 

apart from Hong Kong and New Zealand (Enright, 2015). Structural engineering for earthquake 

hazards in North America is mostly hazard-based and based on specified design return 

periods, although the importance of the facility is accounted for through factor of safety 

selection (CDA, 2007).  

While risk-based design is a technically rigorous and defensible method, the lack of 

risk acceptability and return-period guidance has challenged its application. In the author’s 

(albeit short) experience, hazard and risk assessments also tend to be quite science-focused, 

with lots of effort put in to developing a frequency-magnitude relationship, and less emphasis 

on the actual design process. Based on these limitations, the practitioner should consider the 

following general recommendations when establishing the design event: 

• Collaboration between the design engineer and the geotechnical professional 
responsible for the hazard and risk assessments. In most cases, the client and 
other stakeholders should also be involved at least at key milestones.  

• Consideration of the life-span of the elements at risk 

• Consideration of the design life of the mitigation strategy 

• When possible, consideration of the expected annualized damages resulting from 
events of different return periods.  

More specific guidance is offered in Section 4.3.4.  

4.2.2. Type and location of mitigation measures 

As discussed in Section 3.5.6, mitigation structures in Canada tend to be located on 

the fan or at fan apex, usually due to limited access to the upper watershed and channel. This 

restricts the mitigation techniques available to Canadian practitioners, because some 

mitigation techniques require construction in higher elevation areas, as summarized in Table 

4-1. The exception to this norm are forestry operations, where logging road deactivation is 

considered a mitigation measure (reduction of the potential of debris slides, flows and 

avalanches originating from road fill or road cut slope landslides). 
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Table 4-1: Application of different mitigation techniques in Canada 

Type Location Objective Applicability in Canada 
Ac

tiv
e 

Upper 
catchment 

Source zone 
stabilization  

Reforestation and careful road deactivation where logging 
activities contribute to sediment supply and poor drainage 

Watershed 
channel 

Channel 
stabilization 

Likely difficult to permit (no Canadian examples); would cause 
temporary or permanent disruption of watercourse  

Channel 
consolidation 

Likely difficult to permit (no Canadian examples); would cause 
temporary or permanent disruption of watercourse  

Debris retention Requires careful scrutiny – need to maintain sediment supply 
and stream connectivity 

Debris regulation Effective but potentially expensive 
Energy dissipation Combine with debris regulation 

Fan 

Channel 
stabilization 

Downstream of debris regulation structures to prevent scour and 
entrainment on fan; suitable for fully developed fans where the 
channel can convey design event. 

Debris regulation Effective but potentially expensive, requires suitable location at 
or near fan apex 

Energy dissipation Combine with debris regulation 

Diversion Suitable for partially developed fans; consider conditional 
diversion structures, which only divert flows during an event 

Improved 
conveyance 

Suitable for fully developed fans; combine with channel 
stabilization to prevent scour and entrainment on fan 

Pa
ss

ive
 

Community 

Local protection of 
infrastructure 

Potentially applicable in new developments; could require as a 
condition for renovation of old developments 

Relocation 
Zoning to prohibit development; permanent relocation for small 
developments; temporary relocation (evacuation) to mitigate life 
loss risk 

Warning systems Need more government support for operation; consultants 
should not be required to take on this liability 

Emergency 
response planning 

Should occur for all types of projects and all elements at risk; 
variable level of effort and detail  

Risk sharing 
(insurance) 

Should be more widely adopted; may require government 
support and improved education 

4.2.3. Recommended design approach 

The recommended design process (Figure 4-1) was developed from the classic 

framework of Pahl et al. (2007, originally published in 1984), which provides a general process 

for engineering design. It also uses aspects of Structured Decision Making (SDM), which has 

recently been applied to sea-level rise decisions in Vancouver (Compass and Ebbwater, 2015).  
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Figure 4-1: Recommended mitigation design approach. 
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4.3. Phase 1: Project scoping 

Before proceeding with conceptual design, it is critical to develop project understanding 

of: 1) the hazard; 2) the elements at risk; and 3) the project scope and constraints. 

Understanding of each of these aspects can be developed through hazard assessment, risk 

assessment and client collaboration, respectively.  

4.3.1. Hazard and risk assessment review 

Providing guidance for debris-flow and debris-flood hazard and risk assessment is not 

within the scope of this thesis, as numerous other resources are available to the practitioner 

(Hungr et al., 1984; VanDine, 1996; Jakob and Hungr, 2005; APEGBC, 2010; Jakob et al., 

2015; Alberta Environment and Parks, 2017). Instead, the critical parameters are briefly 

outlined below. 

Hazard assessments should seek to qualitatively or quantitatively assess the following 

criteria, as input for the mitigation design (Hungr et al., 1984; VanDine, 1996): process type 

(e.g. debris flow, debris flood, bedload transport); size and gradation of debris; flow paths, 

avulsion channels, runout distances, flow depths; discharge and velocity; and the sediment 

frequency-magnitude relationship.  

Risk assessments should qualitatively or quantitatively assess vulnerability and 

exposure of elements at risk; this information can be integrated with the hazard assessment 

results to calculate risk (Jakob et al., 2016). Depending on the scope of the assessment, this 

may include loss of life risk, direct economic risks, indirect economic risks, and other risks that 

are more difficult to quantify, such as environmental risks. 

The hazard and risk assessments are used to determine whether current project risks 

are unacceptable and, if they are unacceptable, what an acceptable hazard or risk would be. 

4.3.2. Identify the purpose of the project 

What elements are at risk, and what are the hazards or risks that are unacceptable? 

This stage can offer a lot of clarity for a project, and help to guide the mitigation scheme. For 
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example, it may not be necessary to build a large concrete barrier to reduce risk for a village if 

the life loss risk can be mitigated through an alarm system.  

4.3.3. Identify project constraints 

Hazard and risk assessments are used to establish the design event (Section 4.2.1), 

but this is not the only relevant project constraint. The professional should work with the client 

and stakeholders, as applicable, to identify other project concerns. Thorough communication 

prior to initiating design increases the likelihood of an efficient design process. Constraints to 

consider include:  

• the budget and any funding-related conditions, especially for government projects 
(for example, if the funding is conditional upon certain outcomes); 

• the timeline for design and construction;  

• land use or zoning restrictions;  

• maintenance considerations, including the capacity of the owner to complete 
maintenance for the structure, and options for debris storage; 

• potential for the owner or another party to manage a warning system, if one is 
developed; 

• stakeholder and social implications – who will be effected and what are their 
attitudes about the project; 

• environmental concerns, such as fish-bearing streams or wildlife corridors. 

4.3.4. Establish the design event 

Determination of the design event depends on the quantity and type of information 

available to the practitioner (which primarily come from previous hazard and risk assessments) 

and on tolerable hazard (i.e. fixed return period) or risk (life loss and economic loss) guidance. 

Figure 4-2 displays this continuum.  
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Figure 4-2: Spectrum of information availability between projects where the hazard, 
risk and risk tolerance are not characterized, to projects that are fully 
characterized. 

The extent of project characterization determines the type of design basis that can be 

used on the project. To develop a risk-based design, detailed characterization is required, 

typically including a detailed hazard analysis embedded in a risk assessment, which is 

evaluated against risk tolerance criteria. If these elements are not in place, then additional 

effort is required or risk-based design will not be possible. Note that the APEGBC Legislated 

Flood Assessment Guidelines (APEGBC, 2012) and the AEP Alberta Steep Creek Risk 

Assessment Guidelines (AEP, 2017) provide recommendations for the required level of hazard 

and risk characterization, depending on the scale of proposed or existing development. Larger 

developments and longer design lives require additional study and scrutiny, compared to 

smaller or temporary installations.  

Hazard-based and budget-limited designs are alternatives to risk-based design (Figure 

4-3). In hazard-based design, the mitigation design event is determined according to a 

specified return-period, such as the 1 in 500-year annual probability landslide. Hazard-based 

design was the design standard for landslide mitigation in British Columbia until 2003 

(APEGBC, 2010). Design parameters, including peak discharge, impact forces and estimated 

sediment volume, are then estimated for the selected annual probability range, typically using 

empirical methods.  
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Figure 4-3: Schematic comparing the hazard, risk and budget based design 

processes. 

Budget-limited design recognizes that, in practice, the decision on what event to 

mitigate against may be governed by the available capital, rather than risk. In this case, the 

practitioner is asked to optimize the design with the allocated funds. This may be especially 

relevant for mine-related debris-flow mitigation projects where the construction budget may be 

specified and mitigation will need to be accomplished within these limits, making use of onsite 

materials as much as possible to reduce costs. The recommended conceptual design process 

is still useful for budget-limited design, especially the “identification of feasibility” steps. 

However, once feasible mitigation methods have been identified, they should be scaled and 

developed to accommodate the budget, rather than the design event. Realistically, most 

projects include some element of budget-limited design. 

The following sections elaborate on the process of establishing the design event in 

several project scenarios.  

Existing developments with fully characterized hazards and risks 

 This is the ideal scenario, in which comprehensive hazard and risk assessments have 

been completed, risk tolerance criteria have been established, and appropriate risk-based 

design can occur. The following steps are recommended: 

1. Confirm that the level of detail of the study meets or exceeds the 
recommendations in APEGBC (2012) Table E-2, which recommends hazard and 
risk assessment methods and return periods according to development type.  

2. Identify the annualized risk contribution from each return period class, looking at 
individual risk and economic losses (Figure 4-4), and group risk (using an F-N 
plot). 
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3. Compare the annualized risk graphs to the risk tolerance criteria. Which events 
drive the group risk and make it plot in the unacceptable zone? Which hazard 
scenarios contribute the most to the risk? 

4. Select an appropriate return period to mitigate against that achieves the maximum 
risk reduction benefit. 

5. Use the frequency-magnitude relationships to estimate the peak discharge and 
sediment volume that correspond to the return period.  

The development and application of Figure 4-4 warrant some additional discussion. 

The figure compares life loss and economic risks for three actual case histories; the creek 

names have been changed for this thesis. In the figure, Probability of Death of an Individual 

(PDI) and annualized economic losses are plotted by return period. In risk assessments, these 

values are usually reported as a sum; however, attributing risk by return period highlights the 

contribution of high frequency, low magnitude events to the overall risk. This is particularly 

clear on Red and Green creeks. On Red Creek, the 10 to 30-year return period accounts for 

more than half of the individual risk. On Green Creek, the 30 to 100-year event contributes the 

most to the risk. Blue Creek is an anomaly because of the low frequency potential for landslide 

dam outbreak floods in the Blue Creek watershed; this increases the risk for the 300 to 1000 

and 1000 to 3000-year return periods. Depending on project constraints, it may make sense 

to select only the highest contributing event or events for mitigation.  

Comparison of annualized risk contribution by return period is particularly useful for budget-

limited design, if the information is available. It allows the practitioner to quickly and visually 

estimate the expected risk reduction improvements resulting from mitigating to a higher return 

period. Note that the relationships between frequency and PDI, and frequency and economic 

losses, are approximately linear on a log-log plot: hence, they are approximately exponential 

on a linear scale. Past a certain point, the effort required to further reduce risk becomes 

disproportionate to the benefit achieved.  
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Figure 4-4: Predicted Probability of Death of an Individual (PDI) and annualized 
economic damages on three creeks, attributed by return period. The 
names have been changed for this thesis.  

Existing developments with limited hazard and risk characterization 

In this scenario, the hazard and risk are uncharacterized or only partially characterized, 

and risk tolerance criteria have not been adopted. This may occur on smaller scale or shorter 

duration projects (APEGBC, 2012) and may be prevalent in mining applications related to 

debris flows, where detailed hazard and risk assessments for numerous facilities at risk are 

cost-prohibitive. If the project involves a larger development or critical infrastructure, the 

practitioner should encourage additional hazard and risk characterization and adoption of risk 

criteria prior to proceeding with design. 

10 100 1,000 10,000
Return period (years)

$1,000

$10,000

$100,000

$1,000,000

$10,000,000

An
nu

al
iz

ed
 d

ire
ct

 e
co

no
m

ic
 d

am
ag

es
 ($

)

10-5

10-4

10-3

10-2

10-1

Pr
ob

ab
ilit

y 
of

 D
ea

th
 o

f a
n 

In
di

vi
du

al
 (a

nn
ua

l)
Red Creek - safety
Red Creek - economic
Blue Creek - safety
Blue Creek - economic
Green Creek - safety
Green Creek - economic



 

89 

Limited characterization mostly occurs on projects with tight budgets or other 

constraints. A hazard may have been identified, but additional effort to assess the risk may 

limit the availability of funding for risk reduction. These projects use the budget-limited design 

process.  

New developments 

New developments in at-risk areas should be carefully scrutinized. Hazard and risk 

assessments should follow the recommendations in APEGBC (2010) with respect to the level 

of detail required, as summarized in Table 4-2.  

Table 4-2: Recommended types of flood hazard assessments for debris floods and 
debris flows (from APEGBC, 2010, Table E-2).  

Class Development type Typical assessment methods Typical deliverables 

0 Building permit, renovations, 
new single house or duplex 

Site visit and qualitative 
assessment without modelling Letter report or memorandum 

1 
Small subdivision (3-10 lots); 
scoping level study for linear 
infrastructure, mines, urban 
developments 

Same as Class 0, plus preliminary 
frequency-magnitude estimates 
and hazard mapping 

Map showing hazard zones; 
report with water levels, flow 
velocities and loading 
conditions 

2 
Medium subdivision (10-100 
lots); pre-feasibility level 
study for industry 

Same as Class 1, plus air photo-
based frequency-magnitude 
estimates, empirical runout 
modelling and mapping, and 
consideration of climate change 

Maps showing inundation and 
bank erosion potential, flow 
velocity and flow depth 

3 
Large subdivision (100+ 
lots); feasibility study for 
industry 

Same as Class 1, plus detailed 
frequency-magnitude analysis 
using one or more absolute dating 
methods, breach or runout 
modelling for design event, and 
consideration of climate change 

Same as previous, plus 
frequency-magnitude graphs 

4 
Very large subdivision or 
town; detailed design for 
high value/vulnerable 
industrial assets 

Same as Class 1, plus 
geotechnical analysis of failure 
mechanisms, detailed frequency-
magnitude assessment using all 
applicable techniques, formulation 
of hazard scenarios, breach or 
runout modelling, and 
consideration of climate change  

Same as previous with detailed 
reporting of geotechnical 
analyses and modelling; hazard 
intensity maps 

Developers, municipalities and regional governments (as applicable) should be aware 

that a higher standard of safety is usually required from new developments. Otherwise, the 

process is similar to that of existing, fully characterized developments.  
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Transportation corridors 

Mitigation decisions for transportation corridors are usually driven by closure risks, 

rather than safety or economic risks. In this case, it is helpful to frame design event selection 

in terms of the following questions: 

• What is an acceptable closure frequency? 

• What is an acceptable closure duration? 

The answers will depend on the type of corridor, the frequency of use and the potential for 

detours or redundancies. For example, the multi-day closure of the TransCanada Highway in 

Canmore due to the June 2013 flood, and the two-day closure in May 2017 on Highway 1 near 

Revelstoke due to a debris flow (CBC News, 2017) both required extensive detours, because 

there are few alternative roads.  

Resource extraction projects 

 There are several differences between resource extraction and residential projects in 

terms of design event selection. Resource extraction projects such as logging and mining tend 

to have a shorter project life time; low frequency events have a lower likelihood of occurring 

during the project lifetime, compared to permanent residential developments. Resource 

projects may also have easier access to construction equipment, which facilitate the 

development of non-engineered mitigation structures, such as those described in VanDine 

(1996).  

The techniques and considerations mentioned in previous sections may also be 

applicable to resource extraction projects, particularly the recommendations for existing 

developments with limited characterization, and for transportation corridors (i.e. closure 

frequency and duration). However, low frequency return period events do not require as much 

scrutiny for short duration projects. As a rule of thumb, it may be worth only considering events 

with a 10% or higher likelihood of occurrence within the project lifetime, as summarized in 

Table 4-3.  
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Table 4-3: Likelihood of a given return period event occurring within the project 
lifetime. Return periods corresponding to a 10% likelihood are 
highlighted in blue.  

 Potentially damaging event likelihood by return period (%) 
Project life time 
(years) 30 year 100 year 300 year 500 year 1000 year 10,000 year 

10  29 10 3 2 1 0.1 
30  64 26 10 6 3 0.3 
50  82 39 15 10 5 0.5 

100  97 63 28 18 10 1.0 
1000  100 100 96 86 63 9.5 

10,000* 100 100 100 100 100 63 
* For infrastructure that will operate in perpetuity, such as tailings dams or residential developments 

This aligns well with the Canadian Dam Association Guidelines (CDA, 2013), which 

recommend considering floods and earthquakes up to a 1/100 annual exceedance probability 

for the design of “low” risk dams, and up to 1/1000 for “significant” risk dams. Low risk dams 

involve no at-risk populations, no long-term environmental losses, and low economic losses; 

significant dams may involve temporary at-risk populations, loss of marginal habitat and losses 

to seasonal or infrequently used facilities.  

Sediment management volume 

When establishing the design event, sabo professionals in Japan consider a sediment 

management volume target. This volume may be “managed” through storage or regulation, 

but can also be achieved through source zone stabilization, channel stabilization, or other 

methods. In other words, a design event volume of 10,000 m3 does not automatically require 

an open check dam with a 10,000 m3 basin. This is an important concept, which should also 

be considered by professionals in Canada.  

4.3.5. Document the design basis 

The design basis should be documented and continuously referenced throughout the project. 

It may also be updated, as additional information or constraints arise.  
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4.4. Phase 2: Conceptual design 

The objective of the conceptual design phase is to identify and develop feasible 

mitigation design options, including active mitigation, passive mitigation, and systems that 

combine active and passive mitigation. 

4.4.1. Identification of feasible active mitigation options 

Identification of feasible structural mitigation measures primarily depends on the 

accessibility of the watershed, channel and fan apex, and the level and type of development 

on the fan. It is also important to consider the types of processes that are contributing to debris-

flow generation, such as side-slope landslides or channel erosion. 

Figure 4-5 presents the preliminary workflow for the identification of feasible active 

structural mitigation measures for a given project. The flow chart should be navigated multiple 

times to identify all feasible mitigation measures for consideration at the conceptual design 

level.  

4.4.2. Identification of feasible passive mitigation options 

Use of passive measures depends on several factors including the type and value of 

elements at risk, the regulatory and governmental context, and the understanding of triggers 

and thresholds for warning system design. Figure 4-6 presents the preliminary workflow for the 

identification of feasible passive mitigation measures for a given project.
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Figure 4-5:  Workflow for identifying feasible active mitigation measures Figure 4-6:  Workflow for identifying feasible passive mitigation measures. 
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4.4.3. Development of conceptual options 

Once feasible mitigation options have been identified, the options must be developed 

and assembled into conceptual mitigation systems or “functional chains” that meet the design 

basis established in Phase 1. A mitigation system is a unified set of active and passive 

measures to provide redundancy and reduce risk. In Canda, A typical system might include 

two basic aspects: 1) an open check dam and debris basin at the fan apex, to regulate debris 

and dissipate energy, and 2) a stabilized channel downstream of the barrier, to prevent scour 

and entrainment of fan sediments. In Europe and Japan, this may be complemented with 

additional measures such as reforestation in the watershed, landslide consolidation dams in 

the channel, or a warning system for the residents; these measures should also be considered 

in Canada, where feasible, especially after wildfires which are known to abruptly increase the 

likelihood and magnitude of debris flows (Cannon and Gartner, 2005).  

The concept of this design step can be compared to a conveyor belt or a bucket 

brigade, in which feasible active and passive mitigation options need to fit together to “pass” 

the hazard through the area with minimal damage (Figure 4-7). 

 
Figure 4-7: The mitigation system conceptualized as a bucket brigade, in which each 

person represents a mitigation measure. 

Although a bucket brigade can function with only one or two members, additional members 

improve the efficiency up to a point. Past this point, additional members crowd the system, 

making it difficult for each member to be effective. It also requires that operation and 

maintenance be organized efficiently and chronosequentially. Operational failures may 
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unleash cascading downstream issues. The same is true with steep creek hazard mitigation, 

although the optimum system configuration also depends on the number and type of elements 

at risk. Chapter 6 addresses these issues in further detail, and presents examples of over-

designed, optimized and under-designed systems.   

Mitigation concept and system development should also consider the following: 

• Measures requiring minimal maintenance or intervention are likely to perform 
better in the long run 

• Measures that avoid disrupting the normal streamflow are generally preferable in 
the options analysis phase, because the social and environmental impacts tend to 
be lower 

• If the sediment load is removed from a high discharge flow by a regulation or 
retention structure, the flow will tend to re-entrain debris downstream of the 
structure, unless the channel is protected 

• Sediment starvation along lower creek reaches or in the mainstem river may 
contribute to other hazards such as bank erosion and fish habitat degradation 

• Avoid locating mitigation structures in locations where they may be bypassed by 
an avulsion 

At the end of the conceptual design phase, the practitioner should be able to present 

at least two mitigation system options for further review and comparison by stakeholders.  

4.5. Phase 3: Options analysis 

The objective of the options analysis phase is to communicate and compare mitigation 

options in consultation with stakeholders, and identify a preferred option. This can be a crucial 

step, but is generally overlooked in international practice, possibly due to cultural and 

institutional norms. In Canada, options analysis is a useful practice for both private and public 

projects.  

4.5.1. Develop a suitable options assessment framework 

There are several decision analysis techniques available to support options analysis, 

including cost-benefit analysis, multiple-criteria decision analysis (MCDA) and decision 

mapping. The choice of decision technique depends on the project type.  
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Cost-benefit analysis 

Cost-benefit analysis (CBA) is a time-honoured technique in economics, in which a 

decision is evaluated based on the ratio between the costs and the benefits. First developed 

in the 19th century, it has applied to engineering decisions since the 1930s when the US Corps 

of Engineers began applying it to evaluate proposed infrastructure projects (Guess and 

Farnham, 2000). In practice, most cost-benefit analyses are limited to comparison of direct 

costs and direct benefits; indirect effects such as changes in social capital or client base are 

difficult to quantify, although arguably of equal significance. Cost-benefit analyses are 

characterized by the expression of costs and benefits in the same unit, usually monetary.  

In the past few decades, life-cycle cost analyses have become standard practice 

(ASCE, 2014). Although very similar to standard cost-benefit analyses, LCCAs place additional 

emphasis on capturing the costs and benefits of the entire product life cycle. For example, a 

CBA for a debris-flow mitigation structure may consider the immediate capital costs, and the 

reduced risk to lives and assets. An LCCA would also account for the long-term maintenance 

of the structure, possible decommissioning costs (as applicable) and long-term risk 

implications.  

Multiple-criteria decision analysis 

Multiple-criteria decision analysis (MCDA) refers to a set of decision-making support 

methods, which use a structured framework to account for and compare relevant criteria 

(Cinelli et al., 2014). Criteria are weighted and scored numerically, either explicitly or 

comparatively (i.e. Analytic Hierarchy Process (AHP), described in Teknomo, 2007).  

Table 4-4 presents a summary of several popular methods and their rate of application 

to flood mitigation selection, as identified in a literature review of 128 flood risk management 

MCDA papers, of which 53 involved flood mitigation (de Brito and Evers, 2015). It should be 

noted that many MCDA methods, including TOPSIS, ELECTRE and PROMETHEE are 

referred to directly by acronyms; the terms behind these acronyms are not informative and are 

therefore not included here.  

In both flood mitigation and debris-flow mitigation, decision-makers (often elected 

officials) are making decisions that balance the potential for loss of life and economic damage 

with the realities of limited resources and high uncertainty. De Brito and Evers (2015) do not 
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offer justification for the preference for the AHP, TOPSIS and weighted sum methods in this 

field. Perhaps the preference arises from technical suitability, ease of use, familiarity, or (most 

likely) some combination of all three.  

Table 4-4: Summary of commonly used MCDA methods (modified from de Brito 
and Evers, 2015) 

Method Description Application rate for flood 
mitigation selection 

AHP Structured technique, where criteria are 
compared in pairs 26% 

TOPSIS Assumes that the best alternative is closest 
to the ideal solution 19% 

Weighted sum Determine a score for each option by scoring 
and summing weighted criteria 17% 

Compromise 
programming (CP) 

Use distance measures to select the most 
suitable solution 17% 

ELECTRE Rank alternatives based on concordance and 
discordance indexes 9% 

Multi-attribute utility 
theory (MAUT) Accounts for risk and uncertainty 4% 

PROMETHEE 
Rank and weighting system allowing for 
positive and negative preferences for each 
option/criteria 

6% 

VIKOR For coming to a compromise in a decision 
with conflicting criteria 2% 

In 2015, the Town of Canmore used a proprietary form of weighted sum MCDA known 

as the Kepner-Tregoe method to select a long-term debris flood mitigation strategy for Cougar 

Creek (Town of Canmore, 2015). This process is discussed in detail in Section 5.3.1. 

Decision mapping 

Similar to MCDA, decision mapping is intended to provide a framework for complex 

decisions. However, decision mapping is a purely qualitative tool; scoring, weighting and 

ranking of options are not required. Instead, decisions and criteria are displayed visually, 

creating a focus for and record of discussion (Van Gelder, 2009).  

To date, decision mapping in the literature has generally been used to provide clarity 

about organizational decision-making (Bouchart et al., 2002). However, the author and 

colleagues have been applying decision mapping to debris-flow mitigation decisions over the 
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last year and believe that it can be beneficial for clarifying and comparing options. An example 

is presented in Section 5.4.  

Decision method selection 

CBA compares options based on economics, MCDA compares user-defined criteria 

quantitatively, and decision mapping compares user-defined criteria qualitatively. In general, 

cost-benefit and life cycle cost analyses are most likely to be used for industry projects such 

as pipelines, railways and mines. In these situations, significant cost data is available making 

it easier to categorize costs and benefits. In addition, loss of life is commonly less of a concern 

because human exposure times are much shorter than for industrial projects; this avoids the 

necessity to quantify the value of a human life. MCDA and decision mapping methods are 

more applicable to government projects and projects that influence life-loss risk. These 

methods are more suitable for accounting for “fuzzy” factors, such as social approval and 

environmental impacts. 

4.5.2. Evaluate concepts against criteria 

 Every decision is based on criteria, whether explicitly or implicitly recognized. Cost-

benefit analysis excels at explicitly recognizing economic factors, or factors that can be framed 

in terms of economics. Structured decision making is more flexible, because it recognizes that 

decisions may involve criteria that are difficult to evaluate.  

The criteria listed in Table 4-5 are recommended for at least cursory consideration in 

all decisions, regardless of the decision method. “Considering” a criterion may simply involve 

confirming its irrelevance to the current project. For example, a municipality considering 

infrastructure to protect a neighbourhood will have different assessment criteria than a mine 

considering infrastructure to protect an access road, or an oil company considering 

infrastructure to protect a pipeline. A short-list of criteria for each situation or project can be 

developed selecting relevant criteria from the list, and adding project specific criteria as 

necessary. 
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Table 4-5: Project characteristics to consider during the option selection process 

Category Criteria 

Risk 

Minimize loss of life and injury potential 
Minimize economic losses (direct and indirect) 
Minimize risk transfer 
Minimize risk to other stakeholders 

Economic 

Maximize land use potential (with new development subject to intense scrutiny) 
Minimize capital costs 
Maximize cost sharing potential 
Minimize operation and maintenance costs 

Execution 

Maximize design confidence 
Maximize design flexibility (ability to adjust for unforeseen conditions) 
Minimize permitting and regulatory challenges 
Minimize construction duration 

Operation 
Maximize service life 
Minimize maintenance effort 

Social 

Minimize footprint in developed areas 
Maximize aesthetic appeal 
Minimize impact to recreation and natural areas 
Minimize cultural and archeological impacts 

Environmental 

Minimize footprint  
Minimize alterations to sediment transport and natural drainage pathways 
Minimize disturbance of sensitive habitats 
Minimize wildlife corridor impacts 

4.5.3. Select preferred mitigation concept 

Stakeholders should select the preferred mitigation concept using the decision 

framework and criteria. In practice, this usually includes the following groups for public 

decisions: 

• Elected officials 

• Government employees (civil servants) 

• Scientific or technical experts such as consultants or academics 

• Members of the public, such as local residents 

• Other engaged stakeholders, such as local businesses and utilities 
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The level of involvement of each of these groups can vary substantially. In some 

decisions, all groups participate in all aspects of the decision: from criteria selection, to criteria 

weighting, to criteria scoring (Town of Canmore, 2015). In other situations, experts and public 

employees manage the criteria selection and weighting, and invite stakeholder focus groups 

to participate in the scoring phase. Finally, some decisions are made internally by government 

officials (possibly with input from experts and businesses), then presented at public meetings 

for “comment”. This range is captured in the public participation spectrum developed by the 

International Association for Public Participation (IAP2, 2015).  

As Bier (2001) points out, it is important to be transparent and honest about the true 

level of potential public involvement in a decision. Stakeholders will become disenfranchised 

and distrustful if their opinion is solicited, but not incorporated. Best practice for decision-

making involves maximizing the potential for decision-making input and involvement from all 

interested parties. It also requires informing stakeholders why some ideas and input are not 

feasible. 

4.6. Phase 4: Layout design  

The purpose of layout design is to determine the basic geometry of the system, 

including location and geometry as applicable, while maintaining flexibility with respect to 

details and specifics. At this stage, the designer should focus on confirming that the design 

concept can be developed to meet the design intent.  

In practice, the layout design process becomes dependent on the mitigation techniques 

that are being implemented, as seen in Table 4-6, because different techniques require the 

consideration and evaluation of different parameters and failure mechanisms. Note that a 

single mitigation system may incorporate multiple mitigation techniques, as well as additional 

ancillary structures such as erosion protection.  
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Table 4-6: Design considerations by mitigation technique 

Technique Design considerations Failure mechanisms 

All structural 
measures 

Location and layout 
Materials 
Armouring design (size, properties etc.) 
Maintenance 

Poorly located 
Structural failure (engineered materials) 
Geotechnical failure (foundations, 

abutments, fills) 
Failure to maintain 

Channel 
stabilization Channel dimensions Inadequate capacity 

Diversion berm Height (depends on run-up) Inadequate height (overtopping) 
Slope failure 

Deposition 
basin 

Basin geometry 
Outlet type and dimensions 

Inadequate capacity of basin and outlet 
(too large or too small) 

Open check 
dam 

Deposit slope 
Barrier height (depends on storage and run-up) 
Outlet type and dimensions 
Loading and stability 
Maintenance 

Inadequate capacity of basin and outlet 
(too large or too small) 

Warning system 

Data collection  
Warning thresholds 
Warning communication 
Responsibility for warning system 

Failure to provide warning 
Failure to evacuate, given warning 
Multiple false alarms 

Numerical and physical modelling may be useful to supplement the layout design 

process, as discussed in Section 3.4.11. Additional information about the identification and 

assessment of failure mechanisms is provided in Chapter 6. Detailed layout design also 

requires in depth analysis of loading cases and limit states, which is well documented in 

literature and international standards. In addition to the steep creek specific guidelines and 

resources discussed in Chapter 3, several Canadian and international design resources are 

available that may be useful for the layout design phase, as summarized in Table 4-7.  

In practice, the layout or preliminary design phase is often skipped in favour of 

proceeding directly to final design and construction drawing preparation. Although tempting, 

bypassing layout design leads to project inefficiencies and is not recommended. Conceptual 

design is insufficiently detailed, may depend on significant assumptions, and may not have 

identified fatal (and non-fatal) system flaws. The layout design phase is critical, to allow time 

and budget for the conceptual design assumptions to be checked, updated and reviewed. Only 

then can the design process continue.  
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Table 4-7: Resources for detailed design 

Source Year Title 
APEGBC 2016 Site characterization for dam foundations in BC 
BC Ministry of Forests, Lands and Natural 
Resources (FLNRO) – Wilford et al. 2009 Managing Forested Watersheds for 

Hydrogeomorphic Risk on Fans 
Canadian Dam Association (CDA) 2013 Geotechnical Considerations for Dam Safety 
Environment Agency (UK) 2009 Trash and Security Screen Guide 
New Zealand Ministry of Business, Innovation 
and Employment (MBIE) 2016 Rockfall: Design considerations for passive protection 

structures4 

US Federal Highways Administration (FWHA) 2000 Micropile Design and Construction Guidelines 
(applicable to flexible net post design) 

4.7. Phase 5: Final design 

At this stage, the design should be essentially complete, and the focus shifts to 

finalization and documentation. This includes confirmation of all aspects considered during 

layout design, including location, geometry, hydraulic and ancillary structures, and non-

structural measures. Final design may address some minor design details, but most of the 

design effort has already occurred in the layout design phase.  

The exact type of documentation required will depend on the proposed mitigation 

system, and the project type. Structural mitigation will require tender and construction 

drawings, and all projects will require specifications and design basis documentation.  

4.8. Phase 6: Implementation 

As Ralph Peck observed, “construction deserves more attention in design. Our 

permanent structures are too often designed as if they come into existence without the 

necessity for being constructed” (Peck, 2000). The engineer’s role in construction is to verify 

that the design assumptions are valid, and that the construction achieves the design intent. 

 

 

4 “Passive” in this guideline refers to mitigation structures located outside of the source zone 
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This recommendation also applies if the mitigation system is non-structural, and does not 

require construction in a literal sense.  

4.9. Summary 

This chapter presents a six-phase design approach for steep-creek hazard mitigation 

projects. This design workflow would be applied at sites where intolerable hydrogeomorphic 

risk is identified. The workflow is based on guidelines used in other jurisdictions, but draws on 

Canadian design experience and is intended to fit into a Canadian regulatory context. 

The project scoping phase focuses on understanding the hazards, risks and project 

objectives, including the design event (the highest magnitude event that the mitigation is 

designed to manage). The objective of the conceptual design phase is to identify and develop 

feasible mitigation design options. The options analysis phase aims to communicate and 

compare mitigation options in consultation with stakeholders, and identify a preferred option. 

The purpose of layout design is to advance and refine the mitigation concept while maintaining 

flexibility with respect to details and specifics. At this stage, the designer should focus on 

confirming that the design concept can be developed to meet the design intent. In the final 

design phase, the focus shifts from evaluating feasibility to finalizing design parameters, 

structure geometry and preparing construction drawings. Finally, implementation results in a 

completed mitigation system.  

Together, these phases represent a systematic, integrated approach to debris-flow and 

debris-flood mitigation design, such as practiced elsewhere in the world. Application of this 

framework in Canada will improve the state of practice, by improving professional access to 

international design resources, and facilitating transparent and repeatable design decisions.  
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Chapter 5. Decision analysis for debris-flow and 
debris-flood mitigation design 

5.1. Introduction 

Decision analysis techniques are used to inform debris-flow and debris-flood mitigation 

in Switzerland, Austria and Japan (Section 3.4.2), and they are also incorporated in the design 

approach recommended in Chapter 4. However, professionals in Canada may have limited 

experience with these techniques, as they receive limited attention in geological engineering 

curricula.  

This chapter demonstrates the potential application of decision analysis for options 

comparison, with a focus on debris-flow and debris-flood mitigation projects. Three techniques 

will be investigated: standard cost-benefit analysis (CBA), multiple-criteria decision analysis 

(MCDA) and decision mapping. These methods are described in more detail in Section 4.5.1. 

The objectives of this chapter are: 1) to apply the recommended design approach from Chapter 

4 to a range of case studies, while 2) exploring the application of the three different decision 

analysis methods during the options analysis phase to evaluate the suitability of each analysis 

method for mitigation decision-making.  

5.2. Application of cost-benefit analysis (CBA) 

This section presents the application of CBA to debris-flow and debris-flood mitigation, 

including an example application from literature and a case study for a real, but unidentified 

hydroelectric project. 

5.2.1. Example application in Taiwan 

Chen et al. (2010) performed a CBA of a debris-flow mitigation system on two creeks 

in Songhe, Taiwan. The following cost and benefits were accounted for in their study: 

• The capital costs (construction and design) of the structural mitigation measures 

• The primary cost of implementing a warning and evacuation system, including 
instrumentation, practice drills and training volunteers 
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• Reduction of life-loss risk 

• Reduction of damage potential for homes, farmland, forests, roads and bridges 

• General improvement in community resiliency, due to the warning and evacuation 
system 

To calculate cost benefit, the study assigned a monetary value to human life: 

$630,000 USD (approximately $820,000 CAD) (Chen et al., 2010). This value was initially 

presented by Liu and Lee (2006); it was estimated in labour force surveys from the 1980s and 

corrected for inflation to 2005. In 2017 dollars, this estimate would be $779,000 USD ($1.02 

million CAD). By comparison, for Swiss cost benefit calculations in EconoMe, a human life is 

valued at $5 million CH ($6.8 million CAD) (Bründl, 2016).  

The assessment of the Songhe mitigation system was completed after installation, and 

confirmed that the installation was beneficial from a cost-benefit perspective. Table 5-1 

summarizes the results of the study.  

Table 5-1: Benefit-cost ratios for Songhe, Taiwan debris flow mitigation system 

 Benefit-cost ratio 
 Structural mitigation Evacuation measures Structures and evacuation 
Creek 1 2.7 - - 
Creek 2 8.0 - - 
Both creeks 3.9 28.6 4.4 

 The high benefit-cost ratio of the evacuation measures suggests that a large benefit in 

life-loss reduction can be derived from minimal expenditures on warning and evacuation 

protocols, and community training.  

5.2.2. Case study – unidentified hydroelectric project, Chile 

In 2014, a debris-flow hazard and risk assessment was carried out for a hydroelectric 

project in South America. Mitigation design was outside of the scope of the project, and was 

not addressed by the study team. This case study uses the results of the hazard and risk 

assessment to develop a debris-flow mitigation system, following the recommended design 

process in Chapter 4 and using cost-benefit analysis to compare mitigation options. All 

identifying details have been removed from the project for confidentiality, and because the 

design has been undertaken in an informal capacity.  
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The hydroelectric project includes an intake canal that crosses over a debris-flow prone 

creek, shown in plan in Figure 5-1. Risk reduction selection on this creek is influenced by the 

presence of three bridges across the intake canal, which are marked in Figure 5-1 and also 

shown in Figure 5-2. The bridges were designed to allow debris flows to pass over the canal; 

however, they are undersized and require modification to function as designed. 

 

Figure 5-1: Plan view of the fan, showing the elements at risk, the FLO-2D numerical 
model boundary and the debris-flow overpass bridges. 

 
Figure 5-2: Bridge to allow debris flows to pass over the intake canal, looking 

upstream. Photograph by author, November 2014.  
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Project scoping 

The first step is to review the hazard and risk assessments. The hazard assessment 

details the expected frequency-magnitude relationship of debris flows on the creek, as 

summarized in Table 5-2, up to 1000-year return period events. The risk assessment highlights 

the fact that damages arise from debris flows entering the canal. Hence, the purpose of the 

mitigation system is to protect the intake canal (element at risk) from sediment damage.   

Table 5-2: Debris-flow frequency-magnitude relationship for the hydroelectric 
project 

Return period (years) Estimated debris-flow magnitude (m3) 
10 7,500 

100 14,000 
1000 21,000 

Project constraints include budget and location, since the project lease extends only 

50 m upstream of the canal. The 100-year return period event was selected as the design 

event, based on contribution to annualized loss, as calculated from risk assessment results 

(Figure 5-3).   

 
Figure 5-3: Annualized economic losses by event return period (in $ CAD).  
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Conceptual design 

Using the workflows presented in Figure 4-5 and Figure 4-6 and the 100-year design 

event, two structural risk reduction options have been identified.  

Option 1 involves the construction of earth-fill diversion berms upstream of the canal 

and bridges, to funnel debris over the bridges. To retain debris flows, the berms would need 

to be about 3 m tall and would extend for approximately 400 m along the canal. Figure 5-4 

shows a conceptual cross-section of the berm geometry, and Figure 5-5 shows the berm 

extents and alignments.   

 
Figure 5-4: Conceptual berm cross-section 

 
Figure 5-5: Plan view showing the proposed berm alignments. 
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Option 2 is identical to Option 1, except that it also includes the construction of flexible 

debris nets between the berms, across the bridge openings. This would allow water and 

smaller debris to flow across the bridges, but would capture gravel and larger debris that may 

overtop them. For the purposes of cost calculation, it was assumed that three net segments 

would need to be constructed, each approximately 15 m long.  

Options analysis using cost-benefit analysis 

Costs were calculated according to the unit cost data provided in Table 5-3.  

Table 5-3: Unit costs used for cost-benefit analysis (in $ CAD) 

Item Unit cost 
Fill, including excavation/purchase and placement $40 / m3 
Mobilization and demobilization of equipment to site $100,000 lump sum 
Flexible net cost $5000 / m 
Anchors for the net $6250 / m 

Using these costs, and the geometry described in the previous section, Option 1 was 

estimated to cost approximately $365,000 and Option 2 was estimated at $870,000. Assuming 

a project life of 50 years, this constitutes an annual cost of $7,500 per year for the berm and 

$17,500 per year for the net, assuming both structures will last for the lifetime of the project.  

Maintenance costs were also included in the assessment. It was assumed that the 

berms would retain approximately 50% of the sediment, whereas the nets would capture 100%. 

Estimated annual sediment volumes were calculated by determining the area under the 

frequency-magnitude curve (total expected sediment volume in 1000 years), then dividing that 

sediment volume by the total time (1000 years). The estimated yearly sediment volume is 

approximately 800 m3. Estimated Option 1 maintenance costs are $16,000 per year including 

debris removal, and estimated Option 2 maintenance costs are $32,500 per year.  

Benefits were estimated by combining numerical modelling, using the FLO-2D 

software, and risk assessment results. Figure 5-6 shows the estimated debris-flow deposit 

extent in the unmitigated case, and Figure 5-7 shows the estimated deposit extent with the 

installation of 3 m berms between the bridges. In the unmitigated case, up to 4.6 m flow depth 

of debris are deposited in the canal. In the mitigated case, sediment deposition is limited to 

approximately 2 m flow depth of debris. However, observation of Figure 5-7 indicates that 
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sediment did not reach the canal by overtopping the berms; instead, the bridges overtopped. 

This suggests that the largest events on the creek will still affect the canal with Option 1 in 

place. However, Option 2 should prevent all debris from reaching the canal. Table 5-4 outlines 

the debris-flow scenarios that were identified during the risk assessment, and their 

corresponding consequences.  

Table 5-4: Consequences of debris-flow impact 

 Process/hazard 
scenario 

Direct 
consequence 

Annual probability Estimated 
annual losses 

Mitigated by 
Min Max Option 1 Option 2 

1a 
Small debris flow 
enters canal with 
minimal damage 

Some on-site 
repairs and debris 
removal 

0.01 0.1 $450 Yes Yes 

1b 
Small debris flow 
damages canal 
lining 

Shut-down for up 
to two weeks; 
debris removal 

0.01 0.1 $45,000 Yes Yes 

1c 
Large debris flow 
damages canal 
lining and bridge 
or desander 

Canal shut-down 
for more than two 
weeks; debris 
removal and 
extensive repairs 

0.001 0.01 $100,000 Partially Yes 

When designing debris-flow mitigation, it is difficult to quantify the amount of risk 

reduction achieved by each option or measure. One can assume that mitigation fully reduces 

the risk of smaller events and partially mitigates larger events. For example, it is assumed that 

Option 1 completely mitigates scenarios 1a and 1b by preventing small debris flows from 

reaching the canal. Similarly, it is assumed that Option 1 reduces the risk of scenario 1c to be 

similar to 1a or 1b, by retaining the majority of the debris and allowing only small volumes to 

enter the canal. Based on these assumptions and the estimated annual loss estimates for each 

scenario, the estimated benefit for Option 1 is $100,000 per year, and the estimated benefit of 

Option 2 is $145,000 per year.  

The results of the life-cycle cost assessment are presented in Table 5-5. The 

assessment indicates that debris-flow mitigation is economically worthwhile, and that earth-fill 

berms (Option 1) offer the most benefit for the least cost. However, a berm/net combination 

(Option 2) may be favoured if shutdown is considered unacceptable for reputational or 

environmental reasons.  
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Figure 5-6: FLO-2D model of the unmitigated debris-flow extent. 

 
Figure 5-7: FLO-2D model of the debris-flow, with Option 1 (3 m berms) installed. 
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Table 5-5: Cost-benefit comparison of risk reduction  

 Annualized 
installation cost 

Annual maintenance 
cost Annual benefit Benefit cost 

ratio 
Option 1 – earth-fill 
diversion berms $7,500 $16,000 $100,000 4.3 

Option 2 – flexible 
debris nets $17,500 $32,500 $145,500 2.9 

This case study demonstrates that conceptual-level cost benefit analyses can be 

completed with minimal effort, if consequence data has been collected as part of a risk 

assessment. While perhaps not the only decision-making tool, it does provide some guidance 

as to the preferred option.  

5.3. Application of multiple-criteria decision analysis (MCDA) 

This section presents the application of MCDA techniques to debris-flow and debris-

flood mitigation design, including an example application from literature from Alberta, and a 

case study for an urban development on a debris-flow fan in British Columbia. 

5.3.1. Example application in Canmore, Alberta 

In June 2013, a long-duration rainstorm caused debris floods in the Bow Valley, as 

described in Section 3.2.1. On Cougar Creek, the location of the most severe damage, the 

Town of Canmore has installed a debris net for short-term risk reduction (Figure 3-6), and also 

completed an options assessment process, to evaluate long-term mitigation options.  

The assessment process was facilitated by Kepner-Tregoe, a US-based decision 

analysis support company, and assessed four options that had been identified by the Town of 

Canmore (Town of Canmore, 2015; Figure 5-8): 

• Option A: debris-flood retention structure at the site of the existing net 

• Option B: debris-flood retention structure at the kame terrace site (downstream) 

• Option C: debris retention structure at the kame terrace site 

• Option D: no further mitigation 
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Figure 5-8: Sketch of the proposed long-term mitigation options for Cougar Creek.  

The following goals were established for the assessment (Town of Canmore, 2015): 

• No existing property shall have a residual life safety risk exceeding 1:10,000 

• Group loss of life shall be reduced to the “as low as reasonably practicable” 
(ALARP) zone 

• None of the options pose significant negative impacts to downstream communities 

• Funding for the selected mitigation option will be available 

• Mitigating flood damage through infrastructure can be accomplished for less cost 
than that of moving people out of harm’s way 

• The province will provide regulatory approvals for the selected option. 

Table 5-5 provides the results of the mitigation options assessment, which resulted in 

the selection of Option A (see Figure 5-8).  

Option A: Debris flood retention structure at 
existing debris net. 30 m high, 100 m crest length 
and a capacity of 650,000 m3 (debris and water) 

Option B: Debris flood retention structure at 
kame terrace. 20 m high, 350 m crest length and 
a capacity of 650,000 m3 (debris and water) 

Option C: Debris retention structure at kame 
terrace. 12 m high, 200 m crest length and a 
capacity of 120,000 m3 (debris only) 

Locations and sizes of  structures are approximate and for illustration purposes only 

N 
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Table 5-5: Cougar Creek decision-making matrix (from Town of Canmore, 2015). 

Criteria Weight 
Option rank 

A B C D 
Minimize damage to public and private property 10 1 1 3 4 
Minimized potential for blocked evacuation routes 10 1 1 3 4 
Maintain safe passage of goods and services of major transportation links 10 1 1 3 4 
Maximize protection of major utilities including power, gas and communication 9 1 1 3 4 
Minimize need for heavy equipment involvement during flood event 9 1 1 3 4 
Minimize impact on regional wildlife corridors 9 1 4 2 2 
Minimize habitat fragmentation 8 4 3 2 1 
Minimize annual maintenance costs including: sediment removal, post-flood 
revegetation, infrastructure inspection 7 2 3 1 4 

Minimize construction costs 6 2 3 4 1 
Provides access to recreation and natural areas 4 2 4 2 1 
Minimize impacts related to residents’ view and sight lines 3 2 4 3 1 
Minimize impact to park users’ experience 3 4 3 2 1 
Minimize construction duration with a goal of two or less construction seasons 3 2 2 4 1 

5.3.2. Case study – Catiline Creek, BC 

Catiline Creek is located approximately 21 km east of Pemberton, BC. The creek is 

prone to debris flows, as indicated by the steep depositional fan surrounding the creek, as well 

as the presence of lobate deposits and incised paleochannels on the fan. Although the hazard 

has been recognized since the 1970s, the fan was developed during the 1980s and 1990s and 

now hosts over 100 occupied lots, including the Heather Jean Properties (HJP) and the Lillooet 

Lake Estates (LLE).  

An updated debris-flow hazard and risk assessment of Catiline Creek was completed 

by BGC in January 2015. Within this study, three possible risk reduction options were 

identified, as presented in Table 5-6 and Figure 5-9. 

Table 5-6: Conceptual risk reduction options for Catiline Creek 

Option Description Estimated cost 
1 Increase the capacity of the existing channel $ 9.1 million 
2 Diversion structure at fan apex $ 8.1 million 
3 Retention barrier at fan apex $ 31.2 million 
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Figure 5-9: Sketch of Catiline Creek conceptual risk reduction options. 

This case study uses three alternative MCDA methods to compare the three risk 

reduction options, according to the opinions and preferences of a group of geoscientists and 

engineers that have worked on the Catiline Creek project. The participants were asked to work 

through the MCDA process independently. The options were compared based on the criteria 

suggested in the recommended design approach, as listed in Table 4-5. These criteria include 

risk, economic, social and environmental factors such as the ability of the mitigation system to 

minimize life loss and injury potential, costs and impact to natural and recreational spaces.  

The following MCDA methods were used: 

• Weighted sum ranking, in which: 

o The criteria are ranked in order of importance 

o The options are ranked in order of preference for each criterion, where the most 
effective option is “1” and the least effective option is “3”.  

• Weighted sum rating in which: 

Option 1: Improve 
channel conveyance 

Locations and sizes of  structures are approximate and for illustration purposes only 

Option 2: Diversion 
structure at fan apex 

Option 3: Retention 
barrier at fan apex 

N 
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o Each criterion is rated out of 5 for importance, where “5” is extremely important 
and “1” is negligible importance 

o Each option is rated out of 5 for effectiveness for all criteria, where “5” is 
extremely effective and “1” is negligible effectiveness.  

• Analytic Hierarchy Process (AHP) or pairwise comparison in which: 

o Each pair of criteria is compared for relative importance (e.g. is minimizing life 
loss more or less important than minimizing costs?) 

o Each pair of options is compared for relative effectiveness for each criterion 
(e.g. is Option 1 more effective or less effective than Option 2 at limiting 
environmental impacts?) 

Options analysis 

The results of the options analysis exercise are summarized in Table 5-7. On average, 

respondents preferred Option 2, then Option 3, then Option 1. However, professionals’ 

answers were commonly inconsistent between methods. Table 5-7 also presents the 

consistency ratios from the AHP results. A consistency ratio larger than 10% implies that the 

professional responded inconsistently to the questions; four of the seven respondents 

expressed inconsistent preferences.  

Table 5-7: Results of the options analysis exercise for Catiline Creek.  

Professional 
Preferred Option AHP consistency 

ratio Ranking Rating AHP Intuitive 
#1 Option 1 Option 3 Option 3 Option 2 14%  
#2 Option 1 Option 1 Option 1  19% 
#3 Option 2 Option 2 Option 2  5% 
#4 Option 2 Option 3 Option 2  6% 
#5 Option 1 Option 1 & 2 (tie) Option 2  12% 
#6 Option 2 Option 2 Option 2 Option 1 or 2 8% 
#7 (not complete) Option 1 Option 1  42% 

Average Option 2 Option 2 Option 2  

Discussion 

This case study highlights several interesting inconsistencies in thought processes 

considering debris-flow mitigation design: 

1. Intuitive preferences may not match decision analysis results 

2. Decision analysis results may not agree between methods 
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3. Experienced professionals may not consistently select the same mitigation options 

This is partly because debris-flow and debris-flood mitigation design includes objective (fact-

based) and subjective (interpretation-based) decisions.  

These inconsistencies clearly demonstrate the need for a reliable design process for 

debris-flow mitigation, which should include decision analysis. With respect to the first 

inconsistency, decision analysis is used to allow decision-makers to improve on potentially 

incorrect or limited intuitive conclusions. The second inconsistency arises through variability in 

a decision-maker’s response to the alternatives. For example, Professional #1 selected 

Option 1 using the ranking method, Option 3 using the rating and AHP methods and Option 2 

intuitively. This suggests that the professionals may not be considering the options rigorously, 

or that they may not have (yet) come to a strong conclusion. Finally, preference differences 

between professionals re-emphasize the need for a coherent design approach (such as 

suggested in Chapter 4) to support consistent and repeatable decision-making. On this project, 

the MCDA exercise highlighted the lack of agreement between team members, prompting the 

decision mapping exercise documented in the following section.  

5.4. Application of decision mapping 

This case study uses decision mapping to re-consider the options analysis for Catiline 

Creek qualitatively and map the decision steps, the relevant criteria and their respective 

influences on the decisions.  

The options’ advantages and disadvantages shown in Table 5-8 were the starting point 

for decision mapping. This table was developed by BGC in 2015, and was included in the 

hazard and risk assessment report. A visual comparison of the options in Table 5-8 suggests 

that Option 1 has five advantages and three disadvantages, Option 2 has three and three, and 

Option 3 has four and four, respectively. However, it is difficult to compare the options because 

the table is text-heavy and not intuitive.  
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Table 5-8: Comparison of debris-flow risk mitigation options considered at Catiline 
Creek (modified from BGC, 2015d). 

Risk reduction 
option Advantages Disadvantages 

1 
Increase 
capacity of 
existing 
channel 

• Lowest cost structural protection option 
• Minimizes potential for debris flow risk 

transfer compared to other structural 
protection options 

• Simple to explain to the public. 
• Minimizes environmental impacts on 

undeveloped land 
• Can be implemented in stages as 

funds become available 

• Residual risk may be relatively high, 
and uncertain. Plugging of the channel 
during a debris flow, leading to flow 
avulsion, is possible and difficult to 
quantify. 

• Frequent channel cleaning and 
maintenance will be required to 
maintain the design flow capacity and 
manage risk of avulsions. 

• Footprint may conflict with existing 
infrastructure such as property 
boundaries, roads, buildings, and 
powerlines. 

2 
Diversion 
structure at 
fan apex 

• Greater risk reduction potential than 
Option 1 for most residents 

• Minimizes visual and environmental 
impacts 

• Avoids modification to the existing 
channel in the developed areas of the 
fan. 

• Potential risk transfer to homes on the 
east side of the fan, particularly homes 
on and below the kame terrace that 
have acceptable existing risk 

• Greater environmental impact to 
currently undeveloped areas of the fan 
than Option 1 

• Frequent channel cleaning and 
maintenance will be required to 
maintain the design flow capacity. 

3 
Retention 
barrier at fan 
apex 

• Minimizes visual impact, environmental 
• impacts, and modifications to the 

existing channel in the developed 
areas of the fan 

• Less risk transfer potential than other 
structural options 

• Potentially less residual risk than other 
structural options, which require flow to 
be conveyed to the lake. 

• Largest environmental impact, 
concentrated in undeveloped fan areas 

• Largest cost and environmental 
footprint. 

• Frequent clean out of debris storage 
basin required to maintain capacity 

• Large volume of barrier construction 
materials would need to be imported to 
site. 

Table 5-9 shows an example decision map for Catiline Creek mitigation selection, 

which was developed after the MCDA assessment presented in Section 5.3.2 and partially 

incorporates the advantages and disadvantages listed in Table 5-8. 

Using the decision map, Option 3 is ruled out quickly due to excessive cost. Options 1 

and 2 are considered on several factors, and Option 1 is ultimately selected because it scores 

slightly higher in each case.  
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Table 5-9: Decision map used to compare mitigation options for Catiline Creek 

Criteria Option 1 
Increase channel capacity 

Option 2 
Diversion berm 

Option 3 
Retention barrier 

Cost  
(budget <$10 million) $9.1 million $8.1 million $31.2 million 

Risk reduction Reduces risk to acceptable level Reduces risk to acceptable 
level  

Risk transfer No risk transfer Some risk transfer  

Construction Potential for staged 
construction, easier permitting 

One construction stage, cost 
is all up front   

Operation 
Limited maintenance, 

maintenance requirements 
easily visible to community 

Potential “out of sight, out of 
mind” maintenance issues  

Social impacts Aesthetically unappealing 
Aesthetically unappealing, 

creek no longer flows 
through community 

 

Environmental 
impacts 

No change to streamflow, 
impact all within developed area 

Stream diversion, significant 
impact to undeveloped areas  

The development of the preference for Option 1 during decision mapping suggests that 

it is a useful complement to MCDA, and perhaps a valuable precursor. Decision mapping 

highlights weaknesses in Option 2 that had not been realized during the MCDA exercise. 

Specifically, concerns were raised about the placing structures (diversion, retention) outside 

the development boundaries. The diversion and retention structures (Options 2 and 3) could 

potentially fill with a series of small debris flows without the community becoming aware, 

whereas maintenance requirements for Option 1 would be immediately visible. Option 1 also 

allows staged construction, which is beneficial for the client’s limited budget.  

5.5. Summary 

Decision analysis techniques are applicable to debris-flow and debris-flood mitigation, 

but have been infrequently used in Canada, possibly due to a lack of familiarity. This chapter 

presented an example application of each of cost-benefit analysis, multiple-criteria decision 

analysis and decision mapping to steep creek projects.  

Chen et al. (2010) applied CBA to demonstrate the effectiveness of a mitigation system 

in Taiwan. It was also used to determine whether earthfill berms or flexible nets should be used 
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to mitigate debris-flow risk for a hydroelectric project in South America. The Town of Canmore, 

Alberta used weighted sum MCDA to compare long-term mitigation solutions for Cougar 

Creek. For Catiline Creek, BC, three MCDA methods (ranked weighted sum, rated weighted 

sum and AHP) were used to compare the mitigation preferences of geoscience professionals, 

demonstrating variability of the preferred mitigation system, and reinforcing the importance of 

extensive internal and external review of mitigation decisions. Decision mapping created 

consensus between the professionals, namely the decision to increase the channel capacity 

of Catiline Creek to mitigate the debris-flow risk.  

These case studies provide examples of the potential application of decision analysis 

techniques for geohazard management, and demonstrate how decision analysis complements 

the recommended design approach from Chapter 4. The design approach and its relevance to 

case studies is further explored in the following chapter.  
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Chapter 6. Case studies to inform mitigation design 

“Let us study the incidents of this, as philosophy to learn wisdom from, and none 
of them as wrongs to be revenged.” – Abraham Lincoln (1864) 

6.1. Introduction 

The provinces of Alberta and British Columbia provide several state-of-the-art 

examples of successful debris-flow mitigation, including structures along the Sea to Sky 

Highway and the TransCanada highway. In some cases, information is available about the 

design and construction of these structures (e.g. Nasmith and Mercer, 1979; Murray et al., 

1998; VanDine and Couture, 2004). However, there is little information published on long-term 

performance, whether successful or not. Published records of international mitigation 

performance are similarly sparse at least within available English literature. 

The reason for the lack of published and available case studies may be twofold. First 

and most importantly, debris flows occur infrequently, affording researchers and professionals 

limited opportunities to learn about the performance of their designs. This is a serious concern 

given the experience-based nature of steep creek hazard mitigation design. Second, 

consulting is competitive and there may be limited incentive to share innovations with other 

firms or to advertise poor performance.  

This chapter aims to contribute to the availability of debris-flow and debris-flood 

mitigation case studies by investigating the design implications of a range of steep creek 

hazard events. Two types of situations are addressed: 1) cases involving anomalous events; 

and 2) cases involving existing mitigation structures. Where relevant, the recommended design 

framework from Chapter 4 is applied to the case study, to demonstrate how application of the 

design framework may have altered the project outcome. Finally, the recommended design 

approach is applied to developing a high-level mitigation design for Heart Creek near Canmore, 

Alberta. The chapter demonstrates the value of integrated river management for debris-flow 

and debris-flood mitigation design.  



 

122 

6.2. Case studies involving anomalous events 

The case studies in this section were selected to highlight outlying or otherwise 

unanticipated events, which are difficult to design for. The potential for these types of cases 

should be assessed throughout the mitigation design process, but particularly reviewed during 

the “consideration of potential failure mechanisms” stage of layout design.  

6.2.1. Forest management – Hummingbird Creek, BC 

On July 11, 1997, a debris flow occurred on Hummingbird Creek near Mara Lake, BC. 

The event initiated as a debris avalanche in the upper watershed, below a forest road culvert. 

The drainage area above the culvert had been approximately tripled by logging activities, and 

there had also been high antecedent precipitation (Jakob et al., 2000). The debris flow 

mobilized approximately 92,000 m3 of debris and severely damaged two houses on the fan; 

fortunately, there were no casualties, apart from a heart-attack of a person allegedly seeing 

the debris flow approach. The Hummingbird Creek debris flow reminds practitioners about the 

importance of drainage and forestry management for debris-flow risk management. Roads and 

culverts can dramatically alter watershed areas, and this alteration isn’t always apparent on 

maps or lidar. The designer needs to physically explore the upper watershed during hazard 

assessment or layout design, particularly if there are human modifications.  

6.2.2. Sediment recruitment from fans – Bow Valley, Alberta 

The debris flood events that occurred in the Bow Valley, Alberta in June 2013 are 

among the best-studied hydrogeomorphic events in Canada. The rigour of the studies was 

complemented by existence of pre- and post-event lidar scans, which allowed for change 

detection calculations on the alluvial fans. In the case of Jura Creek, near the hamlet of 

Exshaw, the change detection suggested that a substantial portion of the sediment in the event 

was entrained on the fan itself. Of the estimated 45,000 m3 of debris that was deposited on the 

lower fan, approximately 19,000 m3 had been recruited from the upper fan, suggesting that the 

initial debris flood was only 26,000 m3 at the fan apex (BGC, 2015e). The entrainment may 

have been exacerbated by large parts of the Jura Creek fan being naturally unvegetated. 

Nonetheless, the Jura Creek fan debris recruitment reminds practitioners about the importance 
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of channel armouring and implementing mitigation measures as far upstream as possible in 

the creek system, to prevent the hazard from increasing. 

6.2.3. Dramatic fan scour – Neff Creek, near Pemberton, BC 

Neff Creek is a 3.3 km2 debris-flow prone watershed located approximately 30 km north 

of Pemberton. The fan is 0.5 km2, with an average gradient of 12.5°. For approximately 1 km 

above the fan, the creek passes through a steep bedrock canyon with an average gradient of 

22° (Lau, 2017). On September 19, 2015, a debris-flow on Neff Creek knocked down 

powerlines, and buried a highway, railroad and two residences on the fan. An assessment of 

the event by Lau (2017) suggests that up to 12 m of scour occurred near the fan apex. The 

scour may have been a result of the transport-limited5 nature of the watershed, and the long 

duration storm that triggered the event.  Dramatic scour like this is of concern for pipelines, 

where scour could expose the pipe to boulder and debris impact.  

6.3. Case studies involving existing mitigation 

The case studies in this section were selected to highlight unexpected performance 

outcomes or “failures” of existing mitigation, where failure is defined as performance that does 

not achieve the design intent. Many of the mitigation systems performed successfully for years, 

but failed to manage a certain type of outlying event or scenario. Recognition and consideration 

of these failure scenarios will result in more rigorous mitigation solutions.  

6.3.1. Grain size characterization – Schnannerbach, Austria 

Schnannerbach (Schnanner Creek) flows through the town of Schnann, in Tyrol, 

Austria. A debris flow in the early 1990s prompted the construction of a barrier in the upper 

watershed, approximately 400 m above the town. The barrier is a concrete gravity-arch 

 

 

5 Abundant sediment sources, but debris flow frequency limited by the frequency of large storms, see 
Section 2.2.1. 
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structure with four 3.6 m wide horizontal slots and a graduated crest; construction was 

completed in 1991 (Figure 6-1).  

The barrier functioned as designed during near-yearly events in the 1990s. However, 

a subsequent debris flow in 2005 passed through the slots “as if the barrier wasn’t even there”, 

causing damage in the village below (pers. comm., Christian Weber, 2016). Specifically, the 

barrier retained approximately 13,000 m3 of sediment, but allowed a further 20,000 – 25,000 

m3 to pass (Gems et al., 2014). The 2005 debris flow may have been finer grained than most 

of the debris flows that occur on Schnannerbach.  

Since the 2005 event, several techniques have been tried to decrease the slot size of 

the Schnannerbach barrier, including installing a steel grid. However, the grain size of debris 

flows on the torrent continues to be highly variable, and the steel grid caused too much 

sediment capture during coarse-grained events. In spring 2016, a new experimental system 

was installed in the barrier. It consists of rubber balloons, installed in the slots, which can be 

remotely filled with water to block the slot openings in the event of a fine-grained debris flow 

or debris flood (Figure 6-2). The system can be activated by the mayor of Schnannerbach, on 

the advice of the WLV, based on weather data and a real-time video feed from the dam. The 

balloons were developed using a physical model in collaboration between WLV and Austrian 

academics, but had not been tested by a full-scale debris flow, as of the time of the author’s 

visit in May 2016.  

Schnannerbach is an excellent example of the complex nature of debris-flow mitigation 

design. Even creeks that have behaved consistently for years may produce anomalous events; 

this has also been observed on creeks in Canada (Jakob et al., 1997). Professionals should 

be aware of this potential.  

In the author’s opinion, the grain size differences on Schnannerbach may arise from 

the ability of the watershed to produce both debris flows and debris floods. The watershed area 

is approximately 6 km2, which is near the generally accepted threshold area between debris-

flow (< 5km2) and debris-flood watersheds (> 5 km2) (Hungr et al., 2001). The different energy 

levels of these processes would mobilize different sediment sizes. This is confirmed by Gems 

et al. (2014), who state that the main hazard at Schnannerbach comes from fluvial rather than 

debris-flow processes, although the dam was built to manage debris-flow hazards. Hence, the 

Schnannerbach example demonstrates the importance of hazard assessment as a precursor 
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to mitigation design, and the necessity to review the hazard assessment as part of the project 

scoping phase of the recommended design framework.  

 
Figure 6-1: Debris-flow barrier on Schnannerbach in Austria. Photograph by author, 

May 2016. 

 
Figure 6-2: Upstream side of a slot in the Schnannerbach barrier, showing the black 

rubber "balloon" that can be inflated with water to block the slot. 
Photograph by author, May 2016.   
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6.3.2. Flow capacity at confluence – Schnannerbach, Austria 

During the 2005 event, there were also issues at the confluence of the Schnannerbach 

and the Rosanna River (Kammerlander et al., 2016). The Rosanna was unable to entrain the 

increased sediment input from Schnannerbach, causing backwater effects and additional 

flooding. To assess the issue, researchers at the University of Innsbruck developed a physical 

model of the confluence area, calibrated to the 2005 debris volumes and discharges (Gems, 

2014). This model showed several possible mitigation solutions for the Schnannerbach-

Rosanna confluence, including increasing the capacity of the Schnannerbach channel with 

flood walls, and altering the inflow angle (to be less orthogonal to the flows in the Rosanna 

River). Since 2005, these changes have been enacted by the WLV to increase the flow and 

sediment capacity at the Schannerbach/Rosanna confluence.  

6.3.3. Sediment volume estimation – Schallerbach, Austria 

On June 8, 2015, a 100,000 m3 debris flow filled and over-topped the severely under-

designed 1500 m3 debris basin on Schallerbach (Schaller Creek) in Tyrol, Austria, causing 

extensive damage in the village of See. The existing barrier and basin did not fail; however the 

storage capacity was almost 70 times smaller than required.  

In this case, the design flaw occurred at the project scoping phase when the design 

event was selected. Additional effort in hazard characterization and project scoping may have 

produced a structure or structures capable of containing this event. In Canada, design event 

selection is critical, because smaller municipality-funded budgets increase the necessity to 

optimize mitigation systems, and because of the potential for litigation if the event is 

inappropriately selected.  

In 2016, a re-designed barrier was constructed to replace the overtopped structure. 

According to the structural specifications provided by WLV, the new barrier is 24 m high, 1.9 m 

thick at the crest, 3.1 m thick at the base and the foundations are 15 m deep. The structure 

was constructed from 8000 m3 of concrete, 780 tonnes of steel and uses 10 mm thick plates 

to armour the spillway, and can store 50,000 m3 of debris. It cost approximately $18.5 million 

CAD (€12.55 million, 2016 dollars).  
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6.3.4. Upstream avulsion potential – Patterson Creek, BC, Canada 

Patterson Creek flows under the Trans-Canada Highway between the towns of 

Chilliwack and Hope, BC. The catchment area is 5.7 km2 with a 10° average fan gradient and 

a 27° average catchment gradient. A small debris retention basin and outlet structure were 

constructed on Patterson Creek (Figure 6-3) immediately upstream of the highway. The basin 

designer and the year of construction are unknown. The basin has thus far provided 

reasonable protection though there are some concerns that it may be under-designed for high 

return period events (M. Jakob, pers. comm).  

 
Figure 6-3: Debris retention basin on Patterson Creek with the Trans-Canada highway 

in the background. Photograph by author, April 2015.  

In 2001, a debris flow occurred on Patterson Creek and avulsed from the channel at a 

sharp bend above the debris basin (Figure 6-4). The flow bypassed the basin and 

approximately 17,000 m3 of debris was deposited on the Trans-Canada highway; fortunately, 

there were no fatalities.  

The Patterson Creek avulsion case study shows the importance of location selection 

and conceptual system design. As noted in the recommended design framework (Section 

4.4.3), it is important to avoid locating mitigation structures in locations where they may be 

15 m 
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bypassed by avulsion. The recommended framework also stresses the importance of system 

design (the “bucket brigade”), in which the debris flow should be passed from mitigation 

element to mitigation element. In the case of Patterson Creek, the debris basin was designed 

as a stand-alone structure, not as part of a system. The mitigation capacity on Patterson Creek 

could be improved by constructing a berm on the outside channel bend where the avulsion 

occurred, to prevent over-topping and channel relocation.  

 
Figure 6-4: Patterson Creek satellite image showing debris and avulsion path from 

the 2001 event. Image from Google, dated 2004. 

6.3.5. Two cases of “domino effect” failure – Ryugamizu, Japan and 
Biescas, Spain 

On August 6, 1993 a debris flow occurred on a small creek above the village of 

Ryugamizu in southern Japan. The debris flow impacted a train that was stopped at the 

station (Takaya, 2003). It was later determined that the two concrete closed check dams 

on the creek had failed, allowing the debris flow to pass. Takaya (2003) hypothesizes the 

following series of events (Figure 6-5):  

250 m 

Debris from avulsion 

Pa�erson Creek debris 
basin and barrier 

N 
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1. A tributary debris flow occurred upstream of the left abutment of the upper dam 
(Dam 2). 

2. Because of the oblique impact angle with the channel, the tributary debris flow 
super-elevated and outflanked the right abutment of Dam 2.  

3. Still moving obliquely to the channel, the debris flow super-elevated and out-
flanked the left abutment of the lower dam (Dam 1), approximately 20 m 
downstream.  

4. The out-flanking caused the erosion and failure of Dam 1, and the debris stored 
behind Dam 1 was released.  

 

Figure 6-5: Sequence of events during the Ryugamizu check dam outflanking event.  

A similar case occurred in the town of Biescas, Spain in 1996. According to Benito et 

al. (1998), 31 out of 36 check dams were destroyed, causing an increase in sediment 

entrainment and contributing to 87 fatalities. The retention dams were founded on 

unconsolidated till, which likely contributed to the failure.  

The Ryugamizu, Japan and Biescas, Spain cases are referred to as “domino effect” 

failures, in which the performance of one structure contributed to the failure of other structures 

in the system. In the case of Ryugamizu, international guidance may suggest that the dams 

should have been located slightly farther downstream, to allow for direct impact from the 

tributary debris flow (Section 3.4.3; Wendeler, 2016). In the case of Biescas, the failure may 

have been avoided through site investigation and foundation design for the check dams, as 

required by Canadian and international regulations. In general, case studies show that 

outflanking, overtopping and undercutting are common failure mechanisms for open and 
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closed check dams; the potential for these mechanisms should be evaluated during the layout 

design phase, as recommended in the proposed design workflow.   

6.3.6. Knickpoint erosion – Hope Creek, BC, Canada 

As part of the Coquihalla Highway construction near Hope BC, a debris-flow deflection 

berm was constructed on Hope Creek in 1985; the system was designed by Thurber 

Engineering. A debris retention basin was also excavated and, to increase the basin capacity, 

the inlet slope to the basin was over-steepened (Thurber, 1985; pers. comm. O. Hungr, 2016).  

In November 1995, a 50,000 m3 debris flow occurred on Hope Creek (Jakob et al., 

1997). The flow initiated from two side slope failures with a combined volume less than 

3000 m3; the remainder of the material was entrained during the flow, at a debris yield rate of 

50 m3/m. Although a previous hazard assessment had not identified the potential for such a 

large debris flow, the deflection berm and basin prevented major damage to the town.  

Nonetheless, it is possible that the mitigation indirectly contributed to the debris flow 

size through knickpoint erosion. A knickpoint occurs when a slope abruptly steepens; 

knickpoints may pre-date an event as part of the natural or anthropogenic topography, or form 

naturally during flood and debris flow events (Eaton et al., 2017). In the case of Hope Creek, 

a knickpoint was created during excavation to increase the capacity of the basin. When the 

debris flow occurred, the knickpoint may have regressed backwards and significant quantities 

of fan sediments may have been entrained that would otherwise remained stable (Figure 6-6).  

 

Figure 6-6: Erosion of a knickpoint formed during debris basin excavation could 
contribute to the debris-flow volume.  

Knickpoint erosion can be avoided by maintaining shallow basin slopes, by armouring 

the over-steepened reach, or by locating the cuts in bedrock. 

Knickpoint 

FILL 
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Diversion berm 

Natural ground Over-excavated basin 
Erosion of  previously 
stable sediments 
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6.3.7. Intensive watershed management – Tateyama caldera, Japan 

The Tateyama caldera is located near the city of Toyama, Japan. It is connected to the 

Sea of Japan by the 56 km long Joganji River, which is known as “the most violent river in 

Japan” due to the number of floods and debris flows it experiences (Hayashi et al., 2014). In 

1858, a magnitude 7.1 earthquake occurred on a fault adjacent to the caldera, causing the 

formation of a landslide dam in the upper caldera. Two major outbreak floods occurred, causing 

140 fatalities and affecting 7000 people. Following these events, an estimated 100 to 200 

million cubic metres of unstable debris remained in the watershed.  

There were considerable technical challenges for debris-flow mitigation in the 

Tateyama caldera, including difficult access and the sheer amount of sediment requiring 

stabilization. After several attempts and eventual nationalization of the mitigation efforts, the 

Shiraiwa Dam was completed at the outlet of the Tateyama caldera in 1939 (Figure 2-6). The 

Hongu Dam (further downstream, Figure 3-11), the Dorodani Dam (upstream) and over 100 

additional structures have also been constructed in the 150 years since the disaster. As a 

result of this intensive management system, there were no sediment-related flood events on 

the Joganji River between 1970 and 2000 (Hayashi et al., 2014; more recent records not 

available).  

Although the number and incidence of sediment disasters has decreased, mitigation 

works continue to be constructed in the Tateyama caldera and along the Joganji River. 

According to the local sabo office, the “master plan” for the watershed is only 60% complete 

(pers. comm., D. Tsutsumi, 2016). There is also some indication that the Japanese public may 

be less supportive of these major, watershed-altering projects, partly due to the environmental 

implications (pers. comm., M. Fujita, 2016).  The value and challenge of the Tateyama sabo 

structures cannot be overstated, but the necessity of continued development can be 

questioned, given the high environmental and financial costs.   

6.3.8. Quality assurance – Zhouqu County, China 

In August 2010, a large debris flow impacted 6 villages in Zhouqu County in 

northwestern China, destroying 200 buildings and causing approximately 1700 fatalities 

(Wang, 2013). The potential for large debris flows was recognized in the area, particularly after 

the 2008 Wenchuan earthquake. Unfortunately, the planned mitigation was only partially and 
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poorly implemented, which contributed to the severity of the 2010 event. Only 9 of the planned 

14 dams had been constructed, and the dams that were constructed were not built according 

to the design (Wang, 2013). In this case, failure of the mitigation system was caused by poor 

quality assurance practices during the construction phase, including a failure to achieve the 

design intent.  

6.4. Implications for design 

6.4.1. Failure mechanism categories 

Review of the case studies in Sections 6.2 and 6.3, and the mitigation design literature 

suggests that there are four major categories of failure mechanisms for steep creek systems: 

1. Hazard recognition failures, where the risks are not properly recognized or 
characterized 

2. Structural failures of engineered materials (concrete or steel) 

3. Geotechnical failures of foundations, abutments or fills, including commonly 
assessed mechanisms such as uplift and over-turning 

4. System failures, allowing debris flow or debris floods to bypass or otherwise 
circumvent mitigation measures 

The case studies discussed in Section 6.2 and  6.3 are placed into these categories, as 

outlined in Table 6-1.  

Table 6-1: Performance case studies by failure mechanism category 

Case study Hazard recognition Structural Geotechnical System 
Hummingbird Creek     
Jura Creek     
Neff Creek     
Schnannerbach, Austria     
Schallerbach, Austria     
Patterson Creek, BC     
Ryugamizu, Japan     
Biescas, Spain     
Hope Creek, BC     
Zhouqu, China     
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Although a small sample size, the above categorization highlights the importance of system 

design for debris-flow mitigation, also known as integrated river management. As 

understanding of structural and geotechnical failure mechanisms develops, the inter-

relationships between structures, and between structures and hazards, become the weakest 

link in our design understanding. The framework presented in Chapter 4 intends to address 

this issue, by helping designers to avoid system failure.  

6.4.2. Finding the optimized mitigation system 

 A related challenge of mitigation system design is to know when “enough is enough”: 

when the design meets the risk reduction objectives. As discussed in Section 4.4.3 with the 

bucket brigade analogy, it is important to build a redundant system (to avoid system failure), 

but an overly redundant system is inefficient and an excessive burden on stakeholders or tax 

payers. This is particularly challenging for mitigation measures where the risk reduction benefit 

can be difficult to quantify, such as improved conveyance and warning systems. The case 

studies in Section 6.3 include examples of systems that may be considered over-designed, 

optimized and under-designed, with respect to the number and type of mitigation measures 

within the system.  

There is some concern among professionals in Japan that the mitigation system in the 

Tateyama caldera is over-designed, and may be contributing to downstream sediment 

starvation. The incidence of disasters has significantly decreased since the 1960s, but 

intensive construction continues in the watershed.  

Although some elements of the system on Schnannerbach, Austria did not perform as 

designed during the 2005 event, the overall system is well configured. Debris flows and debris 

floods are managed through a successive chain of mitigation structures that include the open 

check dam (in the watershed channel), additional large, closed check-dams (also in the 

watershed channel), a channel stabilized with masonry and check dams (on the fan) and 

improved conveyance at the confluence. A warning system sends alerts to the mayor and key 

emergency personnel, based on data from a weather station in the upper watershed.  

Finally, the mitigation system at Patterson Creek, BC is under-designed from a systems 

perspective, because of the potential for avulsion around the debris retention basin. Ideally, 
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the system would channel the flow into the basin, or the basin would be located at the fan apex 

to avoid the risk of avulsion. It should be noted that the system on Patterson Creek may not 

be under-designed from a risk-tolerance perspective. A detailed risk assessment has not been 

performed.  

 A few recommendations with respect to system design can be developed from these 

case studies: 

• Begin the mitigation system as far up in the watershed as possible, given the 
project constraints. This decreases the size of the design event that needs to be 
managed 

• Unless the system is entirely focused on element-at-risk-based measures, such as 
warning systems and local protection, the uppermost portion of the system should 
be located no lower than the fan apex, because the flow may avulse on the fan. 
Large structural measures may not be necessary or feasible, but some effort or 
attention should be given to ensuring that events do not avulse around the 
mitigation system. 

• Once the mitigation system is implemented, it is necessary to manage the debris 
or water all the way through the system (unless there are no additional elements 
at risk requiring protection). The intention is to prevent avulsion or re-entrainment 
of debris.  

6.5. Design approach application – Heart Creek, Alberta 

In this section, the design approach recommended in Chapter 4 is applied to the initial 

design of a mitigation system for Heart Creek, near the town of Canmore. The intention is to 

provide an example of the approach, up to the layout design stage. The author was part of the 

team working on the preliminary Heart Creek design report (BGC, 2015f), which documents 

the scenario, identifies mitigation measures, and selects a preferred mitigation system. At this 

time, the design approach recommended in Chapter 4 had not been developed. This case 

study revisits the initial design from 2015 to demonstrate how the recommended approach can 

streamline and focus the process.  

6.5.1. Scenario overview 

Heart Creek is debris-flood creek with a 12.7 km2 watershed, located on the south side 

of the Bow River Valley. The hamlet of Lac des Arcs is located on the Heart Creek fan, in 

addition to the Trans-Canada highway, a gas pipeline, telecommunications cables, electricity 
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cables and poles, and hiking trails. The sequence of events of the June 2013 debris flood are 

documented in BGC (2015c) and included over-topping of the highway, outflanking and 

erosion of an access road bridge within the community, and flow avulsion within the 

community. According to the subsequent risk assessment, two parcels of land on the fan are 

subject to intolerable risk and the estimated annualized building damage cost from debris 

floods is $110,000 per year (BGC, 2015g).  

 
Figure 6-7: Heart Creek overview map (modified from BGC, 2015c). 

6.5.2. Design process 

The initial design phases are documented in tables: Table 6-2 (project scoping); Table 

6-3 (conceptual design); Figure 6-8 (sketch of options) and Table 6-4 (options analysis). 

  

LAC DES ARCS 

HEART CREEK 



 

136 

Table 6-2: Summary of the project scoping phase 

Task Description 
Hazard and risk 
assessment 
review 

Reviewed assessments by BGC (2015c, 2015g) 

Identify project 
constraints 

Budget – unknown but likely limited 
Land use – the watershed and channel are protected parkland and cannot be developed. 
Social – concerns about a repeat of the 2013 event; interest in maintaining the aesthetic 
value of Heart Creek through the community; interest in maintaining trail access 

Environmental –diversion of regular flow should be avoided 
Existing mitigation – some channel shaping and armouring following the 2013 event 
Stakeholders – residents, Alberta Transportation (AT), pipeline operator 

Establish the 
design event 

To achieve tolerable risk, the system needs to manage the 30 to 100-year return period 
event. However, the 300 to 1000-year event (comparable to June 2013) has been 
selected to reduce economic risks and meet resident and stakeholder expectations.   

Sediment management volume: 25,000 m3   
Peak discharge: 50 m3/s  

Table 6-3: Summary of the conceptual design phase 

Task Description 

Identify feasible 
active mitigation 

(using Figure 4-5) 

Upper watershed: none (due to land use constraints and access) 
Channel: none (due to land use constraints and environmental concerns) 
Fan and fan apex: diversion berm; open check dam and basin; channel stabilization 
and improved conveyance 

Identify feasible 
passive mitigation 

(using Figure 4-6) 

Local protection is the responsibility of the landowner; some lots have already been 
bought-out by the province and permanent relocation is a disproportionate response 
for the other lots; warning systems do not provide sufficient warning and do not 
protect against economic losses. Emergency response plans are in place and should 
be updated and reviewed; risk sharing through insurance should be implemented if 
possible.   

Develop mitigation 
system options 

Option 1: diversion berm above highway to divert flows that exceed the capacity of 
the creek within the community. Channel stabilization measures within community 
and in diversion channel.  

Option 2: open check dam and basin at or near fan apex, with channel stabilization 
measures below to prevent entrainment 

Option 3: stabilize and improve the conveyance of the channel on the fan, including 
the bridge and highway culvert, to allow the event to pass 
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Figure 6-8: Overview of the Heart Creek mitigation options (from BGC, 2015f).  
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Table 6-4: Decision map showing options analysis phase 

Criteria Option 1 
Diversion and channel 

stabilization 

Option 2 
Open check dam and 
channel stabilization 

Option 3 
Channel stabilization and 

improved conveyance 
Cost  Moderate High High 
Risk reduction Achieves tolerable risk Achieves tolerable risk Achieves tolerable risk 

Risk transfer 
Some – highway and 

highway parallel 
infrastructure 

Some – upstream properties 
to downstream properties 

Some – upstream properties 
to downstream properties 

Construction 
Limited disruption in 

community; easy accessible 
construction mostly involving 

earthworks 

Road construction and 
disruption of park access 

Significant disruption in 
community 

Operation Requires regular 
maintenance 

Requires regular 
maintenance 

Requires less maintenance 
than other options 

Social impacts Minimal changes to creek 
within community 

Permanent disruption to park 
trails and aesthetics 

Disruptive for community, 
may require buyouts to 

obtain necessary footprint 

Environmental 
impacts 

Located within already 
developed area 

Impacts to undeveloped 
areas in watershed 

Extensive modifications to 
existing channel and 

adjacent riparian areas 

Based on the evaluations in Table 6-4, Option 1 is preferable. Option 1 involves the 

construction of a diversion berm and a stabilized channel, complemented by insurance (if 

available) and emergency preparedness planning in the community. Table 6-5 summarizes 

the major design considerations and failure mechanisms that should be considered during 

layout design.  

Table 6-5: Layout design considerations for Option 1 on Heart Creek 

Technique Design considerations Failure mechanisms to consider 

All structural 
measures 

Location and extent 
Materials 
Armouring design (size, properties) 
Maintenance 

Poorly located 
Structural failure (engineered materials) 
Geotechnical failure (foundations, abutments, fills) 
Failure to maintain 

Channel 
stabilization Channel dimensions Inadequate capacity 

Diversion berm Height (depends on run-up) Inadequate height 
Slope failure 
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6.5.3. Review 

The Heart Creek system design can be reviewed according to the lessons learned from 

the case studies presented in previous sections. Table 6-6 presents the results of this review.  

Table 6-6: Application of the case studies to Heart Creek 

Case study or criteria Lesson Application to Heart Creek 

Hummingbird Creek, BC 
Forestry activities can alter drainage 
and contribute to hydrogeomorphic 
events 

N/A – no forestry activities in watershed 

Jura Creek, AB Be aware of potential for entrainment 
on fan 

Mitigation design includes channel 
stabilization on fan 

Neff Creek, BC Dramatic fan scour in transport-limited 
watersheds from long duration storms 

Protect the pipeline to avoid exposure in 
the event of scour (avoid knickpoints) 

Schnannerbach, Austria  
Outlet opening size may be suitable 
for some events but not others 

Outlet sizing appropriate for debris 
floods, and outlet bars that can be 
adjusted 

Schnannerbach, Austria  Backwater effects at the confluence 
Deposition and backwater is of limited 
concern at the confluence due to the size 
of the Bow River 

Schallerbach, Austria Design event selection 
Extensive hazard assessment 
completed; use of the 300 to 1000-year 
event is more conservative than required 
for risk-based design 

Patterson Creek, BC  Avulsion around mitigation structures 
Ensure that the diversion berm ties into 
high ground Ryugamizu, Japan  Outflanking of structures (in general, 

or due to tributary processes) 

Biescas, Spain Improper foundation preparation Site investigation program, review 
structures for geotechnical stability 

Hope Creek, BC Knickpoint erosion Protect the basin inlet from erosion 

Tateyama caldera, Japan Intensive mitigation, possibly beyond 
required risk reduction Use risk-based design 

Zhouqu, China Poor construction and quality 
assurance practices Maintain presence during construction 

System design 
considerations to avoid 
under-design 

Begin as far up watershed as possible No access above fan apex 

No lower than fan apex No potential for avulsion between 
structure and fan apex 

Continuous across fan Continuous system - diversion berm 
leads to stabilized channel 

The review highlights several important design considerations, but does not identify 

any ‘fatal flaws’ to the proposed diversion berm and channel stabilization system (Option 1). 
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6.6. Summary 

This chapter examines case studies of hydrogeomorphic hazard mitigation with the 

objective of: 1) developing a set of “lessons learned” from previous events; and 2) evaluating 

the applicability of the design approach recommended in Chapter 4. 

Three case studies of anomalous events are presented, to share conditions or 

occurrences that may not be considered by practitioners, but should be accounted for in the 

design process. The Hummingbird Creek, BC event demonstrates the potential effects of 

forestry management on debris flow generation. The Jura Creek, Alberta event demonstrates 

that large amounts of sediment can be recruited from debris flood fans, and the Neff Creek, 

BC event shows that this sediment entrainment can result in significant scour.  

Nine case studies involving existing mitigation structures were documented, including 

some cases where the structures failed to perform as designed. These cases included: 

• Schnannerbach, Austria (outlet sizing; confluence design) 

• Schallerbach, Austria (design event selection) 

• Patterson Creek, BC (avulsion) 

• Ryugamizu, Japan (outflanking) 

• Biescas, Spain (foundation design) 

• Hope Creek, BC (knickpoint erosion) 

• Tateyama caldera, Japan (intensive construction) 

• Zhouqu, China (construction management) 

In several of these cases, following the recommended design approach suggested in this 

thesis could have avoided the performance issues. The case studies highlight the importance 

of system design, and provide insight into developing a mitigation system that is optimal for 

the problem at hand. Several of these cases have not previously been documented in the 

English literature. 

Finally, the design approach was applied to the case of Heart Creek, AB, including the 

project scoping, conceptual design, options analysis and layout design phases. Based on the 

approach, a combination of a diversion structure and channel stabilization was identified as 
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the most suitable mitigation system. This system was then evaluated against the lessons 

learned from the previous case studies. 

The chapter demonstrates the value of case study review for engineering design, as 

well as the value of the design approach to hydrogeomorphic hazard mitigation design.  
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Chapter 7. Conclusions 

7.1. Summary 

The central objective of this thesis is to provide guidance for the design of debris-flow 

and debris-flood mitigation measures. The study was motivated by the comparatively limited 

amount of technical support for, and professional experience with, steep creek mitigation 

design in Canada, compared to countries such as Austria, Japan and Hong Kong. The 

guidance was developed through three complementary approaches: background information 

and a review of current international practices; a recommended mitigation design process; and 

exploration of case studies to which the design process was applied.  

7.1.1. Background and review of international practices  

A range of hydrogeomorphic processes were identified and defined, including debris 

flows, debris floods and mud flows. Correct identification of process type is important for 

design, because many design inputs are process-dependent. For this reason, hazard and risk 

assessments should be completed to characterize the scenario prior to mitigation design. A 

review of a selection of damaging debris-flow and debris-flood events in Canada clearly 

highlighted the need for a comprehensive landslide risk management process, including 

mitigation design. 

A range of debris-flow and debris-flood mitigation design techniques were then 

identified, including slope stabilization, channel stabilization, channel consolidation, debris 

retention and regulation, energy dissipation, improved conveyance, diversion, local protection, 

relocation, emergency response planning and risk sharing. These techniques are often 

combined to create a reliable and redundant mitigation system.  

A review of practices in Canada, Austria, Japan and Hong Kong identified similarities 

and differences between debris-flow and debris-flood mitigation design norms in Canada and 

the other three countries. In the other three countries, government-issued or government-

supported technical guidelines are available to support the mitigation design process. A range 

of basic principles apply that are internationally consistent, including outlet structure and 

erosion protection design. However, other aspects of international design are less applicable 
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to the Canadian context, including funding, liability, watershed access, design event selection 

and certain building techniques. In these areas, Canadian professionals may benefit from a 

tailored (made in Canada) design approach.   

7.1.2. Recommended design approach  

The design approach proposed in Chapter 4 incorporates six phases and is intended 

to guide professionals through a flexible and scenarios-specific design process. In the project 

scoping phase, a thorough understanding of the process, risks and projects constraints is 

emphasized to ensure an appropriate mitigation solution. This includes guidance on design 

event selection, which can be complicated in the current inconsistent Canadian regulatory 

environment.  

Following project scoping, the conceptual design phase assists professionals to identify 

suitable mitigation techniques. The options analysis phase provides an evaluation framework 

for selecting the preferred mitigation system option, using decision analysis techniques such 

as cost-benefit analysis, multiple-criteria decision analysis and decision mapping. Once a 

design concept is selected, further guidance is provided to support the layout design, final 

design and implementation phases.    

7.1.3. Case studies  

Case studies are fundamental to good engineering and geoscience practice and can 

be used to demonstrate new techniques, and learn from mistakes or inefficiencies. Case 

studies in this thesis show the value of decision analysis techniques for options comparison, 

and to develop an understanding of mitigation system failure mechanisms. 

The case studies demonstrate the potential the application of decision analysis 

techniques to debris flow and debris flood mitigation design. Several case studies show the 

clear benefits of cost-benefit analysis, multiple-criteria decision analysis and decision mapping. 

Decision analysis techniques can be applied with minimal effort, especially when detailed risk 

assessment information is already available.  

Additional design guidance was developed through a review of historic debris-flow and 

debris-flood events, including cases involving extreme events, and cases with existing 
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mitigation structures. These case studies demonstrate the importance of system design for 

steep creek hazard mitigation, and provide lessons applicable to evaluate design concepts. An 

example mitigation system was developed for Heart Creek, Alberta, using the recommended 

design approach, decision mapping, and lessons learned. The suggested frameworks in 

Figure 4-1, Figure 4-5 and Figure 4-6 and the guidance developed through the thesis were 

shown to be a valuable addition to the design process.  

7.2. Recommendations for future work 

This thesis summarizes current Canadian and international practice and presents new 

tools for professionals involved in debris-flow and debris-flood mitigation design. However, 

there are many aspects of this topic that would benefit from additional research and 

exploration. 

1. The interaction of hydrogeomorphic processes and debris regulation structures. How 

will sediment and debris deposit? How will events move through outlet structures? An 

improved understanding of the hydraulic and depositional behaviour would allow for 

optimized basin design, outlet design and maintenance planning. There is significant 

potential for additional data collection to monitor and learn from the performance of 

existing structures.  

2. The development and operation of warning systems in Canada. Warning systems are 

widely used internationally, but none are in place in Canada at a community level. How 

can warning systems be integrated into the Canadian risk management system? Can 

technology be used to overcome the issues of large and dispersed communities? 

3. Channelized debris flow transport. What combination of channel gradient and 

confinement is required to maintain debris flow movement? A better understanding is 

needed of the relationship between the creek gradient, confinement and debris-flow 

properties to design conveyance channels.  

4. Mitigation system design life. How many events can a mitigation system withstand? 

Does it make financial, social and operational sense to install a single long-term robust 

system, or multiple short-term solutions? 
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5. Design event selection. Canada has generally been moving from hazard-based to risk-

based design for landslide risk management, and tends to consider much higher event 

return periods than other international jurisdictions. Are detailed QRAs worthwhile for 

individual projects, or best employed at a prioritization level? What return periods 

should be considered, and how should uncertainty be communicated and 

incorporated? 

6. Vulnerability of elements at risk. How vulnerable are communities or projects to life-

loss, economic or other risks? Can quantification of vulnerability be improved? 

7. Risk tolerance and risk perception. How does the management and mitigation of 

landslide risks compare to the management of risks from other natural hazards? What 

is society’s current, actual landslide risk exposure, and is it tolerable? How safe is safe 

enough? 

7.3. Conclusion 

This research was motivated by a desire to improve Canadian debris-flow and debris-

flood management practices, and to safeguard lives and property. A range of 

recommendations have been made, including a comprehensive design approach and case-

based lessons to optimize mitigation systems. I have found these tools to be useful for a range 

of applied projects, and hopefully they will also be useful for other professionals.  

Although focused on improving Canadian practice, this thesis presents an international 

perspective, including a review of international technical documents and case studies. The 

findings will be applicable to other jurisdictions that lack standardized technical oversight of 

landslide risk management practices.  

The proposed design guidance in this thesis is intended to complement professional 

judgement and create a fully transparent and repeatable process for mitigation design. With 

ever-increasing development in mountainous terrain as well as the predicted increase in the 

frequency and magnitude of extreme hydroclimatic events, these resources form a timely 

contribution to debris-flow and debris-flood risk management. 
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Appendix A.  
 
Records from field sites in Canada 

Description:  
The accompanying PDF presents field observations, including geometry and design 

information where available, from 11 Canadian debris flow and debris flood mitigation 

systems that were visited as part of this research.  These systems represent a sample of 

the structures that exist in Canada, primarily in BC and Alberta. 

Filename: 
EMoaseMSc2017_AppendixA_Canada field sites.pdf 
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Appendix B.  
 
Records from field sites in Austria 

Description:  
The accompanying PDF presents field observations, including geometry and design 

information where available, from 14 Austrian debris flow and debris flood mitigation 

systems that were visited as part of this research.  These systems represent a sample of 

the structures that exist in Austria. 

Filename: 
EMoaseMSc2017_AppendixB_Austria field sites.pdf 
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Appendix C.  
 
Records from field sites in Switzerland 

Description:  
The accompanying PDF presents field observations, including geometry and design 

information where available, from 6 Swiss debris flow and debris flood mitigation systems 

that were visited as part of this research.  These systems represent a sample of the 

structures that exist in Switzerland. 

Filename: 
EMoaseMSc2017_AppendixC_Switzerland field sites.pdf 
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Appendix D.  
 
Records from field sites in Japan 

Description:  
The accompanying PDF presents field observations, including geometry and design 

information where available, from 17 Japanese debris flow and debris flood mitigation 

systems that were visited as part of this research.  These systems represent a sample of 

the structures that exist in Japan. 

Filename: 
EMoaseMSc2017_AppendixD_Japan field sites.pdf 
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