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Urban flooding events are a significant driver of disaster loss, resulting in insured and
uninsured losses, property damage, and negative impacts on residents and communities
in Canada and internationally. The risk of flooding in urban environments is affected by
watershed characteristics, environmental conditions, and the presence and condition
of flood management and mitigation technologies. Several building- and lot-scale (or
private-side) flood mitigation options are available to better protect properties from the
risk of flooding, including backwater valves and foundation drainage systems to reduce
the risks of sewer surcharge and infiltration flooding into basements, respectively. The
overall success of private-side approaches to reduce the risk of flooding into buildings
is reliant upon consistent installation procedures, building code interpretation and
enforcement, public engagement, and maintenance. Current research into private-side
approaches is presenting many opportunities and solutions for improved flood protection
against water-related disasters at home. A greater understanding of the performance
of private-side technologies under complex site-specific conditions can help to appoint
flood prevention strategies better suited to individual home characteristics. This review
paper explores the inter-related factors that affect the risk of basement flooding and
explores the challenges and opportunities associated with the adoption and success
of private-side flood mitigation approaches. Developing a greater understanding of
basement flood vulnerability at the lot-scale will assist in identifying and prioritizing
private-side strategies for homeowners to adopt and reduce the risk of flooding based
on site-specific conditions affecting flood vulnerability. Continued efforts to evaluate and
identify flood risk factors and the performance of private-side strategies are needed to
better manage urban flooding events.

Keywords: urban flooding, basement flooding, flood mitigation, private-side approaches, wastewater, stormwater,
Canada, flood risk
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INTRODUCTION

Urban flooding results from large and often rapid (or flashy)
precipitation (or pluvial) events that overwhelm drainage
infrastructure, resulting in flooded streets and basements. Issues
concerning urban flooding have been identified in regions across
the globe (Zhu and Chen, 2017; Mobini et al., 2020; Pagliacci
et al., 2020). In Canada, urban and basement flooding is one
of the most significant drivers of disaster loss. The July 8, 2013
short duration, high intensity (SDHI) flood event in the Greater
Toronto Area of Ontario highlights the potential for significant
damage from urban and basement flooding. Totaling $1.024
B (2019 CAD), this event currently ranks as the fourth most
expensive insurance catastrophe event in the past 20 years in
Canada, behind only the Horse River Wildland Urban Interface
fire event, the 2013 floods in S. Alberta, and the 2020 hail, flood
and wind event in S. Alberta (Insurance Bureau of Canada, 2020).

Table 1 provides an indication of insured loss from urban and
basement flood events. A significant portion of loss is uninsured,
including losses attributed to uninsured flood types, such as
infiltration and potentially overland flood in many instances.

Urban and basement flooding resulting from pluvial events
have many non-monetary and indirect impacts. Vulnerable
residents, including those occupying basement apartments,
are particularly affected by urban flood events. The issue of
vulnerable basement apartment residents will be exacerbated
as planning policy in highly urbanized regions increasingly
emphasizes basement apartments as affordable housing
opportunities (see, for example, Province of Ontario, 2011, 2016;
City of Toronto, 2018). The vulnerability of renters is further
exacerbated by the relatively low penetration of renters property
insurance coverage in Canada (Insurance Canada, 2018). Social
vulnerability in the context of urban and basement flooding is
increasingly considered in urban flood management strategy
(see, for example, City of Toronto, 2019). Specifically, basement
flood mitigation projects in the City of Toronto will consider the
Ontario Marginalization Index as part of its criteria for selecting
priority risk reduction work (Toronto Water, 2020). With
respect to property damage, exposure to basement flood damages
is expected to increase as basements are increasingly used as
additional living spaces within homes, containing expensive
property vulnerable to damages from flooding (Friedland et al.,
2014).

Basement flooding, particularly flooding associated with
backing up of sanitary sewer systems—which introduces raw,
untreated sanitary sewage into homes—presents health risks to
household occupants. Public health units across Canada have
identified sewer backup related basement flooding as a health risk
that should be carefully managed after a flood event (Canadian
Standards Association, 2018; Government of Manitoba, 2019;
City of Vancouver, 2020; Peterborough Public Health, n.d.; York
Region, n.d.).

Aside from the above financial, social and health
impacts of flood, flooded households also experience
loss of irreplaceable and sentimental items (e.g., photos,
mementos stored in basements, etc.), and must also
navigate potentially stressful and resource intensive

rebuild processes. Further, many residents who occupy
households with flood histories, or where households are
located in communities, subdivisions, or postal codes
considered to be at high risk of flooding, may experience
changes in insurance premiums, deductibles, sub-limits
or availability.

In many instances, urban and basement flood risk reduction
requires application of interventions on both the “private-
side” and the “public-side” of the property line. Municipalities
typically have greater control and authority to manage “public-
side” risk factors, including addressing inflow/infiltration (I/I)
in of wastewater systems located in road right-of-ways and
on municipally-controlled property. A significant proportion
of I/I, however, and numerous urban flood risk factors, must
be addressed on the private-side of the property line (see
Robinson et al., 2019; Robinson and Sandink, 2021). Private-
property factors that contribute to flood risk include I/T (e.g.,
inflow from downspout and foundation drain connections to
sanitary and combined sewers), and various lot grading and
drainage factors that may exacerbate flood risk and contribute
to I/T.

There are numerous interventions applied on the
private side that control flood risk for both individual
properties and subdivisions/communities (or sewersheds).
These measures have been formally documented in local,
provincial and national guidelines (specifically, Canadian
Standards Association, 2018), as well as numerous local-
scale/municipal basement flood education and engagement
programs focused on residential flood risk reduction and
private-side I/I management.

Considering the role of the private-side and households in
reducing urban flood risk, this review paper explores the inter-
related factors that affect the risk of basement flooding and
explores the challenges and opportunities associated with the
adoption and success of private-side flood mitigation approaches.
This paper contains examples predominantly from a Canadian
perspective; however, flood damage from pluvial events is
an intensifying concern in urban environments around the
world. Occurrences of pluvial flooding in urban environments
share many similarities related to both causes and impacts,
including the influence of drainage features and land-use,
type of municipal infrastructure and stormwater management
measures (Zhu and Chen, 2017; Mobini et al., 2020; Pagliacci
et al,, 2020). Municipalities and local sewer utility providers
across North America also face challenges associated with
inflow/infiltration (I/I) into sewer systems, and similar to
basement flooding, programs have been developed across North
America to encourage household participation in I/I reduction
(see, for example, East Bay Municipal Urban District, (n.d.); City
of Chicago, 2021). Furthermore, the potential effects of climate
change and changing environmental conditions on flooding
events threatens to exacerbate urban flood risk worldwide
(Miller and Hutchins, 2017; Skougaard Kaspersen et al., 2017),
requiring adaptation and further lot-scale mitigation to protect
property from water damage (see, e.g., Leandro et al., 2020).
The examples and challenges faced in Canada and presented
in this paper have important significance and relation to those
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TABLE 1 | Major urban/basement flood insurance loss catastrophes in Canada, 2009-2020.

Event location and date, insured loss (2019 CAD, if

published)

Details

Peterborough, ON, July 15, 2004
Insured loss: $113M

Toronto/GTA, ON, August 19, 2005
Insured loss: $795M

Hamilton, Ottawa, ON (July 2012)
Insured loss: $104 M

Toronto, ON, July 8, 2013
Insured loss: $1.024 B

GTA, ON, August 2014
Insured loss: $84 M

Saskatoon, SK, to Thunder Bay, ON, June 2016
Insured loss: $40 M

Estevan, SK, to Edmonton, AB, July 8-11, 2016
Insured loss: $59 M

Windsor/Tecumseh, ON, September 28, 2016
Insured loss: $165M

Southern ON and QGC, April 5-7, 2017
Insured Loss: $116 M

Windsor/Tecumseh/Essex, ON, August 28-29, 2017
Insured loss: $177 M

ON/QC, October 2017
Insured loss: $104 M

Eastern Canada Winter Flooding, January 2018

S. ON and QC flooding, February 2018

Toronto SDHI flooding, August 2018

QC and Maritimes flooding and wind, January 2019
ON and QC, early February thaw, 2019

Southern ON and QC snowmelt and rain, March 2019
Eastern Canada flooding, March 2019.

ON, QC, and NB spring flooding, April-May 2019
Insured loss: $272 M

Eastern Canada rain and windstorm, October-November

2019
Insured loss: $256 M

ON and QC winter storm and flooding, January 2020.

~80mmin 1h, ~260mmin 24 h

132mmin 2h, 12h accumulation of 149 mm (Toronto/North York)

116-140mm in 3 h in Hamilton area

102mm in 2 h, 6 h accumulation of 126 mm (Toronto/Pearson International Airport)

150-200 mm in Burlington

50mm (up to 90 mm total) in 3h (Thunder Bay, ON), 44 mm (Estevan, SK), 140 mm, 303
mm/h (West Hawk Lake, MB), 104 mm (Killarney, MB), 60 mm (Grandview, MB)

~130mm in 2 h (Estevan, SK), 49 mm (Clearwater, MB), 86 mm (Lloydminster, SK), 89 mm
(Yorktown, SK area)

195 mm (total), 100-110mm in 5h in Tecumseh, 115-230 mm in Windsor (24 h)
~80% of insured losses attributed to residential sewer backup/water damage

30-40mm (parts of S. ON/QC, April 4), 50-85mm (parts of S. ON/QC, April 5-7),
70-85mm in Montreal

290 mm in LaSalle, +220 mm in Windsor, 190 mm in Essex
~70% of insured losses attributed to residential sewer backup/water damage.

Remnants of Tropical Storm Phillipe (112 mm in Ottawa, 74 mm in Kingston)

Max rain: 127.5mm, Mechanic Settlement, NB. Losses also associated with high wind.
Max rain: 76 mm, Lucknow, ON. Additional losses due to freezing rain.

Max rain: 72 mm

Losses also attributed to freezing rain and wind.

Water and freezing rain related losses.

Losses attributed to snowmelt, rain and high wind.

Max rain: 62.2 mm, Duncan Cove, NS.

Losses attributed to flood and high wind.

Max rainfall: 109 mm, Stratford, QC. Losses also attributed to high wind and snow.

Max rainfall 82 mm, Wellesley, ON. Losses also associated with freezing rain and high
wind.

Sources: Catastrophe Indices Quantification Inc. (2020), City of Windsor (2017), Environment and Climate Change Canada (2017), Worsely (2005), and Town of Tecumseh (2016).

faced globally. This review article will enable the proposition
of recommendations for the adoption and management of
private-side technologies or approaches and identify areas of
future research urgently needed to lead to improved private-
side mitigation approaches and adoption to reduce the risk of
basement flooding.

FLOOD RISK FACTORS AND MITIGATION
APPROACHES

This section describes the different mechanisms by
which basements can flood, identifies the varied socio-
political,  environmental, and infrastructure  factors
that influencing basement flooding and presents an
overview of the private-side mitigation approaches

or technologies that can be applied to reduce urban
flood risk.

Basement Flood Mechanisms

Overland

Overland flooding results from flow, accumulation, and ponding
of rainwater and/or snowmelt in areas adjacent to buildings. In
the example provided in Figure 1, the stormwater system has
become overwhelmed, and water is flowing in an uncontrolled
manner over the surface, and entering homes through above-
grade openings. Water is also entering the backfill area directly
adjacent to the exterior of the foundation wall, and seeping into
the basement. The below example also illustrates how overland
flooding contributes to inflow/infiltration and sewer backup risk,
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FIGURE 1 | Overland (stormwater) flooding (Canadian Standards Association, 2018 —adapted from Sandink, 2009).

as surface water that has entered the basement is draining into
the sanitary sewer via the floor drain.

Infiltration (or Seepage)

Infiltration flooding may be associated with groundwater,
surface water, and sewer backup. In the example provided
in Figure 2, surface water has collected in the backfill area
adjacent to the basement wall, and is percolating into the
porous backfill zone, resulting in seepage of water through
cracks in the foundation wall and contributing to excess flows
in the home’s foundation drainage system. Infiltration flooding
may be associated with snowmelt events, prolonged rainfall
events, and groundwater levels that have exceeded the lowest
level of the basement floor. Buildings with no foundation
drainage systems, or where foundation drainage systems are
compromised, are particularly vulnerable to infiltration flooding
(Canadian Standards Association, 2018).

Further, where foundation drains are connected to municipal
sewer networks, surcharge, and backup of the systems may result
in infiltration flooding in homes. In the example in Figure 2,
the foundation drainage system is connected by gravity to the
municipal storm sewer system. The storm sewer system has
become surcharged, forcing water into the foundation drainage
system, and causing infiltration flooding into the home.

Sewer Backup

Sewer backup flooding is associated with surcharging storm,
wastewater, combined or “third pipe” (e.g., foundation drain
collector pipe) sewers. Figure 3 illustrates simultaneous flooding
associated with surcharged storm and wastewater sewer systems.
In this example, the surcharged sanitary sewer is backing up into

the home, with flood waters entering the home via basement
plumbing fixtures. Stormwater is backing up into the foundation
drainage system, forcing water into the bedding beneath the
basement floor slab and the backfill zone, resulting in infiltration
flooding into the home.

Additional Causes

Aside from the above mechanisms, a series of lot-level
drainage and plumbing failures may result in basement flooding
(Canadian Standards Association, 2018). For example, failure of
sump pump systems, associated with mechanical failures of the
pump, interruption in electrical supply, inadequate sizing of the
pump or pit, is a common cause of insured loss associated with
basement flooding (Sandink et al., 2020). Failure of sewer lateral
connections due to partial or complete blockages (associated
with fats-oils-grease, non-dispersible materials, root penetration,
poor installation, etc.), improper pipe grading, or other structural
defects can also contribute to flood occurrence at the property
scale (Canadian Standards Association, 2018; Robinson et al.,
2019; Robinson and Sandink, 2021).

Flood Risk and Influencing Factors

Numerous factors affect the risk of flooding of an individual
home, including socio-political, environmental, and
infrastructure factors (see Table 2). Consideration of all of
these factors and their inter-relationships is needed to ensure
successful design and implementation of mitigation methods to
reduce the risk of basement flooding and to identify and prioritize
private-side strategies based on site-specific conditions.

Frontiers in Water | www.frontiersin.org

August 2021 | Volume 3 | Article 689202


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Sandink and Binns Building- and Lot-Scale Flood Mitigation

Stack (vent) —
N O
Downspout
Bathroom
Ground surface
g i - A (poor lot grading)
Window wel
(no cover) h e |
-
- ! window
it
lzhnseded Undisturbed soil
anout
:z?:\ Floor cap o t
Wall cracks
] i Catch basin
kg Footing Coarse gravel | APlpe cracks
Storm service lateral I Shoan e
" Foundation drain Plpe cracks =
Foundation drainage Noad e toh - & - Into mu'i'\ols
system connected
foundation drain infiltrating into
o sanitary o sewer connection 003¢ It
Storm sewer
Floodwaters entering Pipe cracks Sanitary service
sanitary system Trp —— lateral
via floor drain Sanitary sewer
FIGURE 2 | Infiltration (seepage) flooding (Canadian Standards Association, 2018 —adapted from Sandink, 2009).
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FIGURE 3 | Sewer backup flooding (Canadian Standards Association, 2018—adapted from Sandink, 2009).

Socio-Political Factors

Socio-political factors, including public perceptions and attitudes
and governance, can affect the risk of flooding for a particular
home. These factors can affect the publics and industry’s

approach to the design, construction and adoption of private-
side flood mitigation strategies and influence the vulnerability
of individual homes to residential basement flooding. This
can include citizen participation in hazard mitigation policy
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TABLE 2 | Factors affecting residential flood risk.

Socio-political

Environmental

Infrastructure

Social Governance Hydro-meteorological

Watershed Municipal infrastructure Private-side

conditions characteristics infrastructure
Public awareness and Building and plumbing Climate Topography, soil and Urban drainage systems  Sewer lateral condition
perception code requirements vegetation
Citizen participation Planning policies Hydrology Land-use and land-cover ~ Stormwater and Basement flood mitigation
wastewater management  technologies
systems
Water conservation, By-law, regulation, Temperature Surface and groundwater ~ Street storage Lot drainage characteristics

construction code
enforcement and inspection
authority and capabilities

occupant behavior

features

(Oulahen and Doberstein, 2012) which engages the public in
the area of flood risk and vulnerability and the adoption of
technologies to reduce this risk. This aids in developing an
awareness for homeowners of the infrastructure present in
the home and the requirements for homeowner maintenance
(Sandink, 2011; Owusu et al., 2015).

Governance factors, including national and provincial
building and plumbing code requirements, interpretation
and enforcement, can impact the decisions to install flood
mitigation approaches. There exist inconsistencies regarding the
interpretation and enforcement of private-side flood mitigation
technologies across Canada (Sandink, 2013). As a result of
these inconsistencies, flood risk and vulnerability can vary
substantially across the country. By-law enforcement and
inspection authority and capabilities can further affect the risk
of flooding of residential basements, and planning policies that
influence housing density and use of basements as living spaces
can impact the severity of economic damages due to occurrences
of basement flooding.

There is a critical importance to engage with the public
on flood risk and vulnerability in order to improve flood risk
communication and response to flooding events (Sampson et al.,
2019). Public education has improved adoption of private-
side flood mitigation measures and research has shown that
increased awareness of private-side measures can result in
reduced economic impact due to flooding (Owusu et al., 2015);
however, challenges exist with respect to effectively engaging the
public in flood risk reduction options (Grothmann and Reusswig,
2006; Terpstra et al., 2009; Meyer et al., 2014).

Environmental Factors

Environmental factors that affect the risk of flooding for a region
or home include hydro-meteorological factors and watershed
characteristics. Hydrometeorology factors, including climate and
hydrology, are key drivers affecting the magnitude and frequency
of flooding events experienced in the watershed. Watershed
characteristics such as topography, land use and land cover and
surface water and groundwater conditions are important features
that affect the hydrological processes influencing the flood regime
for a region.

Land use and land cover in a given watershed influence
flooding and the related losses and damages (Brody et al,
2014). In particular, urbanization and the spatial distribution
of impervious cover across a watershed can greatly increase
the flood potential for a given watershed (Sheng and Wilson,
2009). According to Ahn and Merwade (2016) watershed
morphometry, watershed slope and land use are among the most
significant watershed factors affecting cases of extreme and severe
flooding events.

Rising water tables can lead to the presence of groundwater
near residential foundations which can increase basement flood
potential and damage to the foundation (Soren, 1976). This was
recently observed in the Alberta 2013 floods where increases
in the river stage lead to rising groundwater levels in river-
connected aquifers, leading to occurrences of infiltration flooding
into basements (Abboud et al., 2018). Changes in groundwater
abstraction rates and practices have also led to documented cases
of rising groundwater levels and concern regarding the impact
on infrastructure (Wilkinson, 1985). In comparison with riverine
flooding, infiltration flooding due to rising groundwater levels
have been shown to result in different damage characteristics to
basements and require different models to assess losses (Kreibich
and Thieken, 2008).

Hydrology-related factors such as precipitation, temperature,
and climate are important considerations related to the sensitivity
to flooding for a given region. For urban areas the spatial
and temporal variability of the rainfall patterns are important
factors in determining the hydrological response to flooding
events in the watershed (Yang et al, 2016). The effect of
climate change may result in changes to precipitation patterns
and magnitudes for regions across Canada, and the urban
environment is particularly sensitive to such changes. Small
changes in precipitation may result in dramatic increases in
flows in urban drainage systems, increasing the possibility of
surcharging sewers and flooded manholes (Nie et al., 2009).

Infrastructure Factors

Infrastructure  factors, including large-scale municipal
infrastructure and building- or private-side technologies
and/or approaches for flood mitigation, can affect flood risk.
Municipal factors, such as the nature and conditions of the sewer
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system, urban development patterns and large-scale stormwater
management infrastructure are important factors that can
contribute to the risk of basement flooding.

Increased vulnerability to basement flooding has been
documented for homes connected to a combined sewer system
rather than a separate sewer system (Mobini et al, 2020).
Excessive flows in combined sewer systems can result in
repeated occurrences of sewer surcharge and necessitate the
need for reservoirs to store excess sewage during large rainfall
events to prevent occurrences of sewer back-up resulting in
basement flooding (Bergman and Kapadia, 1988). There is
a need for dual drainage modeling due to urban flooding
resulting from surcharge sewers and development of increased
knowledge of the interaction between surface flows and
sewer network dynamics as well as increased capabilities to
model surface flow pathways (Schmitt et al, 2004; Leandro
et al., 2009; Seyoum et al, 2012). Basements can also
flood from excessive rainfall-derived infiltration and inflow
(RDII) that results from surcharging sewers which can be
due to the age or deterioration of municipal infrastructure
and contributions from sources such as surface runoff and
residential foundation drains (Brown and Hill, 2003). In many
regions of Canada, “partially separated” or “semi-combined”
systems, where private side downspouts and foundation
drainage systems are discharged to municipal-side separated
sanitary sewer systems, are also considered vulnerable to
sanitary sewer surcharge events, resulting in regional sewer
backup flooding (see Metro Vancouver Liquid Waste Services
Department, 2016; City of Ottawa, 2021; Utilities Kingston,
2021).

The presence of stormwater management infrastructure, such
as stormwater detention ponds, can greatly alter the hydrologic
response to flood events and slow down the transmission of
runoff (Yang et al., 2016). In addition to traditional stormwater
management infrastructure, green infrastructure or low impact
development measures, such as green roofs and vegetated
swales, have potential to reducing surface flooding, particularly
if these measures are strategically implemented within the
watershed (Haghighatafshar et al., 2018); however, questions
remain regarding their efficiency in reducing occurrences of
basement flooding.

Numerous lot-level factors (or characteristics) can result
in increased risk or vulnerability for an individual home to
basement flooding from overland, infiltration, or sewer surcharge
mechanisms. Local surface conditions such as street gradients,
sidewalks and curb heights and lot grading (Schmitt et al., 2004)
and the presence of the above-mentioned green infrastructure or
low impact development measures to divert or temporarily store
stormwater on the individual lot (Carr et al., 2001) can influence
the risk of flooding from overland flow. The risk of flooding from
infiltration mechanisms can be affected by connections between
the foundation drainage system and the sanitary sewer system
(TenBroek et al., 2002; Ladson and Tilleard, 2013; Chambers,
2014), and drainage characteristics in the proximity of the
perimeter of the home and protection of the foundation from
moisture (Swinton and Kesik, 2008). Characteristics of the sewer
lateral (e.g., slope, age, condition, presence of obstructions such

as root blockages, etc.) can affect the sensitivity of a home to
basement flooding from sewer surcharge mechanisms.

Private-side infrastructure or approaches can be implemented
in residential buildings to reduce the risk of flooding for
individual homes, including backwater valves to protect against
sewer surcharge, appropriate lot grading and drainage, and
foundation drainage systems (e.g., weeping tile systems) to
protect the home from infiltration flooding. Proper installation
techniques and regular homeowner maintenance are necessary
to ensure private-side infrastructure such as backwater valves
perform effectively (Irwin et al., 2018).

Private-Side Flood Mitigation Measures
Broadly, basement flood risk reduction on the private-side
of the property line can be classified as either behavioral or
physical. Behavioral measures are those that concern the actions
and behaviors of household members to manage flood risk,
for example actively seeking out information concerning flood
risk in their community, informing local authorities of their
flood experience, and having plumbing inspections conducted
in homes. These interventions are intended to ensure that
households access appropriate information that reflects details
concerning their municipality, subdivision, lot and home that
have significant implications concerning selection of appropriate
physical mitigation interventions.

Physical interventions include those that result in changing
of plumbing and drainage characteristics of buildings and
properties to reduce flood risk (Sandink, 2016). Details
concerning private-side mitigation of basement flood risk
are further outlined in CSA Z800-18 (Canadian Standards
Association, 2018), and are summarized in Table 3. Though
several interventions may be targeted specifically at limiting risk
of overland flood waters entering buildings, by keeping water
out of basements—and thereby keeping water from draining into
flood drains connected to sanctuary sewers—these interventions
may also contribute to reduction of I/I.

CHALLENGES FOR ADOPTION AND
SUCCESS OF FLOOD MITIGATION
MEASURES

Numerous challenges exist that affect the successful adoption
and continued performance of flood mitigation measures. This
section discusses several of these challenges, including public
awareness and engagement, the difficulty in identifying the cause
of a flood at the building scale, uncertainty in the efficacy of flood
mitigation measures, jurisdictional issues for the implementation
of these measures and maintenance issues to ensure continued
performance of private-side mitigation measures.

Public Awareness and Engagement

Effective engagement of households in basement flood risk
reduction is an ongoing challenge. Municipalities across Canada
have developed financial subsidy programs aimed at increasing
uptake of private-side basement flood interventions. Financial
resources made available to households to engage in risk
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TABLE 3 | Private-side basement flood risk interventions (physical) (Sandink, 2016; Canadian Standards Association, 2018).

Intervention Flood type addressed Function

Overland flood Infiltration/seepage Sewer backup Reduce private-side Reduce private-side
flood risk I/l contributions

Site grading and drainage* X X X X X

Moisture protection and X X

foundation drainage

Ensuring that the foundation is X X X X

appropriately sealed to reduce

water penetration (e.g., sealing

cracks and utility penetrations)

Addressing overland flood entry X X X X

points (e.g., near/below grade

windows)

Sewer backflow protection X X

(sanitary, storm)

Sump pump systems X X

Sump pump backup systems Addresses risk from primary sump pump failure X X

(e.g., backup power)

Appropriate discharge of X X X X

foundation drainage

Disconnection of downspouts X X

from sewer systems

Downspout, foundation drain X X X X

discharge extension beyond

backfill zone

Sewer connection maintenance, X X X

replacement

*Includes and site grading and drainage feature that serves to reduce risk, such as restricting use of reverse slope driveways and exterior basement stairwells.

reduction activity are dependent on the municipality issuing the
program; however, the programs emphasize mitigation of risk
associated with sanitary sewer surcharge (Sandink, 2013; Institute
for Catastrophic Loss Reduction, 2017). Further, preliminary
interviews conducted with municipal staff managing subsidy
programs in 10 Canadian communities have indicated that
uptake programs is often low (Institute for Catastrophic Loss
Reduction, 2017), reflecting previous findings in the disaster
risk perception and behavior literature (Martin et al., 2007;
Jassempour et al., 2014; Meyer et al., 2014; Thomas et al., 2018;
Botzen et al., 2019).

Several flood mitigation measures concern buried systems,
including buried sewer connections, drainage pipes located
below concrete basement floor slabs, and foundation drainage
systems. The condition of these systems cannot be easily
assessed, and conceptualizing some flood mitigation measures
(e.g., disconnecting foundation drainage systems from sanctuary
sewers) adds complexity to homeowner planning for risk
reduction. Flood mitigation is also a response to low probability,
high consequence events. Unlike energy use reduction options
at the household level, which provide potential immediate
and ongoing benefits to the household in the form of
reduced energy costs, the performance of flood mitigation
measures is dependent on the occurrence of extreme rainfall
events that exceed local design capacities for stormwater and
wastewater systems.

A further barrier to implementation is that critical I/I
reduction interventions—including disconnecting foundation
drainage systems, disconnecting downspouts from municipal
sanitary (or combined) sewer systems, and repairing leaking
sewer laterals—may not serve to directly protect the household
that adopts the intervention. For example, households that
have not experienced flooding or are at low risk of flood
may still be requested to mitigate their home’s contribution
of excess flow to the sanitary system to protect downstream
residences (e.g., downspout and foundation drain disconnection
from sanitary sewers). The process of installing these I/I
management interventions, while serving to contribute to
community level (or sewershed) risk reduction, may introduce
significant inconvenience to a household, while offering limited
direct benefit. Further, as flood issues, including sewer backup,
result from the failure of built infrastructure (e.g., sanitary
sewers), there may exist the perception that responsibility
for mitigation lies with the municipality or local authority
responsible for drainage and wastewater, and that it is not the
responsibility of households to engage in flood risk reduction
(Sandink, 2011).

While the cost to install most flood risk reduction measures in
new construction is relatively low, retrofitting of flood mitigation
measures can be highly costly for households. While municipal
subsidy programs may provide partial assistance for expensive
mitigation interventions including backwater valve and sump
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pump systems, additional issues may arise during installation
that can drive up costs substantially. For example, poorly graded
building drains located beneath basement floors may have to
be re-graded, cast-iron pipes may have to be replaced, and
sanitary sewer connections cleared of debris and blockages before
backwater valves can perform properly (see Sandink, 2017).
Flood risk reduction measures will also require maintenance,
including routine checks of key components and regular cleaning
(Canadian Standards Association, 2018).

Uncertain Efficacy of Private-Side

Interventions
Two primary factors that limit efficacy of flood risk reduction
measures include:

1. Clear definition and treatment of the flood types that the
building is exposed to, and

2. Efficacy of flood mitigation intervention methods themselves,
resulting from product or intervention design, installation,
and/or maintenance issues.

Concerning Factor 1, as discussed above, basement flood causes
are interdependent. For example, overland flooding associated
with short-duration high-intensity rainfall events can contribute
to inflow/infiltration (and therefore sewer backup risk), sewers
may back-up into storm and/or sanitary sewer connections,
and sewer backup, overland flood and infiltration flood may
occur simultaneously. Further, if homeowners are not present to
observe water entering homes via the surface, through plumbing
fixtures, sump pits, and or foundation walls, it will be difficult to
determine how flood waters entered the home.

Some types of flood may be indistinguishable to a resident;
for example, infiltration flooding resulting from overloaded
foundation drainage systems (Table 4 Type A) and infiltration
flooding associated with backing up of storm sewer systems
into foundation drains (Table4 Type B) may appear to
the homeowner as floodwaters seeping into the basement
through floors and walls. Mitigation for these two flood
types, however, require drastically different intervention options
(Table 4). Similar to the example provided in Table 4, sanitary
sewer backup may be caused by overwhelmed municipal-
side sewers, and/or from compromised private-side sanitary
sewer connections (Canadian Standards Association, 2018).
The interrelated nature of flood causes results in difficulty
in diagnosing flood risk and intervention solutions by all
stakeholders involved in flood risk reduction, from homeowners
to insurance and municipal infrastructure professionals.

Concerning Factor 2, there is limited information and
evidence available about the long-term efficacy of basement
flood protection measures, notably active and passive systems
intended to protect the home directly. Backwater valves,
sump pumps, and backup power systems require maintenance
and proper installation for effective long-term operation.
Further, construction code requirements may not reflect the
installation needs of these systems. For example, backwater
valve manufacturer instructions indicate that a minimum 2%
slope should be applied for proper function of a popular

backwater valve product (ML 4963—Mainline Backwater Valves,
2013), and a steeper grade is preferred. Local construction code
interpretation, however, may permit sanitary building sewer
slopes of only 1% (Robinson et al., 2019). Misalignment of
basic code requirements and installation requirements for flood
mitigation interventions present risk associated with long-term
performance of these devices.

Municipal Programs Emphasize I/l and

Sewer Backup Protection

Municipal programs emphasize controlling inflow/infiltration
and flood risk associated with sewer backup, and promote
interventions including backwater valves, foundation drain
disconnections, sump pump installations, and downspout
disconnections. These programs therefore do not typically assist
homeowners with multiple/complex flood causes, including
combinations of sewer backup, infiltration and overland flood
(Institute for Catastrophic Loss Reduction, 2017).

Varied Levels of Success at Engaging

Households in Risk Reduction

Table 5 outlines common methods applied to encourage
households to participate in flood risk reduction. These
methods range from provision of communication information to
households, to generous financial assistance for private-side flood
risk reduction work, enforcement of local bylaws concerning
sanitary sewer use, and interpretations of provincial construction
code wordings to require flood mitigation interventions.

With respect to on-the-ground implementation of flood
mitigation options at the private-side of the property line, success
of these programs is highly varied. While enforcement of sewer-
related by-laws and code provisions in new construction is highly
effective, managing existing residences is difficult. For example,
enforcement of local sewer use bylaws, which, for example,
may prohibit connection of foundation drainage, sump pump
systems, and/or downspouts to sanitary sewer systems, may
require entering of homes, CCTV inspections of laterals, dye
testing, smoke testing, etc., and require voluntary compliance
of residents to access properties and homes for these purposes.
Lateral certification programs and time of sale requirements for
lateral inspections have been explored in Canada (see Metro
Vancouver, 2008), as have requirements for inspections of
laterals when significant renovations or redevelopments occur
on the private-side of the property line (for example, City of
Surrey—see Kyriazis et al., 2017; Robinson and Sandink, 2021).
These programs, however, have yet to be widely implemented
across Canada.

Jurisdictional Challenges
Many factors driving flood risk are located on the private-side
of the property line, and are under the control of homeowners
and households (Figure4). It is therefore imperative that
private property owners and households become engaged in
risk reduction.

Extraneous connections to sanitary sewers (including
downspout and foundation drainage connections to sanitary
sewers), and leaking sanitary sewer laterals are significant
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TABLE 4 | Interventions for two types of foundation drain system failures.

Flood type Description Appears to homeowner as Possible intervention

A Overloaded foundation drainage Water seeping into basement via Improve surface drainage, cap backfil
system, seepage into basement via cracks, joints in basement floor and area, maintain/repair foundation
infiltration originating at the lot level walls drainage system

B Backing up of storm sewer system Same as above. Protect home from storm sewer

into foundation drainage, where
foundation drainage drains by gravity
to municipal storm system

system backflow (e.g., disconnect
foundation drainage system, add
sump pump; provide backwater
protection on private-side storm
sewer connection)

TABLE 5 | Common approaches for engaging households and observations.

Engagement method

Examples

Observations

Education programs

Direct financial
subsidies (local
government)

Local “mandatory”
approaches (existing
construction)

Local bylaws (outside
of construction code
and building services
department jurisdiction)

Construction codes
(new construction,
significant
renovations/repairs).

Insurance incentives

Direct financial
subsidies (insurance)

Distribution/access to brochures, communications
materials, public meetings, websites

Subsidies commonly offered for downspout and
foundation drain disconnections, backwater valves,
sump pump systems

Enforcement of local sewer use and downspout
disconnection bylaws

Lateral certification programs

Lateral inspections at time of
redevelopment/significant renovation

Interpretation or enforcement of lot grading and
drainage bylaws in a manner that restricts use of
reverse slope driveways

Inclusion of wording in planning, zoning bylaws that
restrict use of reverse slope driveways

Provincial construction codes (e.g., building and
plumbing codes) that include provisions for
basement flood protection (for example, NPC
2.4.6.4 and provincial variations)

Premiums, sub-limits on water damage/sewer
backup endorsements, deductibles, availability of
cover

Direct financial subsidy for mitigation interventions
following claim events

Relationship to uptake is unclear, unmonitored

Emphasis is on I/ and sewer backflow protection
Uptake is typically low (<10%), with

some exceptions

Strict bylaw enforcement for existing residences is
often impractical, politically unpopular

Lateral inspections/replacement at time of
redevelopment/significant renovation have been
tested and applied in only a small number of cases
in Canada.

Highly effective for new construction. Difficulties
exist with respect to enforcement and
implementation in existing neighborhoods, due to
cost, technical complexity and limited homeowner
involvement

Highly effective for new construction and
redevelopment/significant renovations
Effectiveness is dependent on interpretation and
enforcement

Critical flood protection measures (e.g., backup
power for sump pumps) is not included in
construction codes

When applied to the water damage component of a
property insurance policy, incentives may not offer
significant offsetting of cost of installation of
mitigation measures

Interventions such as sub-limits and deductibles
may not be readily understandable by households
Several large/national insurers are offering direct
incentives for mitigation following flood
events—uptake is varied; typically below
expectations

Sources: Kyriazis et al. (2017), Robinson and Sandink (2021), Robinson et al. (2019), and Sandink (2011, 2016).

contributors to inflow/infiltration (Robinson and Sandink, 2021).
A survey conducted by the Water Environment Federation of
58 US agencies revealed that all but one agency considered I/I
in sanitary sewer systems an issue. Further, 26 of these agencies
provided estimates of private-side contributions to overall
I/I, ranging from 7 to 80%, with an average estimation that
24% is contributed through private-side sewer laterals (Water
Environment Federation, 2006). Pearlman (2017) suggested
that, in many municipalities, 40% of sewer system infiltration

originated from the private-side of the property line. Nelson
et al. (2005) identified that 55% of I/I in the municipal system
originated from private-side of the property line, and Pawlowski
et al. (2014) identified that 35% of I/I sources during SDHI rain
events originated from residences, and that 98% of private-side
I/I originated from laterals and downspouts in Columbus,
Ohio. Reflecting private-side I/I contributions, the connection
of foundation drains in partially separated/semi-combined
sewer systems remains an ongoing important source of I/I in
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regions across Canada (Metro Vancouver Liquid Waste Services
Department, 2016; Canadian Standards Association, 2018;
Peiying et al., 2019; Robinson and Sandink, 2021).

A further jurisdictional challenge is that numerous lot-grading
and drainage issues that contribute to overland and infiltration
flood risk (for example, settlement of backfill areas, reverse-slope
driveways, poor grading that directs surface water toward the
building), must be either partially or wholly managed on the
private-side of the property line. Building plumbing and drainage
components (sump pump systems, sewer backflow protection)
are also installed and maintained on the private-side of the
property line, and inside of the home where they cannot be easily
inspected by municipal officials.

Maintenance Issues

Maintenance issues with respect to private-side flood mitigation
measures have been gaining increased awareness in recent
years. The effectiveness of private-side flood mitigation
measures depends on regular and appropriate maintenance
on the part of the home or building owner/operator.
Maintenance ensures that the mitigation measures continue
to perform as designed and protect the basement from
water intrusion.

Backwater valves installed to protect the basement from sewer
surcharge need to be regularly maintained by the homeowner
by cleaning the valve of solids and debris that build up over
time. Solid particles can settle and build-up within the main
body of the valve. In particular, these solid particles can settle
underneath the flap of the valve in some popular normally-
open valve models (Dusolt, 2019). The build-up of the solids
in this location can inhibit the free movement of the flap

within the valve, causing the valve to remain stuck in the
open position during a surcharge event. Regular maintenance
to clean the valve from any deposited solids and check
the movement of the flap and its components (e.g., O-ring,
floats) is required to ensure the valve performs as designed
during a surcharge event. In addition, the condition of the
sewer lateral downstream of the valve should also be regularly
inspected to ensure that it is clear of any obstructions, such as
tree roots.

Foundation drainage systems installed around the perimeter
of the home’s foundation also require regular maintenance by
the homeowner. The drainage pipe can become overgrown with
roots and other blockages (Horizon Engineering, 2020) which
would inhibit or reduce the ability to transport water. Fine
material from the surrounding soil can also enter the drainage
pipe, leading to possible clogging of the openings along the pipe,
and inhibiting the ability of groundwater from the surrounding
subsurface to enter the drainage pipe. Regular inspection of the
drainage pipe can ensure that the pipe is free from obstructions
and any clogging from deposited material. Maintenance to
ensure the drainage pipe is free from these obstructions can
then be performed by a professional to ensure the foundation
drainage system performs as designed. Homeowners should
also regularly ensure that their sump pump is properly
functioning, including any battery back-up for their sump
pump (if present).

The condition of the ground surface on the lot is also an
important aspect of homeowner maintenance to help protect
the basement from water intrusion and flooding. This includes
ensuring that lot grading directs water away from the foundation
of the home and checking that the soil directly around the
perimeter of the home is free from any local depressions
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where water could pool. Homeowners should also ensure that
downspouts discharge at the required minimum distance from
the foundation wall.

Lastly, proper communication with respect to the private-side
flood mitigation measures located within the home is paramount,
particularly at the time of sale to new homeowners. This includes
the maintenance requirements, access and lifespan/condition of
the flood mitigation measures.

OPPORTUNITIES AND
RECOMMENDATIONS FOR IMPROVED
FLOOD PROTECTION

This section discusses recent advances from the literature related
to both structural flood mitigation strategies, such as private-side
flood mitigation approaches or green infrastructure installations,
and research into perception and behavior related to the uptake
of disaster mitigation strategies at the household level. From this,
a list of recommendations to reduce risk of urban pluvial flooding
events is provided.

Research Into Physical Flood Mitigation

Strategies

While research into prediction and impacts of flooding is
prevalent in the literature, specific research into the vulnerability
and impact of basement flooding is relatively limited. Several
advances into the performance of catchment-scale and private-
side flood mitigation strategies have been made as research
into this topic has increased in recent years. Research has
included both numerical and experimental approaches and has
focused on the capabilities of green infrastructure (or low impact
development) and lot drainage, sewer back-up and backwater
valves, and infiltration flooding and foundation drainage systems.

Influencing Factors on Occurrence and Magnitude of
Urban Flooding Events

Sorensen and Mobini (2017) utilized insurance claim data to
gain greater insight into the influential characteristics that result
in flooding. Considering specifically basement flooding due to
overland, groundwater intrusion and infiltration (i.e., drainage
system) flooding for a city in Sweden, these authors found that
the intensity and spatial distribution of rainfall, type of drainage
system, distance to main sewer systems and overland flow routes
are amongst the most influential characteristics affecting urban
flood risk.

White et al. (2013) applied numerical modeling tools to
investigate conveyance capacity in combined sewer systems
to evaluate the magnitude and location of occurrences
of sewer surcharge into basements and surface flooding.
Considering areas in the sewer network in Portland, Oregon
where extensive occurrences of basement flooding have
occurred, Dutt and Hemphill (2004) designed a toolbox for
optimization and recommendation of basement flooding
relief alternatives, including consideration of pipeline and
sewer conveyance improvements, stormwater separation,
residential downspout disconnection and green infrastructure

measures. These authors applied a comprehensive approach that
included field monitoring, hydraulic modeling and geospatial
information systems software to evaluate the effectiveness of
proposed improvements.

Catchment-Scale (or Neighborhood-Scale) Green
Infrastructure Installations

Interest in the capabilities of green infrastructure installations
to reduce runoff and minimize the risk of basement flooding
has been growing in recent years. Flood damage observed in
neighborhoods in an area of Sweden in response to an extreme
precipitation event with an estimated return period between
50 and 200 years were compared by Sorensen and Emilsson
(2019). These authors found that neighborhoods with blue-
green infrastructure (including stormwater detention ponds,
green roofs, and swales) resulted in less damage compared to
areas in the city having conventional stormwater management
(i.e., combined or separate pipe networks). Steis Thorsby
et al. (2020) applied numerical modeling tools to investigate
the effectiveness of neighborhood-scale green infrastructure
measures (e.g., green roofs, bioretention basins, and bioswales)
for flood mitigation purposes to reduce the occurrences of
combined sewer overflows and basement flooding. Further
investigation into the performance and effectiveness of green
infrastructure measures has been conducted by Webber et al.
(2020) through the application of a cellular automata-based rapid
scenario screening framework to predict the performance of
green infrastructure measures for flood management purposes in
response to varying intensity rainfall events ranging in intensity
from moderate to extreme.

Considering the impact of private-side drainage practices,
Jiang et al. (2019) applied a novel statistical approach to
investigate the role of rainfall-derived inflow (RDI) from
residential foundation drainage systems to evaluate its effect
on total rainfall-derived infiltration and inflow (RDII) and
occurrences of sewer surcharge. Results from this research found
that RDI can be responsible for up to 85% of total RDII for a
case study location in London, Ontario, Canada, highlighting
the importance of disconnection of foundation drainage systems
from the sewer system in order to reduce occurrences of
sewer surcharge and basement flood risk. Considering the
effect of RDII, Jiang et al. (2020) investigated a statistical and
mathematical approach to develop guidance methodology to
evaluate the minimum data requirements for field surveys to
evaluate basement flood vulnerability in order to effectively
identify appropriate mitigation efforts.

Advances in Private-Side Flood Mitigation Research

Research into private-side flood mitigation techniques has
also been increasing in recent years. In particular, backwater
valve research has grown in response to concerns regarding
the performance of this technology in various site-specific
conditions. Despite growing adoption of this device, concerns
have been raised regarding failure of backwater valves during
sewer surcharge events that result in raw sewage entering
the basement. Irwin et al. (2018) conducted an investigation
to compile information on failure of backwater valves and
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determined that valves have been reported to fail as a response
to issues concerning the slope and condition of the sewer lateral,
wastewater material and flow and pressure conditions. Dusolt
et al. (2021) conducted further research into the effect of solids
build-up in backwater valves and the reported performance
issues and determined that installation and maintenance issues
were primary concerns that have adversely impacted backwater
valve performance. Dusolt (2019) conducted a comprehensive
series of laboratory experiments to evaluate the rate of solids
build-up in backwater valves under various configurations and
conditions. This research sought to evaluate the effect of
lateral slope, composition of wastewater and household density
on the rate of solids build-up. This research highlighted the
importance of regular homeowner maintenance to remove solids
from backwater valves and revealed that increased maintenance
intervals are required in certain circumstances.

Infiltration flooding has also gained increased research
in recent years. Asphaug et al. (2020) considered moisture-
related damage in basements driven by primarily infiltration
mechanisms and examined recommendations from various
cold climate countries to assess similarities and differences in
national building recommendations. The authors discovered
similar recommendations in lot grading and the presence
of drainage layers and drainage pipes, while differences in
recommendations pertained to the use of exterior damproofing,
dimpled membranes and vapor barriers. Kaur et al. (2021)
discussed the factors that affect the performance of foundation
drainage systems and presented the design of a novel laboratory
apparatus to conduct experimental research to quantify
infiltration pathways to drainage systems and better understand
performance and maintenance issues. Further research is
required to evaluate the mechanisms responsible for infiltration
flooding into basements and better understand the performance
of foundation drainage.

Disaster Risk Reduction Perception and

Behavior

There exists a substantial literature summarizing studies that
have attempted to explain factors that affect public, individual,
and household adaption of risk reduction measures. These
studies have been applied for a variety of hazards, notably flood,
including river, coastal, and urban flash flooding (Grothmann
and Reusswig, 2006; Terpstra et al., 2009; Terpstra, 2011; Bubeck
et al, 2012; Koerth et al., 2013; Dittrich et al,, 2016; Fox-
Rogers et al.,, 2016; Haer et al., 2016; Babcicky and Seebauer,
2017; Richert et al., 2017; Erdlenbruch and Bonte, 2018; Botzen
et al, 2019), and also earthquake (Mulilis and Lippa, 1990;
Lindell and Perry, 2000; Tanes and Cho, 2013; Joffe et al., 2016),
wildland-urban interface fire (Martin et al., 2007; Shafran, 2008;
Mozumder et al., 2009; Penman et al., 2016, 2017), disaster
preparedness (Glik et al., 2014; Jassempour et al., 2014; Adame
and Miller, 2015; Thomas et al., 2018), climate change impacts
including sea-level rise (Semenza et al., 2011; Song and Peng,
2017), tornado (Chaney et al., 2013), and other hazards including
landslide (Mertens et al., 2018).

Studies have applied a range of theoretical models, including
Protection Motivation Theory (PMT) (Poussin et al., 2014;
Haer et al., 2016; Bamberg et al., 2017; Erdlenbruch and
Bonte, 2018; Mertens et al., 2018; Botzen et al., 2019), vested
interest theory (De Dominicis et al, 2014), the Theory of
Planned Behavior (Nox and Myles, 2017), the Transtheoretical
Model (Martin et al., 2007), and approaches based on the
findings of behavioral economics (Linnemayr et al., 2016; Mol
et al, 2020), as well as hybrids of these models (Martin
et al, 2007). Generally, perception and behavior research
seeks to explore and help explain perceptions, behavior and
behavioral intentions related to disaster risk reduction planning
by individuals, and to offer recommendations on disaster
risk reduction initiatives that include motivating individual
property owners to undertake household or property-level risk
reduction actions.

Behavioral economics approaches have been advanced to
motivate behavior with respect to disaster risk reduction (Mol
et al.,, 2020). While these approaches have to date rarely been
applied in the field of disaster preparedness and response,
they have resulted in favorable results in similar decision
making contexts (where benefits of investments are uncertain,
where behavior change may benefit others more than the
individual making the change). Programs based on behavioral
economics have been found to be relatively effective when
applied to subjects including public health, personal finance (e.g.,
retirement savings), and voter turnout (Linnemayr et al., 2016).
Researchers in behavioral economics have also offered practical
guidance on how disaster risk managers can apply findings of
behavioral economics to improve programs that aim to improve
public understanding of hazards and risk, and motivate behavior.
For example, it has been argued that simple changes in messaging
concerning return periods could be made to improve the impact
of disaster education initiatives (e.g., stop referencing return
intervals such as “1 in 100 year” in flood education materials,
and instead focus on the likelihood that a homeowner could be
flooded throughout the tenure of their home ownership) (Meyer
and Kunreuther, 2017).

Reflecting the experience of basement flood public
engagement program managers in Canada, the perception
and behavior literature has consistently argued that many at risk
households do not invest in cost-effective mitigation measures
across a range of hazards (Martin et al., 2007; Botzen et al,
2019). For example, low rates of uptake of interventions to
reduce hurricane risk have been identified in the United States
(Meyer et al, 2014). Intensive coastal flood risk reduction
measures, such as elevating homes following Hurricane Sandy
in New York, were influenced by building regulations rather
than voluntary action by households (Botzen et al, 2019).
Thomas et al. (2018) found that uptake of disaster preparedness
kits and family disaster plans was limited following relatively
intensive interventions, including intensive education sessions
and multiple reinforcement contacts following the initial session.
Jassempour et al. (2014) found similarly limited uptake after
several interventions to promote adoption of disaster Kkits.
Further, exposed residents may choose to focus primary on
low-effort measures for flood protection (Koerth et al., 2013).
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Limitations of Perceptions and Behavior Research
Hazard perception and behavior studies have been undertaken
for many decades, beginning as early as the 1960s in the US
with a focus on flood (for example, Burton and Kates, 1964).
Despite this considerable history, Mertens et al. (2018) recently
described the literature on adoption of household-level disaster
risk reduction measures as “scattered and inconclusive.” As such,
it may be difficult for a household basement flood program
manager, typically working in a municipal engineering or utilities
department with limited resources and support to implement
a homeowner mitigation program, to draw on the perception
literature to develop and refine public education and engagement
programs for basement flood protection.

Specific challenges with application of the literature for
real-world engagement programs include limited reporting on
effect size of interventions (i.e., proportion of households that
actually apply mitigation actions), and reporting of relatively
small effect sizes (Bamberg et al., 2017; Pagliacci et al., 2020).
Further, to date, few studies have explored the topic of
urban/pluvial flood risk, and specifically household basement
flood risk associated with short-duration, high intensity rainfall
events (Pagliacci et al., 2020). With some exceptions (e.g.,
Dittrich et al., 2016; Botzen et al,, 2019), many studies have
not explored implementation of high-intensity and/or resource
intensive voluntary risk reduction actions (e.g., those requiring
investment of significant time and resources for households, such
as foundation drain disconnections).

Further, interventions that have been promoted in the
literature to encourage risk reduction behavior may be
considered relatively intensive, and include demonstration
sites, property-level evaluations, and dedicated support for
risk reduction activities (Martin et al., 2007; Jassempour et al.,
2014; Dittrich et al., 2016); however, these interventions have
uncertain outcomes. For example, Joffe et al. (2016) found
a statistically significant increase in preparedness following
workshop interventions focusing on earthquake and urban fire
preparation. Rather than the interventions themselves, however,
property inspections meant to verify uptake of measures was the
most important factor driving uptake of measures. Terpstra et al.
(2009) found that intensive workshop activities (including flood
protection infrastructure visits, attending lectures, face-to-face
communication with local officials) produced underwhelming
outcomes with respect to changing risk perceptions. A lack
of clear findings that interventions increased risk reduction
behavior have been identified elsewhere (Tanes and Cho, 2013;
Adame and Miller, 2015).

Hazard information is valuable, and has been linked to greater
willingness to participate in risk reduction actions (Mozumder
etal,, 2009). A relatively consistent finding in the perceptions and
behavior literature is that those in low risk areas are less likely to
engage in risk reduction activities than those in high risk areas
(Botzen et al., 2019). A primary concern with urban/basement
flooding is that official flood hazard maps are largely unavailable
to the public across Canada.

Reliance on surveys and self-reported adaptations, as is
common in the perception and behavior literature, may present

a challenge to researchers exploring adoption of household-level
measures. Many households may not know what the measures
are, as they are often integrated into passive plumbing and
drainage systems. For example, in a neighborhood that had been
exposed to repeated flood events and relatively intensive public
engagement efforts, 32% of 674 respondents were not able to
identify whether they had a sewer backflow protection device in
their home (Sandink, 2011).

Engaging Households in Risk Reducing Behavior
Regardless of the above-noted limitations, a number of consistent
findings in the literature may help guide interventions designed
to affect household urban flood mitigation behavior. A clear
theme in the literature is that common or traditional approaches
to engaging the public in disaster preparedness, including
provision of information on hazard and risk reduction options
to the public, and other measures relying on an information
deficit approach, have not had a significant impact of on adoption
of physical risk reduction measures (Fox-Rogers et al., 2016;
Linnemayr et al., 2016).

It has been argued that response efficacy and self-efficacy
may play a role in adoption of mitigation measures (Penman
et al., 2017; Botzen et al,, 2019). Low levels of self-efficacy, with
respect to the measures available to individuals and their ability
to implement measures, may limit uptake of actions (Fox-Rogers
et al., 2016; Mertens et al., 2018). Communication focusing on
how to cope with flooding may increase interest in adoption of
mitigation actions (Haer et al., 2016; Erdlenbruch and Bonte,
2018). Applying PMT, Poussin et al. (2014) argued that coping
appraisals (variables concerning perceived self-efficacy, response-
efficacy, and time and resources needed to implement measures)
had a more important influence on mitigation behavior, when
compared to threat appraisals (perception of probability and
damage associated with flooding).

It has been argued that risk reduction behavior can be
supported though increased belief in ones’” exposure to risk, the
perceived severity of the risk, belief that the risk can be avoided,
and perceived efficacy of household measures available to reduce
risk (Martin et al., 2007; Dittrich et al., 2016). As stated by Martin
et al. (2007: 898), “people must feel they have the knowledge,
ability, and resources to deal with the risk at hand and that the
actions they take will effectively reduce the risk, before they are
ready to move into the action stage of risk reduction.”

In the development and implementation of public
engagement programs, individuals may be differentiated
based on the stage of their decision making process, including
distinguishing those who have not yet decided to change
behavior, to those who have decided that they will make a
change to their behavior, to those who have already engaged
in risk reduction actions. Individuals at different stages in the
decision making process may require different motivations to
progress in the decision making process (Martin et al., 2007).
Further, the influence of neighbors (e.g., those conducting visible
vegetation management for WUI fire) have been noted (Shafran,
2008). Haer et al. (2016) also identified a role for propagating
information through social networks in the context of flood risk,
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though an exploration of the use of norm-nudges for flood risk
reduction behavior by Mol et al. (2020) did not provide evidence
that they could be used to increase flood preparedness. Further,
Babcicky and Seebauer (2017) found that social capital increased
perceived self-efficacy for flood preparedness, but also reduced
flood risk perceptions due to expectations of social support
during disasters.

DISCUSSION

Recommendations for Reducing Urban
Flood Risk

Considerable information and knowledge exist on damages and
protection for other forms of flooding (e.g., coastal and riverine
flooding). Owing partly to urban pluvial floodings exclusion
from traditional river and coastal flood risk management options
in Canada, relatively less is known about pluvial flooding in
urban environments as it pertains to the mechanisms responsible
for causing basement flooding and the approaches to mitigate
damages and insured losses. Despite the numerous challenges
and complexities with respect to basement flooding and the
responsible mechanisms, there are encouraging opportunities
to better understand this phenomenon and appoint more
appropriate and effective private-side flood mitigation measures
to lead to reduced flood risk. As discussed in this paper, these
include the advancements made in research as well as the
development of a better understanding of the inter-relationship
between the influencing factors affecting basement flooding and
an appreciation of the inherent challenges of private-side flood
mitigation approaches.

As illustrated in Figure5, continued improvements in
urban flood risk reduction rely on: (1) understand the causes
and driving factors responsible for basement flooding; (2)
research performance, suitability and optimization of private-
side flood mitigation measures; (3) understand and address
voluntary adoption of household flood risk reduction, including
maintenance of measures; (4) develop non-voluntary methods to
incorporate risk reduction in new and existing buildings; and (5)
promote iterative processes for reducing flood risk.

Understand the Causes and Driving Factors Responsible for
Basement Flooding

Complex processes and mechanisms affecting a neighborhood
or an individual residential home make it difficult to assess
the vulnerability to flooding at the site-scale. The inter-
related factors, including socio-political, environmental and
infrastructure factors, can result in flood vulnerability that
differs for homes in relative close proximity. Numerous
independent factors influence the risk of flooding from
sewer backup, infiltration and overland mechanisms. For
instance, sewer backup flooding can be affected by sewer
network characteristics, the condition of the sewer lateral,
and local drainage characteristics. Infiltration flooding, on
the other hand, can be highly influenced by groundwater
conditions, soil properties and infiltration characteristics, and lot
drainage characteristics. Overland flooding can be affected by
characteristics including the proximity to rivers, large-scale (i.e.,

catchment-scale) stormwater management features and local
topography (i.e., elevation). Further research is required to bring
together all of these factors to better identify site-specific flood
vulnerability and understand the complexity or urban flooding.

Research Performance, Suitability and Optimization of
Private-Side Flood Mitigation Measures

Research efforts to better understand the private-side flood
mitigation measures (such as backwater valves and foundation
drainage systems) is presently limited; further efforts are needed
to characterize the efficacy and performance of these measures
and determine their suitability for specific conditions. This
includes understanding the effect of variability in lot-specific
conditions as well as the relation between private-side flood
mitigation measures and large-scale drainage and watershed
conditions. This research is also required to understand the long-
term performance of private-side flood mitigation, including the
effect of future environmental change (e.g., changes in climate,
changes in land-use, etc.). This knowledge will also lead to
the development of insight into required maintenance for these
measures and will aid in design of strategies to communicate this
to homeowners.

Understand and Address Voluntary Adoption of Household
Flood Risk Reduction, Including Maintenance of Measures
The successful adoption of suitable private-side flood mitigation
measures is complicated by challenges related to public awareness
and engagement and jurisdictional issues, which can cause
uncertainty with respect to the available technologies and
approaches and with whom the responsibility lies. Movement
away from information-deficit models, and greater emphasis on
factors that have been found to better drive public engagement
flood risk reduction (e.g., self-efficacy) is warranted.

Recently, national guidance on household level interventions
for flood risk have been published (Canadian Standards
Association, 2018). With the exception of Sandink (2007,
2011), no studies have been identified that examine public and
homeowner understanding and reaction to public engagement
programs focused specifically on urban flooding in Canada.
There remains, therefore, a research gap in understanding
public motivations to engage in urban/basement flood
mitigation options.

Additional work is required to identify, develop, and
evaluate models of effective public engagement in the context
of urban flood in Canada. Studies have evaluated resource-
intensive interventions (e.g., multiple workshops, meetings,
interventions), with mixed results. In some circumstances,
studies have indicated an uptake in mitigation measures—
however, effect size is not always large, and it is not clear that
consistent advice is available to achieve uptake levels of 50% or
more that may be required to adequately control basement flood
risk and I/I (see Chambers, 2014).

Where appropriate flood mitigation measures are adopted,
they will have to be maintained to ensure efficacy. This process
requires homeowner understanding of mitigation technology
present in the home, and appropriate support for maintenance.
Attention must also be given to ensure that the knowledge
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1. Understand the causes and
driving factors responsible for
basement flooding

2. Research performance,

5. Promote iterative processes suitability and optimization of
for reducing flood risk private-side flood mitigation
measures

4. Develop non-voluntary 3. Understand and address

methods to incorporate risk voluntary adoption of
reduction in new and existing household flood risk, including
buildings maintenance of measures

FIGURE 5 | Recommended steps for reducing risk of urban flooding events through private-side flood mitigation measures.

of private-side flood mitigation technology is transferred when  that includes understanding of societal benefits for reducing
homes change ownership. It is also important for homeowners  flood risk, has not been conducted for basement flood protection
to understand how the private-side flood mitigation measures  measures in Canada.

present in the home reduce exposure of the home to Assessments of the societal benefits and costs of urban flood
basement flooding and reduce the risk of water damage from  risk reduction should incorporate issues surrounding vulnerable
flooding events. segments of society, including those who occupy basement or

below-grade dwellings. Municipalities lack data on basement
apartment occupancies, and in many cases residents may occupy
illegal residences. It is unlikely, therefore, that the experience
of these residents is incorporated into flood risk reduction
programs. Research conducted elsewhere concerning resiliency
of residents and recovery capacity may serve as a model for
further work in this area (Chen and Leandro, 2019).

Develop Non-voluntary Methods to Incorporate Risk
Reduction in New and Existing Buildings
Given the uncertain effectiveness and potential complexity of
public engagement programs, effective urban flood risk reduction
work should incorporate advances in new building regulations
(e.g., construction codes) and retrofit requirements (e.g., time-of-
sale, time of renovation requirements), where private-side flood
mitigation measures can be implemented during key windows  Promote Iterative Processes for Reducing Flood Risk
of opportunity to ensure their implementation and integration  Lastly, recommended steps for reducing urban flood risk
into an adequate proportion of homes. This work should be  through private-side measures illustrated in Figure5 are
supported by appropriate evaluations of costs and benefits of a continuous cycle, in which the implementation and
household-level flood risk reduction options. experience (e.g., success, failure, challenges, etc.) of private-
For example, the Multi-Hazard Mitigation Council (2019)  side flood mitigation measures will assist in informing
identified favorable benefit-cost ratios (BCRs) for a variety  greater insights into flood vulnerability, direct further
of disaster mitigation measures that exceeded US-relevant research into technology and approaches to reduce the
construction code advice. This work focused on wet and dry flood  risk of basement flooding and assist in successful adoption
proofing provisions that support flood insurance implementation ~ and implementation of voluntary and non-voluntary flood
in the US. Site/property-scale wildland fire risk reduction  mitigation measures. Altogether, this will lead to improved
measures have been studied using a similar approach in Canada,  private-side flood protection options available to homeowners
and have also found extremely favorable BCRs (Porter et al,,  to provide greater protection against water damage from urban
2021). To date, however, a comprehensive benefit cost analysis  flood events.
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CONCLUDING REMARKS

This review paper presented and discussed the socio-political,
environmental, and infrastructure factors that affect the risk of
basement flooding and the flood mitigation measures that can
be implemented to reduce risk of water damage from overland,
infiltration and sewer backup flooding events. Numerous
challenges exist that have hindered more widespread adoption
of household and property measures to reduce the risk of urban
flood damage. These challenges highlight the need for improved
engagement of homeowners to provide greater awareness of flood
vulnerability and mitigation, development of a greater knowledge
to identify the specific causes (or mechanisms) responsible for
basement flooding, and the need to reduce uncertainty in the
efficacy of private-side mitigation measures.

Local jurisdictions respond immediately to damaging urban
flood events, and must work to mitigate risk with the
available tools, including private-side flood mitigation options
and devices. Decisions must be made in the post disaster
period, regardless of the dearth of research concerning design
and long-term efficacy of flood protection devices. Improved
understanding of performance of private-side interventions
is needed, as is practical guidance on effective engagement
of households in disaster risk reduction—including methods
that result in widespread uptake of relevant risk reduction
options. Tools and methods for urban flood risk management
must be developed to reflect the context of limited time and
resources for comprehensive urban flood management by local-
level practitioners.

Further research is required to better understand the inter-
relationships between the various factors influencing flood
vulnerability and to understand the performance and suitability
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