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ABSTRACT
Assessment of the seismic vulnerability of a bridge structure relies on its
structural characteristics and site data. However, seismically induced
effects, such as landslides or rock falls, are often unknown at a bridge site,
making seismic risk assessment difficult. The objective of this paper is to
develop a methodology to produce susceptibility map for landslides and
rock falls for the Lowlands of the Saint-Lawrence Valley based on
geological and slope models, groundwater table and proximity to
watercourses. The methodology is inspired by the concepts of the
methodology of Hazus and adapted to the specificity of the region of
study. The final map of susceptibility to landslides shows a predominance
of high level of susceptibility. The digital inventory of landslides is
compared to the landslides susceptibility levels. Sixty-eight percentage
(68%) of landslides from the inventory are located on areas evaluated as
highly or very highly susceptible. Therefore, the method of attribution of
susceptibility level is well correlated to the inventory of landslides. This
map is used within scoring procedures for a rapid assessment of the
seismic vulnerability of bridges giving a better classification of the most
vulnerable installations, improving the effectiveness of mitigation
measures and the efficiency of emergency planning.
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1. Introduction

Although seismic hazard is recognized as moderate in eastern Canada, population density in urban
areas, such as Montreal or Quebec City, makes it the second largest zone at risk in Canada (Adams
et al. 2002). In the province of Quebec, the Lowlands of the Saint-Lawrence Valley is characterized
by marine clay deposits and is thereby highly sensitive to landslides (Quinn et al. 2011). During the
1988 Saguenay earthquake (Mw = 5.9), rock falls, landslides and liquefaction were observed along
the Lowlands as far as 200 km from the epicentre (Lamontagne 2002). More than 20 landslides
occurred due to the presence of marine clay (Lefebvre et al. 1992; Locat 2008).

Induced site effects, such as landslides and rock falls, can cause severe damages to bridges and
structures. Landslides can cause translation or rotation of bridge abutments used as retaining walls
for the embankments, leading to bridge deck collapse (Mitchell et al. 2012). Falling rocks can seri-
ously damage structural elements such as piers and abutments. Although the initiation of those two
site effects may be governed by similar factors (i.e. geology, slope, groundwater table), external fac-
tors that may decrease rock falls or landslides hazard are different. As a consequence, structural
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vulnerabilities of bridges and their external protections are different depending on the induced site
effect. A clear distinction between landslides and rock falls must therefore be considered.

The province of Quebec counts nearly 9600 bridges and overpasses (MTQ 2016). Forty-eight per-
centage (48%) of these structures are located in the Lowlands of the Saint-Lawrence Valley, while
70% were built between 1960 and 1980, when seismic design provisions were not as stringent as
today. Seismic risk assessment of a large number of aged infrastructures is an essential step towards
effective mitigation measures and emergency planning.

The conventional knowledge of the seismic hazard information alone such as type of ground
shaking information, intensity and frequency is not sufficient for informed decision-making. Seismic
risk assessment presumes not only knowledge of earthquake hazards that might impact a region but
also knowledge of vulnerability of existing infrastructures such as bridges or buildings. While the
assessment of the seismic vulnerability of a bridge structure relies generally on easily accessible data,
seismically induced site effects, such as landslides or rock falls, are often undefined or unknown at a
bridge site, making seismic risk assessment difficult, especially when dealing with a large number of
structures located on an extended area.

Seismic evaluation by scoring procedures is a widely used seismic risk management approach
(Kim 1993; Bas€oz and Kiremidjian 1995; NYSDOT 2002; Davi et al. 2011). It allows the classification
of structures using a relative seismic risk index (SRI) that considers seismic hazard combined to the
structural vulnerability of the bridges through structural characteristics and identification of seismic
deficiencies. In the context of this simplified approach to seismic risk assessment at regional scale,
structural vulnerability of bridges is typically conditioned on a single seismic hazard parameter such
as the peak ground acceleration (PGA) or the spectral acceleration (Bas€oz and Kiremidjian 1995;
Coburn and Spence 2002; Kiremidjian et al. 2007).

Combining geographical information system tools to seismic evaluation procedures increases the
efficiency of the procedure while improving management of mitigation measures and emergency
planning (Kiremidjian et al. 2007). This could be achieved through Geographic Information System
(GIS) tools which allow visualization of information related to geology or geomorphology that may
usually govern susceptibility to seismically induced effects from ground mass movements.

In the United States, Hazus software (FEMA 2012) is one of the most effective and used GIS tech-
nical tool to evaluate the seismic risk. The Hazus procedure consists of a two steps methodology to
evaluate the ground mass movement hazard using expert judgment approach: a scoring procedure
is first used to evaluate the ground mass susceptibility with 10 levels considering geology, slope and
dryness of soil. These levels are then related to a probability of occurrence depending on PGA. It
has been pointed out that site specific acceleration should be combined with a probability of occur-
rence of the effect in order to quantify the risk of seismically induced effects (Davi et al. 2011;
FEMA 2012). In the absence of specific site geotechnical data, susceptibility to landslides and rock
falls could be defined from relevant parameters such as geology, topography, groundwater table,
proximity to rivers and lakes, land use and pluviometry (Pourghasemi et al. 2013; Theilen-Willige
2010; Quinn 2009). The concepts of the Hazus scoring procedure (FEMA 2012) is used in this study
to evaluate the ground mass susceptibility for the Lowlands of the Saint-Lawrence Valley.

This paper presents the development of landslide and rock fall susceptibility maps for the Low-
lands of the Saint-Lawrence Valley in the Province of Quebec. The method used to develop the sus-
ceptibility maps is based mainly on expert judgements and is intended to be used within existing
seismic scoring procedures for bridges. Definitions of susceptibility scales are based on Hazus scales
for gravitational mass movements and modified to consider proximity to watercourses. A clear dis-
tinction is also made between rock falls and landslides since bridge structures are differently
impacted by landslides and rock falls. Furthermore, the protective measures against landslides and
rock falls differ considerably. Geological, geomorphological and hydrological information are used
to produce landslide and rock fall susceptibility maps. New geological databases are used with recent
surficial geological model (Parent et al. 2018). The model defines 12 lithologies compared to 8 in
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previous studies (Quinn 2009). In order to validate the landslides susceptibility map, results are
compared to a digital landslides inventory of the region of study.

2. Geological context and seismically induced site effects in the Lowlands of the
Saint-Lawrence Valley

2.1. Geological context

The region of study shown in Figure 1 covers an area of about 32,000 km2 in the Lowlands of the
Saint-Lawrence Valley. Bedrock outcrops in few regions but predominant geology is composed of
glacial and post-glacial unconsolidated deposits. It is mainly dominated in the north-west by meta-
morphic and igneous rocks dated from Precambrian, in the centre by sedimentary rocks from the
Iapetus ocean (Ordovician-Silurian) and in the south-east by the metamorphic rocks of Appala-
chians orogeny (Cambrian-High Ordovician) (Nastev et al. 2016). Till deposits (identified by T in
Figure 1), which are predominant at the bottom of the quaternary deposits, are very heterogeneous
with a large variety of grain size cemented by a compacted silty or sandy silt matrix (Russell et al.
2011; Nastev et al. 2016). During the last deglaciation (between 18,000 and 12,000 years BP), the
moraine was eroded by the eskers and replaced by glaciofluvial (GF) or glaciolacustrine (GL) depos-
its (Parent and Occhietti 1999; Russell et al. 2011; Savard 2013). GF deposits are mainly composed
of sands and gravels (Nastev et al. 2016) while GL are mostly composed of clays (Parent and
Occhietti 1988). During the interglacial stage, glacial deposits were covered by up to 30 m of marine
clays (M) (Lefebvre 1986; Nastev et al. 2016). For the region of study, the source of these deposits is
mainly the Champlain sea dated between 12,000 and 10,000 years BP (Parent and Occhietti 1999;
Savard 2013). This period of deposition was followed by alluvial deposits (A) or lacustrine deposits
(L) from the Proto-Saint-Laurent or the Lampsilis lake. They are composed by tills, gravels, sands,
clays and silts reworked (Savard 2013). Organic deposits (O) mostly composed of peats and plant
residues are also found close to lakes or mixed with eolian deposits (E-sands) (Fransham and Gadd
1977; Filion 1987). In some areas, colluvium deposits (C) were also deposited on top of the strati-
graphic column (Savard 2013).

Figure 1. Surficial geological map of Lowlands of Saint-Lawrence Valley (produced from data taken from Parent et al. (2018).
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Clays of the Champlain Sea (Leda clay) are extremely sensitive to landslides, particularly in the
presence of water (Lefebvre 1986; Quinn Peter 2009), thereby, increasing the risk of landslides or lat-
eral spread at bridge sites. Local geology and predominance of marine clay should be taken into
account to develop a methodology adapted to the area of study.

2.2. Seismically induced site effects from past earthquakes

Seismicity of eastern Canada is mainly due to the extension of the medio-oceanic ridges which
causes north-east compression and the uplift of the North American Plate after the glacier melting
10,000 years ago (Government of Canada 2011).

During the last 10 years, 3 earthquakes of magnitude 5 or more were felt in the Lowlands of the
Saint-Lawrence Valley (Government of Canada 2011). During the 1663 Charlevoix-Kamouraska
earthquake (Locat 2008), landslides were observed on the shores of the rivers Betsiamites, Rivi�ere du
Gouffre (Charlevoix), St-Maurice (LaBissonni�ere and Saint-Boniface), Shipshaw (Saguenay, Saint-
Jean Vianney), Pentecôte, Batiscan and St-Lawrence (Desjardins 1980; Filion et al. 1991; Gouin
2001; Locat 2008). Locat (2008) estimated that a total of 1.7 km3 mass movements, including sub-
aqueous landslides, were triggered. The 1860 earthquake in La Malbaie (Charlevoix-Kamouraska,
Mw»6), induced landslides in the region of Pointe-aux-Alouettes (60 km away), where part of the
forest slided into the river (Lamontagne 2008).

The 1870 earthquake (Mw»6.5) located near Baie St-Paul (Charlevoix-Kamouraska), resulted in
landscape changes due to mass movement. Rock falls were reported in the cliff of Saint-Anne de
Beaupr�e 60 km from the epicentre and three people were reported dead in Batiscan, 175 km from
the epicentre (Lamontagne 2008).

The strongest earthquake of the twentieth century (Mw = 6.2) occurred in Charlevoix-Kamour-
aska in 1925 (Government of Canada 2016). Damages due to site effects were reported in Quebec
City as well as in Shawinigan, about 230 km away (Lamontagne 2008).

3. Methodology and dataset

Seismically induced site effects such as rock falls or landslides are governed by intrinsic factors such
as geological, topographical and hydrological conditions but they are also correlated to causative
seismic factors such as seismic intensity, PGA, distance to the seismogenic fault and distance along
the fault. In general, the most influencing seismic factors are the distance from the fault and the
PGA (Xu et al. 2012; Xu et al. 2013). In the context of risk assessment for seismically induced site
effects, seismic hazard generally evaluated from PGA, is combined to the susceptibility information
and structural vulnerability assessment to obtain a global evaluation of the seismic risk (Van Westen
et al. 2008). In this study, landslides and rock falls susceptibility are therefore assessed from geologi-
cal or topographical conditions while PGA is selected, as the main seismic factor, to evaluate seismic
hazard since it also correlates well to seismic damage to structures and bridges (Bas€oz and Kiremid-
jian 1995; Coburn and Spence 2002; Kiremidjian et al. 2007).

Seismically induced effects are governed by geotechnical factors taking place in a geological con-
text. There are many ways to characterize the susceptibility to seismic site effects including prospec-
ting site by site with in situ geotechnical measurements and laboratory testing, and documenting
and characterizing the general context of geomorphology, geology, hydrography and even climate
factors (Theilen-Willige 2010). Although a best estimate of seismically induced site hazards is
obtained from site specific prospection, the information from the general context allow mapping
large scale phenomenon influencing induced effect at smaller scale. Geographic information system
methods are powerful tools for modelling large scale phenomenon such as earthquake impact. In
the specific domain of mapping site effect including landslides, Theilen-Willige (2010) used topo-
graphic data of LANDSAT (USGS 2015) to detect local site conditions influencing earthquake shak-
ing and secondary effects in south-west Haiti. More recently, Karimzadeh et al. (2017) used hybrid
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site condition mapping to create local amplification mapping. This approach consists in using data
from remote sensing such as LANDSAT with geological data. New technologies, such as remote
sensing, are also available and allow quantifying the relation between earthquake magnitude and
surfaces affected by landslides and rock falls (Van Westen et al. 2008). Quinn Pete and Zaleski
(2015) studied the threshold of PGA inducing landslides in sensitive clays in eastern Canadian
regions but no clear results were inferred from the available data.

Multicriteria decision analyses and weights of evidence approach are today well established meth-
ods for site effects mapping and seismic risk evaluation (Theilen-Willige 2010; Feizizadeh et al. 2014;
Feizizadeh and Kienberger 2017; Karimzadeh et al. 2017). A regional-scale landslide susceptibility
map for the region of study was developed by Quinn (2009) using the weights of evidence method
(Pourghasemi et al. 2013; Feizizadeh et al. 2017; Gheshlaghi and Feizizadeh 2017). The method con-
sists in assigning coefficients to each factor influencing landslides based on an existing inventory of
landslide features. The weight of evidence method is then used to produce a susceptibility map to
landslide with three susceptibility scales: low, low to moderate and moderate to high. A multicriteria
decision analyses was selected for this work in which landslides and rock falls susceptibility are eval-
uated based on expert judgement considering the geotechnical context of the region of study.

In this paper, the methodology used to develop landslides and rock falls susceptibility map were
developed following four steps:

� Development of dataset and construction of a spatial database related to ground mass move-
ment factors.

� Definition of susceptibility levels, following expert judgments from FEMA (2012), with respect
to geology, slope and groundwater table.

� Addition of a specific factor related to watercourses effects on Champlain clay.
� Validation of the results with an inventory.

3.1. Development of datasets

The collected data consists of four parameters required to develop the susceptibility map. They are
extracted from the following sources:

a. Geology is extracted from a surface geology model with 12 main lithologies for the Lowlands
of Saint-Lawrence Valley (Parent et al. 2018).

b. Slopes are calculated from the digital elevation model (DEM) provided by the United States
Geological Survey (USGS 2015) with a resolution of 1.0 arc-sec equivalent to about 30 m
(Farr et al. 2007).

c. The level of the groundwater table is determined from 78,792 boreholes available on the web-
site of hydrogeological information system (SIH) of the Minist�ere du D�eveloppement Durable
Environnement et Lutte contre les Changements Climatiques (MDDELCC 2014).

d. The proximity to watercourse model for the studied area is derived from a compilation of five
hydrographic digital databases from different data sources (Qu�ebec. Minist�ere de l’�Energie et
des Ressources naturelles 2000; Land Information Ontario 2011, 2015; Quebec. Ministry Nat-
ural Resources 2016; Statistics Canada 2016).

3.2. Mapping of ground mass movements susceptibility

The considered parameters are then mapped in GIS dataset form as input for the susceptibility eval-
uation model (Figure 2). The mapping was produced according to (a) geology, (b) slope, (c) ground-
water table and (d) watercourse proximity.
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a. Geology
Geological factor related to the lithologies and their state of consolidation at a site gives information
on the cohesion and angle of internal friction, both controlling shear strength, which is one of the
main forces influencing landslide. A high degree of consolidation is related to a high cohesion. As a
consequence, the risk of instability increases as the state of consolidation decreases. To relate the
susceptibility to mass ground movements, the 12 lithologies of the studied area (Figure 1) are classi-
fied in 3 geological groups (A, B, C) depending on the effective cohesion c’ and the effective angle of
internal friction ɸ 0. The three groups are similar to those proposed in Hazus (FEMA) in terms of
susceptibility to mass movements. It is worth noting that Hazus considers landslides and rock falls
as the same induced effect even though rock falls susceptibility can be increased or decreased by the
quality of a rock. In this study, distinction is made between landslides and rock falls according to
the geology since rock falls are triggered only for strongly cemented rocks. Group A is defined by
strongly cemented rocks (crystalline rocks and well-cemented sandstone, c 0 = 14.4 kPa, ɸ 0 = 35�).
Group A includes all bedrocks (R-Bedrocks outcrop in Figure 1). Group A is not susceptible to land-
slides but is the only geological group susceptible to rock falls. Various types of bedrocks are
included in this group (Table 1). Consequently, susceptibility to rock falls differs from susceptibility
to landslide by the presence of bedrock at the surface.

Group B includes weakly cemented rocks and soils (sandy soils and poorly cemented sandstone,
c 0 = 0, ɸ 0 = 35�), such as sand, silt and gravels including alluvial (A) (Nastev et al. 2016), eolian (E)

Figure 2. Factors used for landslides and rock falls susceptibility mapping.

Table 1. Correspondence between geological groups and lithologies of the studied area.

Lithology/geological group

Group A
c 0 = 14.4 kPa,

ɸ' = 35�

Group B
c' = 0,

ɸ' = 35�

Group C
c 0 = 0,

ɸ 0 = 20�

A – Alluvial deposits (tills, gravels, sands, clays and silts reworked) – £ –
C – Colluvial and mass-wasting deposits (clays and silts reworked) – – £
E – Eolian deposits (sands) – £ –
GF – Glaciofluvial deposits (sands and gravels) – £ –
GL – Glaciolacustrine deposits (clays) – – £
H – Anthropogenic deposits – – £
L – Lacustrine deposits (silts) – £ –
M – Marine deposits (mostly clays) – – £
O – Organic deposits (mostly peats and plant residues) – – £
R – Bedrock £ – –
T – Till-glacial deposits – £ –
U – Undifferentiated deposits – – £
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(Filion 1987), lacustrine (L) (Savard 2013), glaciofluvial (GF) (Nastev et al. 2016) and till (T) depos-
its (Nastev et al. 2016).

Group C includes argillaceous rocks (shales, clayey soil, existing landslides, poorly compacted fills
c 0 = 0, ɸ' = 20�). It includes all unconsolidated deposits such as the very sensitive marine clays (M)
of Champlain Sea (Lefebvre 1986), clay from glaciolacustrine (GL) deposits (Parent and Occhietti
1988), organic (O) deposits (Fransham and Gadd 1977; Robertson 1990), colluvial and mass-wasting
(C) (Savard 2013). When assigning a group to a site, the most susceptible category is chosen for
anthropic (H) and undifferentiated (U) deposits (Table 1).

b. Slopes
Slopes have an impact on normal and shear stress values acting on the sliding plan: the higher the
slope gradient, the higher the instability. The slope criterion proposed by Hazus is based on expert
judgment and is adopted in this study. To estimate the influence of slope angle on the susceptibility
to landslides and rock falls, six ranges of values for the slope gradient model are considered
(Figure 3): 0�–10�, 10�–15�, 15�–20�, 20�–30�, 30�–40� and >40�. The slope gradient is computed
as the first derivative of the value given by the DEM. Figure 3 shows the slope gradient model of the
studied area. While slope is a major factor to characterize rock falls and landslides susceptibility, the
Lowlands of Saint-Lawrence have very few sites with high slopes. The most recognizable sites are
the Monteregian hills from the cretaceous close to the City of Montreal but there are also few other
regions in the west and north part of the area.

c. Groundwater table
The presence of groundwater table on a potential failure plan will highly increase the susceptibility
to ground mass movement. Youd and Perkins (1978) have established a threshold of 10 m as the
limit for the level of groundwater table to distinguish dry soil from wet soil. This threshold is used
in this study to identify wet and dry soil.

The groundwater table was measured at the end of the work on the boreholes using available
data. Since boreholes are not uniformly distributed in the area of study, ‘natural neighbour’ tool

Figure 3. Slope gradient model.
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defined by two steps of Vorono€ı (Thiessen) polygons (Sibson 1981) is used to interpolate the
groundwater table level for the whole region.

Figure 4 presents the groundwater table depth map from SIH boreholes.
The final groundwater table model showing wet soil (0–10 m) from dry soil (10–230 m) is pre-

sented in Figure 5. Wet soils cover 87% of the area whereas dry soils cover only 13%.

Figure 4. Groundwater table depth map from SIH boreholes.

Figure 5. Groundwater table model.

596 A. FARZAM ET AL.



d. Watercourses
Because of the high potential of Champlain clay to be eroded, the proximity to watercourses is taken
into consideration in this project as a parameter for landslides and rock falls susceptibility, as sug-
gested by recent studies (Quinn 2009). The watercourse model is derived from a compilation of
105,046 entities which have been merged. A buffer of 100 m was applied to consider the proximity
to watercourses (Figure 6). All sites within 100 m of these 105,046 entities had an increased suscepti-
bility level to landslides and rock falls. A distance of 100 m was chosen after observation of multiple
landslides hazard maps available on the websites of regional county municipalities (MTQ 2012,
2013b, 2013a).

4. Landslides and rock falls susceptibility maps: Results and validation

4.1. Definition of a susceptibility scale

Table 2 presents the susceptibility level (from None to Very High) of a site depending on its geologi-
cal group (A, B or C), the slope angle and the level of the groundwater table (below or over 10 m).
The proximity to rivers and lakes (<100 m) is upgrading the susceptibility levels by 1�. For example,
the susceptibility to landslide of a wet site on alluvial sediment (group B) with a slope angle of 11� is
high (H), and becomes very high (VH) when located near a watercourse.

4.2. Susceptibility map for landslides and rock falls

The final map of susceptibility to rock falls and landslides, established from the criteria defined in
the previous section and Figure 2, is presented in Figure 7. Six levels of susceptibility (None, Very
Low, Low, Moderate, High and Very High) are assigned. Surface covered by geological group B and
C (95% of the area studied) can be susceptible to landslides and surface covered by geological group
A related to rocks (5% of the area studied) can be susceptible to rock falls (Table 1 and 2).

Figure 6. Proximity to watercourses model.
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4.3. Analysis and validation of susceptibility to landslides

Figure 8 shows the distribution of different levels of susceptibility to landslides for group B and C
(95% of the area studied). Most of the area is either moderately (37%, in yellow in Figure 7) to highly
susceptible (47%, in orange in Figure 7). Champlain marine clay is particularly sensitive and covers
almost the entire area. Very high susceptibility level sites correspond mostly to sites with sensitive
geology and lakes and rivers erosion. Sites with very high level of susceptibility are attributed to 10%
of the area. It should be recalled that these results represent a qualitative distribution of the levels of
susceptibility and does not provide a probability of occurrence to landslides.

Table 2. Rock falls and landslides susceptibility scale of geologic groups, adapted from FEMA (2012) and Youd and Perkins (1978).

Rock falls and landslides susceptibility scale

Slope angle (degrees) 0–10 10–15 15–20 20–30 30–40 >40

Proximity to watercourses >100 �100 >100 �100 >100 �100 >100 �100 >100 �100 >100 �100
Geological group Dry lithologies (groundwater >10 m)
Group A
Rock falls

None None VL L VL L L M M H

Group B
Landslides

None L M L M M H M H H VH

Group C
Landslides

M H M H H VH VH VH VH VH VH VH

Wet lithologies (groundwater <10 m)
Group A
Rock falls

None L M M H H VH H VH H VH

Group B
Landslides

M H H VH VH VH VH VH VH VH VH VH

Group C
Landslides

H VH VH VH VH VH VH VH VH VH VH VH

Note: VL = Very Low.
L = Low.
M = Moderate.
H = High.
VH = Very High.

Figure 7. Susceptibility to rock falls and landslides map: red = high, blue = low.
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To validate the approach used to create a susceptibility scale to landslide for the Lowlands of the
Saint-Lawrence Valley, the map created in Figure 8 is compared to a detailed georeferenced digital
landslides inventory produced by Quinn (2009). This inventory is reproduced in Figure 9. It was cre-
ated from aerial photos (National Air Photo Library in Ottawa) at various scales (typically 1:50,000)
and several other sources (Wilson and MacKay 1919; Clark 1947; Morin 1947; Eden 1956; Karrow
1959, 1972; Lajoie 1974; Desjardins 1980; Carson and Lajoie 1981; Grondin and Demers 1996; Ler-
oueil and Locat 1998; Demers et al. 1999). These landslides were not systematically induced by
earthquakes. However, they can be used as tools to measure the predictive capability of the landslide
susceptibility map. Quinn (2009) reported that the inventory is limited by the size and diversity of

Figure 8. Distribution of different levels of susceptibility for landslides (95% of the studied area).

Figure 9. Landslides inventory map created from data provided by Quinn (2009).
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geology and physiography, availability of appropriate data, resolution of available visual data and
consistency of available data.

The digital inventory of landslides is compared to the landslides susceptibility levels over the
complete area of study. Susceptibility map to landslides is composed of points at every 500 m. As a
consequence, the distance of 250 m, corresponding to half of the distance between each point (500
m), is defined as the maximum distance between a point of susceptibility level and a line from the
landslide inventory.

Figure 10 presents the distribution of the landslide inventory (in red) according to their location
on the susceptibility map to landslides (see Figure 7). This distribution is compared to the random
probability of sites in the region of study (in blue) to be evaluated in any of the six levels of suscepti-
bility to landslides. The overall results indicate that the method of attribution of susceptibility levels
is relatively well correlated to the inventory of landslides.

Most of inventoried landslides are located on sites with a susceptibility to landslides (in red) eval-
uated as moderate (24%), high (44%) and very high (24%), for a total of 92%. In comparison, the
random probabilities (in blue) for a site to have a moderate, high or very high susceptibility to land-
slides are 37%, 47% and 10%, respectively, for a total of 94%. The larger number of landslides
occurred on sites evaluated to have a high susceptibility (44% in red) while the prediction for this
same level of susceptibility is 47%.

4.4. Analysis of susceptibility to rock falls

Susceptibility to rock falls is very low in the region of study: only 5% of the area is more or less sus-
ceptible to rock falls due to the outcropped bedrock. The results reveal that 73% of the 1530 km2

have no susceptibility (level none), 15% are exposed to very low susceptibility and only 13% are dis-
tributed in descending order between low to very high susceptibility (Figure 11).

The territory affected by rock falls being relatively small, it makes it difficult to obtain an inven-
tory on rock falls for validation. Unfortunately, no inventory for rock falls is available at this time.
However, Promontory of Quebec known as a very sensitive site is identified as highly susceptible to
rock falls by our approach.

5. Application to seismic vulnerability index for bridges

The choice of a relative qualitative scale, rather than a numerical scale for the susceptibility levels,
offers the advantage and flexibility to be converted into indices and to be adapted into several avail-
able rapid scoring procedures for other sensitive infrastructures and lifelines.

Figure 10. Histogram of the distribution of susceptibility level to landslides corresponding to landslides inventory.
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SRI is generally expressed by the multiplication of a global index for the vulnerability of the struc-
ture by a seismic hazard index, as follows:

SRI ¼ Indexseismic hazard � Indexstructure vulnerability (1)

The seismic hazard index is defined from the seismic hazard according to a seismic factor, such as
PGA, and generally takes into account the site amplification effect while landslide, rock falls or liq-
uefaction hazards are not always considered. An additional index, corresponding to the value of the
elements at risk, is sometimes included in the SRI computation. This value index can be related to
the importance of the bridge on the road network (highway, municipal road, etc.) or on public serv-
ices (connecting electricity or water supply).

The first multicriteria procedure for prioritization of bridges was developed by the California
Department of Transportation, following the 1971 San Fernando earthquake (Bas€oz and Kiremid-
jian 1995; Small 1999). This procedure was the inspiration for the development of several others in
the US (Kim 1993; NYSDOT 2002), Canada (Liu 2001) and in the province of Qu�ebec (Tinawi et al.
1993). The Caltrans procedure (Caltrans 1992) considered landslides as collateral hazards but
neglected rock falls (Bas€oz and Kiremidjian 1995).

The New York State Department of Transportation (NYSDOT 2002) classifies the New York's
regular bridges from 0 to 100 according to the seismic hazard and their seismic structural vulnerabil-
ities which includes the vulnerability to abutment failures. Seismic hazard was related to the seismic
zone defined according to spectral acceleration values. Kim (1993) developed a GIS-based regional
risk analysis approach for bridges against seismic hazards, defined from the PGA, considering lique-
faction but not landslides as site condition effects induced by earthquake. Moreover, no other
ground failure is included in the final application due to the lack of data. In France, the Direction
des Routes et le Service d’�Etudes Techniques des Routes et Autoroutes uses the SISMOA method as a
preliminary evaluation procedure of seismic risk of bridges (Davi et al. 2011). It is one of the few
methods that include liquefaction, landslides and rock falls hazards. Each of these induced effects is
computed independently depending on the structural characteristic of the bridge (vulnerability to
the induced effect) and its hazard. The latter is a relationship between the critical ground accelera-
tion necessary to induce landslides, rock falls or liquefactions. SISMOA approach can be used as ref-
erence for the attribution of vulnerability indices to bridge structures towards different induced
effects.

Figure 11. Distribution of different levels of susceptibility for rock falls (5% of the studied area).
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Methods developed in Canada only consider the ground shaking hazard, defined from spectral
acceleration values, without taking into account induced effects such as landslides or rock falls
(Tinawi et al. 1993; Liu 2001). In Qu�ebec, the procedure applied by the Minist�ere des Transports du
Qu�ebec (MTQ) considers the amplification effect by adjusting the seismic hazard index (Tinawi
et al. 1993). However, the contribution of site amplification is frequently approximated or too con-
servative due to the lack of site specific information. An adapted GIS approach to the susceptibility
modelling of seismically induced site effect could significantly improve the capability of seismic
scoring procedures to identify the most vulnerable bridges. Susceptibility ground mass movements
can be merged with structural parameters characterizing the vulnerability of bridges to assess a
global SRI.

In the procedure developed in the Province of Quebec, the SRI (calculated from the Equation (1))
combines a seismic hazard index (Indexseismic hazard) and a structure vulnerability index (Indexstructure
vulnerability). The SRI ranges from 0 to 100. A score of 50 and higher identifies bridges that should be
considered as vulnerable to earthquakes (Lemaire 2013).

The structure vulnerability index is established for structural and geometrical data on the bridge
and ranges from 0 to 32. The weight of this index has been carefully established from simulation sce-
narios of damage to the bridges of the inventory (Lemaire 2013). It takes into account the quality of
the foundations which influence significantly the vulnerability of bridges to landslides. It considers
also the quality of piers and decks, which plays a major role in the vulnerability of bridges to rock
falls.

The seismic hazard index, combining the acceleration and amplification hazards, ranges from 0
to 3.125. To include the landslides or rock falls hazard, a new seismic hazard index is defined as

IndexSeismic hazard ¼ FAcceleration hazard � FAmplification � FðLandslides or Rock fallsÞ (2)

The factor relative to the seismic acceleration hazards is correlated to the PGA, one of the most
widely used seismic hazard parameter for the evaluation of the seismic risk of bridges in regional
studies (Kim 1993; Bas€oz and Kiremidjian 1995; Kiremidjian et al. 2007; Davi et al. 2011). Its value

Figure 12. Map of the susceptibility to induced effects with bridges database.
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varies linearly between 1.0 for PGA � 0.1 g and 2.0 for PGA � 0.4 g whereas the factor relative to
the amplification varies between 1.0 and 1.25.

Susceptibility scale to ground mass movements (landslides and rock falls) is converted to scores
from 1 to 1.25 (None = 1, Very Low = 1.05, Low = 1.1, Moderate = 1.15, High = 1.2 and Very High
= 1.25) compatible with the scoring procedure to modify the seismic hazard index. This latter vary
from 1 to 3.125, preserving the weight attributed to the structure vulnerability index.

Database provided by MTQ counts 450 bridges on the region of study on an area of 2750 km2.
(Figure 12)

These bridges have a new score representing the susceptibility to landslides or rock falls. This
score is combined with their structural characteristics and the acceleration hazard to assign a new
SRI. Figure 13 shows the distribution of landslides and rock falls susceptibility index for the 450
bridges of theMTQ database.

Most of the bridges have new susceptibility to ground mass movements’ index between 1.15 (38%)
and 1.2 (37%). The maximum value of 1.25 is attributed to 11% of the bridges from the database.

6. Discussions

Geology, slope, groundwater table and proximity to watercourses are used for ground mass move-
ments susceptibility mapping. The results presented show landslides susceptibility mapping level
high and very high corresponding mostly to regions where landslides were triggered in the past with
the inventory (68%). These results are close to those find by the weight of evidence method applied
for linear structure (67%) by Quinn (2009). However, qualitative scales are difficult to compare to
each other because criteria are more related to the future application of the method.

Although methodology provides good results, potential improvement can be made by consider-
ing land use. Dense vegetation decreases the instability since vegetation allows the evapotranspira-
tion clearing out part of soil humidity because of the cohesive power of the roots. Moreover, various
meteorological conditions can affect the susceptibility to ground movements, in particular ground-
water table. The melting season is the most adequate moment to measure groundwater table as it
reaches its highest level at this period. However, since most of the groundwater table measured by
SIH are already close to the surface (<10 m), this would not affect the results. Earthquakes following
an important rainfall can increase the susceptibility to induced rock falls or landslides.

Root mean square has been calculated for geological model and DEM. The result shows a resolu-
tion of 355 m. Results are satisfactory when considering surface geology model with a 500-m resolu-
tion. These results could be, however, further improved with a higher resolution of the databases.

Figure 13. Distribution of landslides and rock falls susceptibility index for the 450 bridges of the Minist�ere des Transports
database.
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GIS platforms can deal with easily available data such as DEMs or river system model. These
kinds of data are available on the web and therefore susceptibility maps for seismically induced
site effects can be cost effective. The new ground mass movement susceptibility index is complet-
ing the scoring procedure to estimate seismic risk for bridges. Most of bridges of the database are
located on sites with susceptibility between moderate to very high. The new seismic hazard index
includes the induced effects such as landslides or rock falls. It should be noted, however, that the
structure vulnerability index does not consider the presence of external protection devices against
rock falls.

7. Conclusions and Recommendations

In practice, when confronted to the lack of data on site conditions, managers often relies on the most
conservative hypothesis, which may lead to an overestimation of the seismic risk for a large number
of bridges. To face this challenge, stake holders (provincial government, municipalities, public serv-
ices) need appropriate tools to evaluate the seismic vulnerabilities of their infrastructures and reli-
able information related to site sensitivity to seismically induced site effects.

The method for susceptibility mapping considers GIS on geology, slope and depth of groundwa-
ter table models. Criteria are inspired by the expert judgement methodology from Hazus but the
methodology is adapted to the specific geological context of the Lowlands of Saint-Lawrence where
the presence of marine clays (M) increases the susceptibility to landslides (Lefebvre 1986). It also
takes into account the proximity to rivers or lakes and makes a distinction between susceptibility to
rock falls and landslides. It provides information on the susceptibility to induced effects (landslides
and rock falls) when there are no geotechnical field studies at a smaller scale.

Using GIS allows mapping large areas such as the Lowlands of Saint-Lawrence River in eastern
Canada. This method provides a qualitative estimation of the seismically induced landslides and
rock fall hazards. Landslides inventory validates the approach used to characterize the susceptibility
for the area of the study. Producing inventory for rock falls to evaluate the validity of the approach
is the next step.

Moreover, GIS allows completing this information with structural data characterizing the vulner-
ability of a bridge. Therefore, the platform enables to manage and visualize different kinds of data
useful to evaluate the seismic risk of bridges to improve the effectiveness of mitigation measures and
the efficiency of emergency planning. The susceptibility map to ground movements can be used in
the scoring procedures to evaluate the seismic risk of bridges, or with other sensitive infrastructure.
This procedure aims to classify installations according to their relative seismic vulnerability and
associated risk, and allows identifying the most vulnerable bridges within a large inventory. The
new seismic index allows a better classification of the most vulnerable installations. The adapted
GIS approach to the susceptibility modelling of seismically induced site effect significantly improves
the scoring procedures for a rapid assessment of the seismic vulnerability of bridges and other
installations.

The scoring procedure can be improved by taking into consideration the presence of external
protection measures such as high strength mesh in the evaluation of the vulnerability index toward
rock falls or drainage measures for landslides. Moreover, natural external factors decreasing the
effects of velocity of rock falls, such as presence of forest, can be taken into account in order to prior-
itize the intervention on a bridge.
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