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Abstract Quantitative risk assessments (QRAs) for landslide hazards are increasingly

being executed to determine an unmitigated level of risk and compare it with risk tolerance

criteria set by the local or federal jurisdiction. This approach allows urban planning with a

scientific underpinning and provides the tools for emergency preparedness. Debris-flow

QRAs require estimates of the hazard probability, spatial and temporal probability of impact

(hazard assessment) and vulnerability of the elements at risk. The vulnerability term is

perhaps the most difficult to estimate confidently because (a) human death in debris flows is

most commonly associated with building damage or collapse and is thus an indirect con-

sequence and (b) the type and scale of building damage is very difficult to predict. To

determine building damage, an intensity index (IDF) was created as the product of maximum

expected flow depth d and the square of the maximum flow velocity v (IDF = dv2). The IDF

surrogates impact force and thus correlates with building damage. Four classes of building

damage were considered ranging from nuisance flood/sedimentation damage to complete

destruction. Sixty-six well-documented case studies in which damage, flow depth and flow

velocity were recorded or could be estimated were selected through a search of the global

literature, and IDF was plotted on a log scale against the associated damage. As expected, the

individual damage classes overlap but are distinctly different in their respective distribu-

tions and group centroids. To apply this vulnerability model, flow velocity and flow depth

need to be estimated for a given building location and IDF calculated. Using the existing

database, a damage probability (PDF) can then be computed. PDF can be applied directly to

estimate the likely insurance loss or associated loss of life. The model presented here should

be updated with more case studies and is therefore made openly available to international

researchers who can access it at http://chis.nrcan.gc.ca/QRA-EQR/index-eng.php.
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1 Introduction

In recent years, there has been a global trend away from hazard-based assessments of

geohazards and towards a risk-based approach. The former uses a design return period

which may either be arbitrarily set or associated with return periods used for other geo-

hazards such as earthquakes or floods. Risk assessments in which numerical analyses are

used are termed quantitative risk assessments, and these require specific input parameters.

For debris flows, risk is commonly expressed as risk of loss of life or economic risk. Other

indirect debris-flow consequences such as environmental losses, corporate reputation loss

or intangibles such as human suffering are sometimes mentioned anecdotally but are not

quantified routinely.

For economic or loss of life risk, similar input parameters are required. For loss of life

risk, the risk (RDF) equation is:

RDF ¼ PH � PS:H � PT:S � V � E ð1Þ

where PH is the annual probability of the landslide occurring; PS:H is the spatial probability

that the landslide will reach the individual most at risk; PT:S is the temporal probability that

the individual most at risk will be present when the landslide occurs; V is the vulnerability,

or probability of loss of life if the individual is impacted; and E is the number of people at

risk, which is equal to 1 for the determination of individual risk.

PH can be estimated through the application of a number of absolute dating methods

suitable for the environment in question. PH is expressed as the annual probability of

occurrence. PS:H is typically estimated through detailed mapping of past flows, empirical

or numerical analysis or a combination. PT:S can be estimated through surveys or broad

assumptions that are typically reasonably accurate for full-time dwellings but need to be

adjusted, for example, for recreational properties. V is perhaps the least understood variable

because of lack of consistent data and the problem of predicting damage to a building for a

set of debris flow intensity variables. V can be expressed either as the projected monetary

loss to a building or infrastructure, or as a probability of life loss between zero and 1. This

paper addresses the vulnerability to buildings even though it is realized that building

damage is closely related to injury and death.

Previous work has identified the need for a better understanding of vulnerability for

debris flow impacts to buildings. For example, Fuchs et al. (2007) used an intensively

studied debris flow event in the Austrian Alps to derive a quantitative vulnerability

function for buildings affected by the debris flow. Vulnerability was defined as the quotient

between the loss of the individual reinstatement value for each element at risk and against

debris-flow intensity expressed as deposit height. A polynomial function was fitted with a

correlation coefficient of 0.86. Significant variability in vulnerabilities was found for

deposit thicknesses in excess of 1.5 m. Comparisons with work by Borter (1999) and Fell

and Hartford (1997) showed that the values presented by Fuchs et al. (2007) yielded

significantly lower vulnerabilities for deposit depths in excess of 1 m. In the case of Fell

and Hartford (1997), the higher vulnerability estimates may be associated with the light

timber frame construction techniques that provide less strength to debris-flow impact than

the brick masonry and concrete construction as encountered in the Fuchs et al.’s (2007)
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example. Furthermore, a strong dependency on vulnerability was found if debris was able

to enter a building and destroy its contents.

The work by Fuchs et al. (2007) is valuable as it is the first detailed site-specific analysis

of loss potential for a variable that can easily be measured in the field. Limitations are

introduced by neglecting flow velocity due to the difficulty in back-calculating it for the

buildings used in their analysis (Fuchs, personal communication, 2011). As shown in the

following section, flow velocity is a key variable in estimating impact forces that translate

into building vulnerability. Another point of criticism is that the results offered by Fuchs

et al. (2007) are not transferable to other construction types as pointed out by the authors.

Finally, in many jurisdictions, landslide damage is not insurable, insured losses are

unknown and, therefore, a damage ratio as used by Fuchs et al. (2007) as a surrogate

variable for debris-flow vulnerability cannot be constructed.

Totschnig et al. (2011) elaborated on the earlier work by Fuchs and used data from three

well-documented debris flow events in the Austrian Alps to quantify vulnerability for

residential buildings. Totschnig et al. (2011) used a damage ratio (IR = I/H) with I being

the deposition height and H the height of the affected building. This damage ratio was used

as a surrogate for vulnerability to characterize the damage potential of a building. The

authors calculated the reconstruction value of each building based on an average insured

cost per square metre. A complex equation was formulated to determine a building’s value

based on building area, number of stories, unit price and a reduction factor for the state of

maintenance. Loss data were obtained from the respective administrative offices. To

quantify process intensity, the authors followed the approach by Fuchs et al. (2007) based

on relative intensity IR. Totschnig et al. (2011) realized that impact pressures are relevant

but pointed out that only deposition height and flow depths are regularly documented for

debris flows in Austria. The authors used data on 67 residential buildings with a total

damage of € 5.5 million with vulnerability ranges from 0.001 to 1.0 and a mean of 0.17. A

modified Frechet distribution was applied to fit the relative intensity to damage in relation

to building height.

Fuchs et al.’s (2007) and Totschnig et al.’s (2011) approaches appear well suited for

areas where loss potential can be quantified, for example, by using insurance loss func-

tions. In most countries, however, a reasonable estimate of the damage in terms of cost is

not possible because of the lack of data on reconstruction costs or building value. For those

areas, a simpler approach may be more suitable which relates debris flow intensity to

classes of building damage, which in turn can be associated with an insured loss. Monetary

losses can be calculated directly from the assumed insured losses reported in this paper or

be calculated for specific building locations based on asset inventories and replacement

costs developed by HAZUS (HAZards in the United States), a geographic information

system-based natural hazard loss estimation software package developed by the Federal

Emergency Management Agency (FEMA).

Another approach to describe structure vulnerability to debris flow activity is described

by Haugen and Kaynia (2008) who examined how vibratory motion from earthquakes can

be used to predict damage induced from debris flows. Haugen’s and Kaynia’s (2008)

theory states that ground vibrations from an earthquake will damage a given structure in

the same way as vibratory forces from debris flow impact. Accepting this assumption

would allow the use of a large body of literature on earthquake vibration on structures and

apply the fragility curves developed for earthquakes in the HAZUS program and transfer

those to debris flows. The fragility curves are developed for each structure from Model

Building Types (FEMA 2003, p. 176) and ratios involving building height. (FEMA 2003,

p. 208) The input for the fragility curve is spectral displacement which corresponds to the
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maximum displacement during an earthquake. The debris flow equivalent spectral dis-

placement can be calculated from the sum of the hydrostatic spectral displacement and the

dynamic spectral displacement. To calculate the spectral displacements, debris flow

velocity and flow depth are required. The output of the fragility curve is a probability of

damage. This model was compared against the 1998 Sarno (Italy) debris flows and was

found to accurately predict building damage 5 out of 6 times.

Haugen and Kaynia’s model requires a categorization of the building types into 37

different groups and knowledge of building heights. It is unclear whether vibratory motion

triggered by earthquakes can be compared to and applied in a predictive model to the

impact forces by debris flows. This would need to be tested empirically or through field

tests. Furthermore, multiple surge waves can generate repetitive loads but are not

accounted for in the model by Haugen and Kaynia. The model has been applied only to one

case study, and the robustness of the model would need to be tested on a larger variety of

cases.

2 Methods

In most instances, data on actual and insured losses were unavailable, which precluded an

analysis similar to that conducted by Fuchs et al. (2007). Furthermore, insured losses are

not necessarily an exact representation of the actual losses and, as pointed out by Fuchs

et al. (2007), hinge on the specific actuarial and economic conditions of the region to which

the vulnerability index is applied. In addition, HAZUS provides asset inventory with

specific building values and replacement costs that allow the estimation of monetary losses

due to debris flow impacts. Thus, in our work, we focused on a more generalized approach.

Vulnerability was defined as the qualitative damage to a building as ranked in four damage

classes, from some sedimentation, some structural damage, major structural damage, to com-

plete building destruction (Table 1). The primary objective was to find a simple function that

would allow a prediction of likely losses that can then be integrated into the HAZUS program,

allowing it to be extended from floods to debris flows. A probabilistic assessment of damage

was sought, rather than a single damage figure. Such work can supplement expert judgment that

is typically applied to estimate building vulnerability.

A database of 68 events has been populated from a review of journals and conference

proceedings (Table 2). Debris flow events ranging from Class 1 to Class 7 (Jakob 2005)

were entered resulting in a spectrum of events ranging from those large enough to destroy

entire villages (Fig. 1) to those just large enough to cause some sedimentation in a home’s

basement (Fig. 2). For each event, the key information extracted or estimated was flow

Table 1 Damage classes and definitions for impacts to residential buildings

Damage class Damage description

Some sedimentation (I) Sediment-laden water ingresses building’s main floor or basement; requires
renovation; up to 25% insured loss

Some structural damage (II) Some supporting elements damaged and could be repaired with major
effort; 25–75% insured loss

Major structural damage (III) Damage to crucial building-supporting piles, pillars and walls will likely
require complete building reconstruction; [75% insured loss

Complete destruction (IV) Structure is completely destroyed and/or physically transported from
original location; 100% insured loss
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depth at the point of impact (d), velocity at the point of impact (v), peak discharge (Q),

total volume of material involved (V) and the extent of damage to a given structure (D).

Where available, data were gathered on the type of destruction, as well as maximum

boulder size, type of structure affected and impact on the affected population.

A variety of impact vulnerability indices were considered including v, d, v2d and vd2. Each

index was plotted against the observed damage class. As expected, v2d showed the most

consistent relationship to building damage and was thus adopted as the most representative

index. This index is meaningful from a kinematic point of view because flow depth and flow

velocity are key input variables in determining the dynamic forces exerted by debris flows. In

classical mechanics, the kinetic energy (Ek) of a non-rotating rigid body is:

Ek ¼ 0:5 mv2 ð2Þ

with m being the mass.

Kherkheulidze (1976) suggests a mean debris-flow impact pressure with a static and

dynamic component (Eq. 3):

p ¼ 0:1 qdg 5hþ v2
� �

ð3Þ

where p is the mean pressure in kN/m2, qd is the debris flow density in kg/m3, g is the

acceleration of gravity (m/s2), h is the flow depth and v the flow velocity.

Armanini (1997) combined experiments and theory and derived a force Pdf as per Eq. 4:

Pdf ¼ 4:5qdgh2: ð4Þ
Hübl and Holzinger (2003) derived a debris-flow maximum impact pressures (Pmax) based

on laboratory experiments. For Froude numbers between 1 and 15, the authors suggest:

Pmax ¼ 4:5qdv0:8ðghÞ0:6: ð5Þ
Hungr et al. (1984) suggest a force per unit width for a perpendicular impact as:

P ¼ ðXLÞv2 ð6Þ

where XL is total runout distance. Hungr et al. (1984) also recommend the use of the

momentum equation (Eq. 7) to determine dynamic thrust loading.

F ¼ qdAv2 sin b ð7Þ

where F is the total thrust force, A is the flow cross-section area and b is the least angle

between the face of the barrier and flow direction. In this case, the debris-flow surge is

considered a single flow prism travelling with a uniform velocity equal to the mean

velocity. Hungr et al. (1984) further recommend that the load calculated with Eq. 7 be

distributed over an area equal to the expected debris flow width and approximately 1.5 m

greater in height to account for the forming of a stagnant wedge in front of the barrier’s toe.

The above equations re-emphasize the strong dependency of impact force on flow

velocity which is embedded in hydraulic theory.

3 Results

Based on our compilation, we were able to total the number of events per damage class

(Table 3) and construct a probability matrix (Table 4) that estimates the expected damage
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a given structure will suffer given an estimated debris flow intensity index (IDF). These

data are graphically represented in Fig. 3 with IDF against damage class, histograms

illustrating the number of events per case, and where available, structure type is indicated

Fig. 1 Carabella, Venezuela debris flow, 1999. Damage class IV: complete destruction. The estimated IDF

for this event was 500. Photograph from Matthew C. Larsen, U.S. Geological Survey

Fig. 2 Damage class I: some sedimentation for a debris flow in Hatzik Valley, southwestern B.C. The
estimated IDF for this event is \1. Photograph: Matthias Jakob. November 2002
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by unique symbols. To apply this matrix, flow velocities and maximum flow depth need to

be estimated. Velocities can be calculated, for example, through runup on buildings using

Chow’s (1959) formula (v = 2 gDh)0.5 or Wigmosta (1983), (v = 1.2 gDh)0.5 where Dh is

the runup height. Alternative velocity estimates can be back-calculated using the forced-

vortex equation (v = grccosHtana)0.5 (Chow 1959) where rc is the radius of curvature to

the centre of mass and a being the superelevation angle. In the absence of runup and

superelevation observations, channel parameters can be used to back-calculate velocities as

suggested by Hungr et al. (1984) with v = (cS/Kl)h2 where c is the unit weight, l is the

dynamic viscosity of the flow, S is the channel slope, K is a shape factor and h is the flow

thickness, or by Rickenmann (1999) with v = 2.1Q0.33S0.33 where Q is the peak discharge.

Numerical modelling can also be used to estimate flow velocities but will require cali-

bration to render reasonable results.

Flow depths can be determined empirically using test trenches that show deposition

depths of past flows in the area of interest, which may need to be increased by a nominal

amount to account for water dissipation and settlement after flow ceases. Numerical

models also provide estimates of flow depth but require calibration with flows of known

depth.

As with all risk assessments, differentiation is required for a variety of return period

scenarios as flow volumes, peak flows and velocities are roughly proportional to debris

flow return period. A 1000-year return period flow will almost always have higher flow

velocities and higher flow depths than a 100-year return period flow. Therefore, building

vulnerability needs to be assessed for each hazard scenario considered in the risk

assessment.

Table 3 Impact index (IDF) damage matrix showing the four construction classes, the debris flow intensity
index on a log scale and the presumed insured losses

Damage class Number of cases Insured loss (%)

Complete destruction (IV) 0 1 4 12 6 100

Major structural damage (III) 0 4 6 5 0 [75

Some structural damage (II) 3 9 6 1 0 25–75

Some sedimentation (I) 7 4 0 0 0 \25

IDF 0–1 1–101 101–102 102–103 [103

The centre of the matrix contains the number of cases that have been included in the analysis

Table 4 Damage class probabilities

Damage class probabilities given IDF (%) ALL DATA

Complete destruction (IV) 0 6 25 67 100

Major structural damage (III) 0 22 38 28 0

Some structural damage (II) 30 50 37 5 0

Some sedimentation (I) 70 22 0 0 0

IDF 0–1 1–101 101–102 102–103 [103

The percentage numbers in the table indicate the likelihood of damage occurring for a given IDF. For
example, for a IDF between 100 and 1,000, there is a 67% likelihood that it will result in complete
destruction and a 28% likelihood that major structural damage will occur. It is unlikely (5%) that some
structural damage occurs
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Once flow depth and flow velocity have been estimated or back-calculated for the

different hazard scenarios to be considered, Table 4 can be applied to determine the

probability for each damage class. For example, for IDF [ 1000 (Fig. 1), there is 100%

chance that the impact will result in complete building destruction, whereas IDF \ 1 results

in a 30% chance of some structural damage and 70% chance of only some sedimentation

damage. For damage calculations in this example, one can either use the fractional like-

lihoods presented herein or, using conservative engineering principles, assume that all

buildings will suffer some structural damage.

4 Application

Table 4 provides a way to apply the debris-flow intensity index (IDF) to estimate a

building’s vulnerability. The key lies in estimating flow velocity and maximum flow depth

within reasonable ranges. This can be accomplished by application of empirical or
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Fig. 3 Debris flow intensity index (IDF) against damage class. The bar graphs indicate the number of
observations in each group to illustrate the group centroids. Different building classes are indicated by
unique symbols
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numerical methods or expert judgment. In all cases, ranges should be presented to account

for uncertainty. Average or maximum flow depth can be estimated from test trenches in

which individual flows can clearly be discerned or by application of numerical methods.

For defensible results, field-based studies should be used to calibrate the numerical models.

Deposit depth may need to be adjusted for maximum flow depth by a factor that accounts

for the assumed volumetric water content. Runup or superelevation of debris against rigid

structures may need to be used to adjust flow depth, particularly if the obstacle is believed

to create a back-water effect, thus increasing the depth of material deposited upstream of a

building.

The following sections provide one test case (Sarno, Italy) that is part of the cases

included in the database, and one predictive example where the scenario considered has not

yet occurred and economic losses have not been determined (Mosquito Creek, Canada).

4.1 Sarno, Italy

Sarno is located in the Southern Campania Region of Italy at the foot of the Sarno

Mountains. On 5–6 May 1998, the Sarno region experienced 9 large debris flows following

9 straight days of intense rainfall (Fig. 4). This incident resulted in 150 fatalities and

extensive property damage in the towns of Sarno and Episcopio. Due to the serious

consequences of this event, it was very well documented with respect to flow depths and

flow velocities as well as the extent of damage experienced by the affected buildings. A

modified version of the Damage Probability Model (Table 5) was created for this test. The

modified probability model excludes all data from the Sarno case study to make the test

more objective. Table 6 provides a comparison of the actual damage of buildings and the

probability of damage predicted by a modified version of our model. The matrix assigns

the highest probability to the observed damage class in half of all cases. For example, the

modified probability matrix that predicted buildings located within the IDF isoéntasi (line

of same or similar intensity) of 5 (m3/s2) in debris flow event no. 8 corresponds to a 27%

chance of damage class I, a 53% chance of damage class II, a 13% chance of damage class

III and a 7% chance of damage class IV. Therefore, buildings affected by IDF of 5 are most

likely to be damaged as described by class II some structural damage, which matches the

Fig. 4 Sarno debris flows, damage class I–III. The estimated IDF for the events shown on this photograph is
1–43. Photograph: http://pieffeeffe.files.wordpress.com/2008/05/sarno.jpg
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observed damage in 15 of 25 buildings. In those cases where the predicted damage class

does not match the observed damage, the matrix still assigns a significant probability to the

observed damage class. Given the uncertainties in predicting the exact velocity or flow

depth, a perfect match cannot be expected and is unnecessary, since in most cases, the

overall economic damage will be the study’s objective rather than a precise building

damage estimate.

4.2 Mosquito Creek, Canada

Mosquito Creek drains a 15.5-km2 watershed in the District of North Vancouver (DNV),

British Columbia. The DNV is located at the foot of the North Shore Mountains and

receives, on average, approximately 2,400 mm of rainfall annually at lower elevations,

with most of this falling during the period from November to February. Residential

development of the DNV began in the late 1800s and proceeded rapidly through the 1950s

to 1970s, including slopes adjacent to Mosquito Creek. After a major flood in the 1950s, it

was decided to route a section of Mosquito Creek into a culvert with the aim to decrease

flood hazard. Previous studies determined that the creek is subjected to debris floods

Table 5 Damage class probabilities with Sarno case study data removed

Damage class probabilities given IDF (%) WITHOUT SARNO DATA

Complete destruction (IV) 0 7 33 67 100

Major structural damage (III) 0 13 25 28 0

Some structural damage (II) 17 53 42 5 0

Some sedimentation (I) 83 27 0 0 0

IDF 0–1 1–101 101–102 102–103 [103

Table 6 Damage probabilities for the Sarno debris flow case study

Debris flow name Avg. impact
index (v2h)

Number of concrete
structures

Actual impact
damage

Predicted
probability of
damage (%)

I II III IV

Sarno debris flow 7 \1 16 Some sedimentation (I) 83 17 0 0

1 7 Some structural (II) 27 53 13 7

5 22 Major structural (III) 27 53 13 7

Sarno debris flow 8 \1 30 Some sedimentation (I) 83 17 0 0

1 32 Some structural (II) 27 53 13 7

5 15 Some structural (II) 27 53 13 7

5 10 Major structural (III) 27 53 13 7

14 3 Some structural (II) 0 42 25 33

14 7 Major structural (III) 0 42 25 33

26 5 Major structural (III) 0 42 25 33

43 1 Major structural (III) 0 42 25 33

Bold fonts in the predicted probability column indicate where the observed and predicted damages match.
Italic font indicates those damage classes where the predicted damage was still assigned a significant
probability even though the observed damage differed from the predicted value
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(Kerr Wood Leidal, 2003), and debris flood characteristics for events ranging from 100- to

2500-year return periods have been more recently modelled based on input data from

empirical methods, dendrochronology and some judgment (BGC Engineering Inc 2010).

For return periods exceeding 100 years, the debris flood could overwhelm the intake of the

culverted section and discharge through the former channel, impacting a densely developed

area.

Table 7 summarizes the results for the 37 properties potentially affected for the

500-year debris flood.

Using the statistics derived from Table 4 and assuming that the event was a debris flow,

two homes would be completely destroyed (3 9 0.25 ? 13 9 0.06), 4 houses would suffer

major structural damage (13 9 0.22 ? 3 9 0.38), 14 houses would be affected by some

structural damage (3 9 0.37 ? 13 9 0.50 ? 21 9 0.30) and 18 houses would be affected

by some sedimentation (13 9 0.22 ? 21 9 0.70). At a nominal home value of CDN $ 1

million and using Table 4 as a guide to approximate monetary loss with the mean class

values applied, this would result in a total loss of approximately CDN $ 14.3 million

(2 9 $ 1 M ? 4 9 $ 0.75 M ? 14 9 0.5 M ? 18 9 0.125 M).

This example serves to illustrate the method but does not replace a detailed economic

analysis in which assessed or market values of each property are used and better data for

percentage loss are obtained from insurance companies. Alternatively, where existing, the

HAZUS model can determine total economic losses based on their database of property

value and replacement costs. The principal limitation in this example is that the vulner-

abilities applied were calibrated for debris flows, not debris floods, although some overlap

is unavoidable since debris flows undergo phase changes during their descent. Neverthe-

less, the above estimates are likely conservative and could be adjusted for lower impact

forces associated with debris floods, whose density may be half that of a debris flow. On

the other hand, debris floods may be more erosive, leading to bank or channel erosion

which could also result in damage. For economic risk assessments, therefore, the approach

outlined above may be suitable for debris flows and debris floods alike.

5 Discussion

An exact prediction of building vulnerability to debris flow impact is not possible. This can

be attributed principally to the uncertainty in estimating debris flow velocities and flow

depths at the point of impact for different debris-flow scenarios. Furthermore, the exact

elastic, plastic or rigid behaviour of buildings cannot be determined with great accuracy

because the material types and their behaviour will usually not be known and will undergo

changes due to ageing. Finally, debris flow impact will have dynamic and static impacts

that are difficult to predict. Surges following the frontal lobe can pile up on top of the first

Table 7 Damage probabilities
for Mosquito Creek and the total
number of houses affected

Number of homes
affected

Damage class

I II III IV
Probability of damage (%)

21 70 30 0 0

13 22 50 22 6

3 0 37 38 25
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one and create loading conditions that may be difficult to forecast. These limitations

suggest that a simple empirical approach to estimating building vulnerability from debris

flow impact is desirable.

Error is also introduced in our assessment by limited accuracy of reported velocities and

maximum flow depths. While the latter can be readily measured (if the building’s base

elevation is known or can be excavated), the former is hardly ever measured directly. This

means that velocities must be back-calculated or estimated from eye witness accounts.

Consequently, every reported value will have considerable error.

A differentiation between building type is represented by assigning unique symbols to

each building class (Fig. 3), but this could not identify a unique relationship for each

building class due to the small sample size and low precision level of damage in the

database. The majority (44%) of the buildings consisted of standard wood frame con-

struction (Fig. 5), 20% consisted of masonry construction, 12% consisted of poorly con-

structed villages in developing countries, 10% consisted of infrastructure structures and 4%

of structures could not be categorized because of insufficient data.

Most events discussed in the literature pertain to catastrophic occurrences which lend

themselves to scientific investigation and publication. However, this may create some bias

towards the upper spectrum in impact forces and thus IDF. An open database that would

also benefit from consulting reports of minor incidences could, over time, minimize this

bias.

6 Conclusion

Quantitative debris flow risk assessments increasingly form the basis for making decisions

on the need for, and scale of, engineered mitigation measures versus land use decisions.

Within the risk evaluation phase, target or tolerable risks are defined by the local or higher

levels of government which, when exceeded, may be reduced through land use planning or

engineered structures until the residual risk is deemed tolerable or acceptable.

Fig. 5 Spring lake debris flow, damage class II. The estimated IDF for this event is 5. Photograph: U.S.
Forest Service
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Quantitative risk assessment methodology has been well established, but its accuracy

hinges on the accuracy of its input parameters. With the application of appropriate

methods, PH, PS:H, PT:H and E (for loss of life risk) can be estimated with reasonable

confidence. Where such confidence cannot be achieved, error bands should be reported and

be integrated in the risk calculations. Vulnerability of buildings from debris-flow impact

may be the least quantifiable variable, which is unfortunate because it also relates directly

to human vulnerability since debris flows kill people mostly by damaging or destroying

their dwellings.

A global literature review yielded 68 case studies for which debris flow intensity and

damage were known or could be estimated with the data presented. Four damage classes

were defined ranging from minor sedimentation to complete building destruction. We did

not differentiate as to building type as such differentiation would have reduced the total

sample size to an extent where the number of cases in each damage class would be too low

for a robust probabilistic assessment. A debris flow intensity index (IDF) was created by

multiplying flow depth and the square of flow velocity. The IDF best differentiates between

the four damage classes and is also physically meaningful because it surrogates impact

force.

The method was demonstrated on Mosquito Creek where an event has not occurred but

where flow depths and flow velocities have been estimated through numerical modelling.

The estimated total damage for a 500-year event was determined to be approximately CDN

$ 14 M in 2011 dollars. The method was further tested for the very well-documented Sarno

debris flows. In this case, the monetary loss was ignored and the comparison between

predictions and observations focused on the damage classes. In half of all cases, the highest

predicted probability for the associated damage class matched the observed damage. For

the other cases, a significant probability was associated with the observed damage class.

Using the assessed or estimated building value and information provided by insurance

underwriters or home builders on replacement costs, the economic loss can be calculated

for each home and summed for all houses for each of the event scenarios considered. All of

these data, along with the damage functions, could be input and modelled within HAZUS

to come up with the damage and loss scenarios for each event which can include building

damage, economic losses, casualties, displaced households and shelter requirements.

In most jurisdictions, economic risk tolerance criteria do not exist, but standard benefit-

cost analyses (BCA) may be used to determine the necessity, scale and cost of engineered

risk reduction measures and weigh them against land use changes. Such an approach is

useful but cannot replace a multi-criteria assessment (MCA) where the potential of loss of

life is integrated as a minimum. Other factors such as political damage (the legal and public

relations repercussions if nothing, or not enough, had been done to prevent damage),

human suffering due to injury or loss of loved ones, environmental losses due to

destruction of sensitive habitat or pollution of water courses by hazardous substances could

all be integrated in such MCA. This study was designed to provide a convenient and

repeatable method to estimate the likely building damage and their direct economic losses

due to debris flow impact.

The database created as part of this project can be enlarged by many case studies that

were not found during the literature search or can only be found in the grey literature. The

database will be made public and accessible, and we encourage other researchers to add

their own case studies in the database in a wiki-type process for further improvement. This

open-source process will later allow stratifying the data set into different building types or

allow the development of improved impact indices and correlations.
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