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ABSTRACT

A GEOSPATIAL FRAMEWORK TO ESTIMATE DEPTH OF SCOUR UNDER
BUILDINGS DUE TO STORM SURGE IN COASTAL AREAS

Mariamawit Borga, M.S.
George Mason University, 2016
Thesis Director: Dr. Burak F. Tanyu

Thesis Co-Director: Dr. Celso Ferreira

Hurricanes and tropical storms represent one of the major hazards in coastal
communities. Storm surge generated by strong winds and low pressure from these
systems have the potential to bring extensive flooding in coastal areas. In many cases, the
damage caused by the storm surge may exceed the damage from the wind resulting in the
total collapse of buildings. Therefore, in coastal areas, one of the sources for major
structural damage could be due to scour, where the soil below the building that serves as
the foundation is swept away by the movement of the water. The existing methodologies
to forecast hurricane flood damage do not differentiate between the different damage
mechanisms (e.g., inundation vs. scour). Currently, there are no tools available that
predominantly focus on forecasting scour related damage for buildings. Such a tool could
provide significant advantages for planning and/or preparing emergency responses.

Therefore the focus of this study was to develop a methodology to predict possible scour



depth due to hurricane storm surges using an automated ArcGIS tool that incorporates the
expected hurricane conditions (flow depth, velocity, and flood duration), site-specific
building information, and the associated soil types for the foundation. A case study from
Monmouth County (NJ), where the scour damages from 2012 Hurricane Sandy were
recorded after the storm, was used to evaluate the accuracy of the developed forecasting
tool and to relate the scour depth to potential scour damage. The results indicate that the

developed tool provides relatively consistent results with the field observations.



1 INTRODUCTION

Storm surge is considered as one of the major causes of coastal inundation (Wolf 2009).
Each year, there is an estimated 6 billion dollars’ worth of damage caused by floods in
the United States (Hallegatte 2013). A more recent example of hurricane surge and
inundation is Hurricane Sandy, which impacted the east coast of the U.S. in 2012,
creating damage due to flooding and strong winds (Hatzikyriakou et al. 2015). Although
the storm was classified as category 1, at the time of the landfall based on the Saffir-
Simpson Hurricane Scale, approximately 37,000 primary residences in New Jersey
suffered from damages brought by hurricane (FEMA 2013).

Accurately estimating hurricane induced flood damage is essential to long term
coastal resilience planning, support recovery efforts, and insurance purposes. While
significant progress has been made in documenting damage after the occurrence of
natural hazards (e.g., IPET 2007; FEMA 2013), forecasting damage due to hurricane
storm surge to different infrastructure types is still subject of many active research
(Kreibich et al. 2010; Nadal et al. 2010; Liu et al. 2012; Jongman et al. 2012; Banks et al.
2014; Tate et al. 2014; Xian et al. 2015; Wagenaar et al. 2015). Although correct damage
estimation may not be able to directly prevent the total damage, it can support emergency
management actions before the hazard and avoid fatalities. Additionally, it provides an

important tool for planning purposes to help with decision making before designing



residential areas along the coastlines. The most commonly used flood damage estimation
approaches are based on relating the estimation of flow depth to the building damage
based on previous observations in other areas (Kreibich et al. 2010; Nadal et al 2010;
Jongman et al. 2012). Current research in this area has led many different countries to
develop their own unique models based on publicly available data and the type of
flooding observed such as the Multi-Coloured Manual (MCM) for the United Kingdom
(Penning Roswell et al. 2005) and Flood Loss Estimation Model (FLEMO) in Germany
(Kreibich et al. 2010). In the United States, HAZUS is the most commonly used damage
estimation model for floods, developed by the Federal Emergency Management Agency
(FEMA) (Scawthorn et al. 2006; FEMA 2009; and Wagenaar et al. 2015). HAZUS is a
multi-hazard (MH) model that includes the estimation of damages due to high winds and
earthquakes. The coastal flood model incorporated in HAZUS-MH is often used to assist
flood damage estimation in the United States. It utilizes the location, building inventory
and properties (such as first floor elevation, age of the structure, and presence of
basements), and flooding characteristics to estimate damage and associated replacement
cost. Although this model is commonly used, it has two major limitations for this study:
(a) the estimated damage is for individual census block and do not differentiate the
damage loss per building, and (b) flood damage estimation is based on the empirically
developed depth-damage curves from previous hurricanes and the damage type is not
differentiated specifically (FEMA 2009; Nadal et al. 2010). The major factors that
contribute to HAZUS-MH flood model are flow depth, velocity, and flood duration,

which is more comprehensive than other flood models such as FLEMO and MCM as



these models are solely based on flow depth (Wagenaar 2015). The damage value for
FLEMO is estimated based on the replacement cost, while the damage value for MCM is
based on depreciated values. In HAZUS-MH the user can choose either to use the
replacement value or depreciated value (Jongman et al. 2012). However, in all of these
models, the estimated damage value is specific to the country where the model was
developed for, and in none of these models the damage type is differentiated.

The impact of a hurricane in buildings and infrastructures could be attributed to
hydrodynamic and hydrostatic forces, waves, debris forces, lateral loading, erosion, and
scour (Robertson et al. 2007). Scour is a phenomenon that removes sediments from or
around piers, abutments, and building foundations by the hydrodynamic forces caused by
water. Excessive scour has the ability to remove the passive resistance provided by the
soil to the structure, causing a complete structural failure as recognized by others
previously (Kohli and Hager 2001; Nadal et al. 2010; Chen et al. 2013; FEMA 2013;
Xian et al. 2015). The interest to evaluate scour damage has been a subject to many
researches throughout the years. However, these studies primarily focus on estimating
scour for piers and abutments due to riverine floods and not particularly associated with
hurricanes (Shen et al. 1969; Froehlich 1989; Briaud 1999; Briaud et al. 2009; Deng and
Cai 2010; Arneson et al. 2012; Govindasamy et al. 2013). Estimating scour damages in
rivers is relatively easier to define since around these structures, water flows within well-
defined boundaries. In the case of hurricanes, often, water with high velocity may flow
for a limited time in between buildings and not necessarily following within well-defined

flow geometry. Also, in the case of bridge and pier scour, it is easier to estimate the



ultimate scour based on the constant flow condition assumptions. In the case of
hurricanes, limited inundation time plays an important role and must be carefully
considered to properly estimate building scour depth (Zevenbergen 2004), adding an
extra difficulty to the problem. Yet, most of the existing methods do not take into account
the time and only attempt to differentiate the scour development with different soil types.
Therefore, the use of bridge scour equations to estimate hurricane driven flood without
modifications will lead to unreliable scour damage (Nadal et al. 2010). There is a
significant gap in the literature on estimating scour for building foundations, and only
few researchers have addressed this problem. In this study only two empirical equations,
developed by Kohli and Hager (2001) and Nadal et al. (2010), could be found to estimate
scour for building foundations located in coastal areas. These estimations took into
account the effect of building geometries, detailed flow and soil characteristics, including
the flood duration. An accurate estimation of the scour damage requires consideration of
flow depth, velocity of the water, and flood duration (Kohli and Hager 2001, Nadal et al.
2010). These inputs for the scour damage equations can be attained from different
sources such as storm surge numerical models and publicly available data.

The purpose of this research was to develop a geographic information system
(GIS) based framework to forecast depth of scour within building foundations
constructed in coastal areas. Therefore, an approach was established by combining
existing building scour equations, storm surge model, publicly available soil and building

STM

information to create an automated GIS tool based on the ArcGl platform. This

methodology could be applied to any region with different soil conditions for different



storms to forecast scour depth, unlike the existing flood models that are restricted to the
region it was developed for. The performance of the developed framework was then
evaluated by implementing it to a case study during Hurricane Sandy. Furthermore, this
framework can potentially be used for risk assessment, planning and/or preparing for
emergency responses to better prepare for the storm, avoid fatalities, save money by

taking precautions ahead of time, and implementing mitigation plans.



A tool for estimating scour depth underneath buildings was developed using the model
builder tool in ArcGIS™. Fig. 1 shows the framework developed to create the ArcGIS
based tool. The framework consisted of three components: (a) storm surge modeling to
obtain hydrodynamic data such as flow depth, velocity, and flood duration, (b) accessing
public database to attain building footprints and soil characteristics for the foundation and

(c) implementing existing building scour equations. Details of each component are

described below.

2 FRAMEWORK
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Fig. 1 Developed framework to estimate building scour depth spatially



2.1 Storm Surge

Storm surge is a potentially devastating rise in the sea surface caused by tropical or
extratropical cyclones (Resio and Westerink 2008). In order to develop a realistic
forecasting model, the ArcGIS based tool must incorporate the specific hydrodynamic
conditions that are associated with specific storm surge caused by a hurricane scenario.
Determining the hydrodynamic conditions directly from a ArcGIS platform is not
possible, but there is existing public data information and numerical models such as
Advance Circulation model (ADCIRC), Finite Volume Coastal Ocean Model (FVCOM),
Semi-implicit Eulerian Lagrangian Finite Element Model (SELFE) specifically
developed to simulate storm surge (Kerr et al. 2013).

During the last years, multiple studies have provided publicly available data for
historical flood events. For instance, the FEMA Modeling Task Force (MOTF) study
reported flow depth measured at different locations and at building scale after Hurricane
Sandy (2012). Moreover, the North Atlantic Coast Comprehensive Study (NACCS)
report of the U.S. Army Corps of Engineers (USACE) simulated maximum water
elevations for historical coastal flooding events. However, these types of reports will only
provide post event data at sparse locations. In order to develop a scour damage model that
may be implemented in different areas, modeling the storm surge is the most viable
option. Therefore, the model can simulate water levels, velocity and flood duration, and
after a post processing process, this information can be used as inputs for the model used
to estimate scour depth. Storm surge models have been widely used to estimate flooding

in coastal areas (e.g., Bunya et al. 2010; Dietrich et al. 2010 and Ferreira et al. 2014) and



they might represent a reliable tool for calculating water levels, velocity of the water, and
the flood duration of the flood event. One widely used storm surge model is the Advance
Circulation model (ADCIRC) (Westerink et al. 2008). ADCIRC is a finite element based
model that simulates time series water levels by solving the generalized wave continuity
equation and velocities by using the vertically integrated shallow water momentum
equations. This model showed a high level of accuracy for estimating tides, riverine flow,
and storm surge for Hurricanes Katrina and Rita (2005) (Bunya et al. 2010; Dietrich et al.
2010; ). Furthermore, ADCIRC is capable of running on an unstructured mesh using a
parallel communication system, allowing a high degree of scalability and integrating
seamlessly the physics and numerics from ocean to floodplain (Dietrich et al 2010).
Therefore for the purposes of this study, ADCIRC model is used to obtain site-specific
storm surge data, which is then incorporated into the ArcGIS platform for the scour
model.

Before running the storm surge model, a collection of public information dataset
must be taken. This public dataset involves: (1) geographical and elevation information,
(2) land cover information, (3) astronomical tidal constituent’s information, and (4)
meteorological information. (1) For the geographical and elevation information, the
numerical model needs an unstructured mesh to perform the simulations, and it consists
of a group of triangular elements and nodes, defined by its longitude, latitude and
elevation. Currently there is a wide available source of numerical grids or also, the user
could build a numerical grid for the study region based on topography data, which is

available from variety of sources (Digital elevation model U.S. Geological Survey



(USGS), USGS National Elevation Dataset (NED) elevation data and bathymetry data
(NOAA ETOPO2v2), data from US Department of Commerce 2006, Coastal Relief
Model, Shoaling Waves Experiment, etc.). (2) For the land cover information, surface
roughness associated to a given land cover is an important factor as it causes loss of
energy in the movement of the water. Resio and Westerink (2008) emphasized that
surface roughness might have a significant impact on storm surge wave propagation over
water ways and over land areas. The two most widely used land cover data set are USGS
National Land Cover Data (NLCD) and USGS National Gap Analysis Program (GAP).
(3) Tides (driven by the movement of the Sun, Moon, and planets) play an important role
in storm surge. The global ocean tide model of Le Provost et al. (1994) contains
astronomical tidal constituent’s data essential to properly run the storm surge model. (4)
Meteorological agencies such as NOAA release a wide source of meteorological
products, which are indispensable to generate storm surge. Some of these products are
part of the Best Track database from National Hurricane Center (NHC) or North
American Model (NAM) from National Center for Environmental Prediction (NCEP).

As it is mentioned previously, the storm surge model outputs need to be processed
to be incorporated into the scour model, which is discussed in the subsequent sections of
this manuscript. This post processing requires land surface elevation information, as for
example determined from the Digital Elevation Model (DEM) dataset. DEM can be
downloaded from National Elevation Dataset (NED) provided by the U.S. Geological

Survey (USGS).



2.2 Available Public Data

In the United States, specific building footprints and soil characteristics are publicly
available. In addition, the flow depth data from FEMA MOTF might also exist after the
event. Public databases for building footprints may be obtained from the state or county
building database. The data provided will typically include a shape file of the building
footprints and this information may be incorporated into ArcGIS platform to obtain the
building geometry.

Soil characteristics of an area may be extracted from soil maps and surveys
available from the soil survey geographic database or county/state databases. This
information is used to obtain the soil inputs (particle sizes and sediment density) for the
scour damage model. The most common source for this information in the U.S. is the Soil
Survey Geographic (SSURGO) database that is managed by the National Cooperative
Soil Survey. This dataset includes soil classification and for the purposes of developing
an ArcGIS based tool, utilizing the grain size distribution is essential to identify the
median particle size (dso) and particle size that corresponds to 90% of the particles to be
finer (dgo). The definitions of how to obtain dso and dgg from the soil data are readily
available in many soil mechanics textbooks (Das and Sobhan 2006, Coduto et al. 2011).
The sediment density range for the soils can also be obtained from books and different
studies (Hillel 1980; Blake and Hartge 1985; Boyd 1995; Avnimelech et al. 2001).
Sediment density is defined as the ratio of soil mass to the volume of the soil

(Avinmelech et al. 2001).
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2.3 Building Scour Equations

Currently there are only two empirical equations (Kohli and Hager 2001; Nadal et al.
2010) found that specifically estimate scour at building foundations based on specific
flow velocity, flood duration, flow depth, building geometry, and soil characteristics. For
the purposes of this study, both empirical equations are coded into the ArcGIS platform

to estimate scour.

2.3.1 Kohli and Hager Equation
Kohli and Hager (2001) developed an equation to describe building scour based on an
experimental study, which accounted for flow characteristics, building geometry, and soil
characteristics. About 60 experiments were conducted in a flume simulating a horizontal
floodplain. The experiments were conducted with cohesionless soils with particle sizes
ranging between 1.3 and 2.74 mm, building widths between 0.05 and 0.4 m, and flow
depths between 40 and 150 mm. These conditions simulated based on a Froude similarity
law.

The equation developed by Kohli and Hager (2001) to estimate scour depth (z) for

building foundations is presented below:

/ Fd? 2 , 0.5 \
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| — |
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where:

z = scour depth (m)

Fq = densimetric particle Froude number

g’ = reduced gravitational acceleration (m/s)

T = non-dimensional time

Z = dimensionless scour depth

b = building width (m)

ho = flow depth (m)

t = flood duration (hour)

V = velocity (m/s)

dgo = 90% finer particle size (m)

p = fluid density (1 g/em®)

ps = sediment density (g/cm?)

g = gravitational acceleration (9.81 m/s)
2.3.2 Nadal et al. Equation
Nadal et al. (2010) developed an equation to analyze building scour by modifying the
existing equations (Colorado State University and Barkdoll 2000) that were previously
developed to analyze bridge piers and abutments. The equation developed by Nadal et al.
(2010) account for the time-effect from the flow and a parameter to simulate the scour
phenomena occurring on the corners of the buildings. The equation proposed by Nadal et
al. (2010) is primarily based on the evolution of the scour equation developed by

Colorado State University and time-scale factor developed by Barkdoll (2000). The
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modified Colorado State University (CSU) scour equation is for piers, and incorporates
the flow and soil characteristics as well as the pier geometry including square shapes
(Jones 1983; Richardson and Davis 2001). However, this equation does not take into
account the flood duration. To account for the flood duration, Nadal et al. (2010)
incorporated the time scale factor that was developed by Barkdoll (2000) into the scour
equation. The time-scale factor developed by Barkdoll (2000) is based on combination of
the laboratory data generated by the researcher from circular and non-circular piers and
data generated by Melville and Chiew’s (1999), which was limited for cylindrical bridge
piers.

The methodology developed by Nadal et al. (2010) incorporates the CSU equation
with the correction factor to account for the square shape condition as well as half of the
building width. The building width is taken as half of the building width because of
scour developing on the corners of the building instead of developing in the middle which
is the case with bridge piers and the time-scale factor presented by Barkdoll (2000) to
account for flood duration.

The equation developed by Nadal et al. (2010) to estimate scour depth (Zt) at a

|

)

building foundation is presented below:
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where:

z; = scour depth at a building foundation (m)
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z = Final scour depth (m)

br = one half width of building in the direction of the flow (m)
ho = flow depth (m)

F, = Froude number

V = Flood water velocity (m/s)

g = gravitational acceleration (9.81 m/s?)

Kt = time scale correction factor

tr = flood duration (hour)

t, = time required for development of maximum scour depth (hour)
V. = critical floodwater velocity (m/s)

dso = median particle size (mm)

uc = critical shear velocity (m/s)

(uc = 0.0115 + 0.0125 (d50**) for 0.1 mm < d50 < 1 mm and

ie = 0.0305d50%5 — 0.0065 (d50~1°) for 1 mm < d50 < 100 mm)

(Note: The critical shear velocity equation () requires dso in mm)

2.3.3 Similarities and Limitations of these Equations

Both building scour equations developed by Kohli and Hager (2001) and Nadal et al.
(2010) account for building geometry, flow characteristics such as flow depth, flood
duration and velocity, and soil characteristics. However, both equations have limitations

that should be recognized when using these equations to estimate building scour damage.
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Kohli and Hager (2001) have stated that their equation is only applicable:

for cohesionless soils,

soil particles sizes (dgo) greater than 0.5 mm,
flow depth larger than 25mm,

dimensionless time between 10 and 10°,
densimetric Froude number up to about 3,

building width of the intermediate range (1<b/h,<25) and

Nadal et al. (2010) scour equation only applies to:

Eq. 1 is primarily based on experimental study and Eq. 2 is based of modifying existing
equations. To the best of the author’s knowledge the scour depths estimated from both of

these equations have never been compared before with real time observed conditions.

for cohesionless soils,

soil particle sizes (dso) between 0.1mm and 100 mm,

Conditions where the ratio of velocity to critical velocity (V/V,) greater

than 0.4 and less than or equal tol.

2.3.4 Sensitivity Analyses

Before implementing the building scour equations in the ArcGIS based geospatial model,
the existing scour equations were evaluated for their sensitivity to changes on input
parameters related to flow, soil, and building characteristics. Altogether 73 analyses were

performed using Eqgs.1 and 2. Table 1 displays a range of parameters and magnitudes

15



considered for the analyses. The selected range of parameters for building widths and
particle sizes are based on the dataset obtained from Monmouth County, for flood
duration, velocity, and flow depth are from a storm surge model simulated for the study

region, and for sediment density is based on Hillel (1980) and Avnimelech et al (2001).

Table 1 Range of parameters and magnitudes used for sensitivity analyses

Parameters Magnitudes

Building width- b(m) 10, 20, 30, 40, 50, 60

Flow depth- h, (m) 0.06, 0.46, 0.86, 1.26, 1.66, 2.06, 2.46, 2.86, 3.26,
3.66

Velocity- V (m/s) 0.0001, 0.23, 0.46, 0.55, 0.69, 0.71, 0.88, 0.92,

1.04,1.15,1.21,1.37,1.54,1.61,1.7,1.84,1.87, 2

Median particle size- dso (M) 0.00017, 0.00019, 0.00021, 0.00025, 0.0003,
0.0004, 0.00043, 0.00052, 0.00061, 0.00063

90% finer particle size- dgo (M) 0.00053, 0.0006, 0.0012, 0.0014, 0.0015, 0.0017,
0.0018, 0.0025, 0.003, 0.0035

Sediment density- p, (g/cm?) 2.6, 2.65, 2.7

Flow duration - t (hours) 1,12, 18, 24, 48, 72, 96, 120, 144, 162

The sensitivity analyses were performed by altering a single parameter while
keeping the other parameters constant. For example, the effect of flow depth was
analyzed by changing the flow depth incrementally from min. to max. values (i.e., 0.06 to
3.66 m) while keeping the building width, velocity, particle size, sediment density, and
flood duration constant. Each scenario was evaluated for six different building widths

ranging from 10 to 60 m as obtained from the Monmouth county database.
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Fig. 2 presents the sensitivity analyses results based on average range of
parameters for the study region for each building width. The trends observed in Fig. 2
also very similar to the trends observed in all analyses. As shown on Fig. 2, the estimated
scour magnitude increased on both scour equations with increase in flow depth, velocity,
flood duration, and building width. Arneson et al. (2012) also stated that scour depth
increases with an increase in velocity and flow depth. Also, for both scour equations the
estimated scour depth decreased as the soil particles became coarser (larger). The
observed sensitivity based on particle size is consistent with other studies such as by
Ettema (1980) and Arneson et al. (2012). Based on the analyses, velocity, particle size
and flow depth are the most sensitive parameters for Eq. 1, and velocity, and flood
duration for Eq. 2. However for both equations, velocity appears to be the most important
parameter. For Eqg. 1, the scour depth was not drastically affected by the changes of
sediment density.

Overall results from the sensitivity analysis indicate that there is a difference in
estimated scour depth magnitudes between Eq. 1 and 2. This difference is further

discussed in the subsequent sections.
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2.4 Automated GIS Tool
To create an ArcGIS tool, the input parameters for the scour equations such as the
hydrodynamic data, building geometry and soil information needs to be extracted. The

steps to extract building geometry, soil and hydrodynamic data is discussed below.

2.4.1 Building data collection

The model builder tool in ArcGIS (Schaller J, Mattos C 2001) was used to develop a tool
to seamlessly estimate scour damage in buildings. This tool requires specific parameters
that can be obtained from the components discussed above. The building shapefile
obtained from the state databases usually lacks the coordinate information for the
building footprints. Therefore, it is necessary to simplify and define the geometry of each
building (width), as well as their orientations. Fig. 3 illustrates the steps to create building
geometry database in ArcGIS model in order to obtain building width and direction of the
width. As shown on Fig. 3, first the shape file obtained from the public database is added
to ArcGIS and the simplify building tool found in ArcGIS to simplify the building
footprint is applied by removing majority of vertices and leaving most of the buildings
with four vertices. Secondly, the feature to line tool also found in ArcGIS is applied to
convert the building polygons to lines and apply split line at vertices tool to split the lines
at the vertices into four separate features. Thirdly, after the building width is divided at
the vertices, the distance of the building widths are estimated by applying calculate
geometry tool found on ArcGIS. Next the angle of the building width is calculated by
applying field calculator as shown on Fig. 3. Finally, the direction of the building width

based on the angle is calculated and by using field calculator the building width is
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assigned north if the angle of the width lies between 0 - 45° and 315 - 360°, South 135 -
225°, East 45 - 135° or West 225 - 315°. The code used to calculate the building angles

and to assign the building width is given in Appendix B.

Public data
{(building
footprints as
shape file)
Calculate
A 4 Simplify building Feature to line Split line at vertices geometry
| ArcGIS I_) > Linel =3 Widh1
[— O BE—| a—1L - op
I —
Field calculator (Define < [E Field calculator (Define
building width orientation) building width angle)}

Fig. 3 Flow chart for creating building database in ArcGIS

2.4.2 Hydrodynamic data collection

The steps to process the hydrodynamic data from the storm surge model and incorporate
them into the scour damage model at individual building scale are shown on Fig. 4. There
are two different components involved: (1) maximum velocity and flood duration that
will be obtained by using fishnet points (points at the center of each fishnet cell), and (2)
the flood depth that will be obtained by an interpolation. Therefore, first fishnet points for
the study region must be created by using create fishnet tool found in ArcGIS. Each
created point comes with a unique feature id (FID) number and x and y coordinates must
be added using the add XY coordinate tool on ArcGIS. This information is used to record

stations where the model will provide maximum velocities at x and y directions, and
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water level time series. Thus, the flood duration is extracted from these water level time
series. To integrate flood duration and maximum velocity into the ArcGIS tool, these
parameters must be joined and assigned to each fishnet point based on their FID number.
Conversely, the process to obtain flow depth, as it is shown in Fig. 4, is significantly
different. Maximum water levels are estimated by the model on a discrete number of
locations (nodes of the numerical grid) as the model results are not spatially continuous.
Therefore, first it is necessary to transit from maximum water levels at specific locations
to a spatially continuous map (the entire study region) by using an interpolation scheme
(i.e., spline). Second, in order to obtain a flood depth map, the elevation from a digital
elevation model (DEM) must be subtracted from the maximum water levels map created
in the previous step. It is very important both maps have the same vertical datum. In the
case descried in this manuscript, the vertical datum was NAVD 88. An example of
fishnet points and the steps to obtain the flood duration and maximum velocity within

those points are presented in Appendix C.
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Fig. 4 Flow chart to create hydrodynamic database in ArcGIS

2.4.3 Soil data collection

The soil data obtained from state or county database comes in the form of ArcGIS layer
and usually lacks dso, dgo, and ps values for the soil type. Therefore, plotting the grain size
distribution curve is important to determine the particle sizes (dso, dgo) and also, to assume
sediment density values, which are then joined to the soil map using join tool in ArcGIS
as shown on Fig. 5. The grain size distribution, particle sizes for all soils found in the
study area and an example how to determine the particle sizes (dso, dgo) and assign the

sediment density is presented in Appendix D.

22



Public data
(Soil map)

>

Plot grain size
distribution

T dso

dso

v

P=

|

Fig. 5 Flow chart to create soil database in ArcGIS

2.4.4 Data processing

Fig. 6 illustrates the steps to join the input parameters (hydrodynamic and soil) data with
the building geometry data. First, the building geometry data is merged with the fishnet
point, which contains the storm surge data (maximum velocity and flood duration) using
spatial join tool. Therefore, the data from the storm surge model (flood duration and
maximum velocities) must be associated to each building based on the lowest distance
between a fishnet point and those buildings. Second, the flow depth value must be
assigned to each building by using the extract tool to extract the values based on the
building polygon location. Then, the soil data must be joined with the building data using

the intersect tool. The input parameters required to estimate scour depth for both scour

equations are in the building geometry polygon.
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Fig. 6 Flow chart data processing for scour damage estimation in ArcGIS

Subsequently, two models are created in the model builder tool: Kohli and Hager
(2001) Eq. (1) model and Nadal et al. (2010) Eq. (2) model as shown on Fig. 7.
Furthermore, a scale factor should be applied to Eq. (1) to find relationship with Eg. (2).
This is important because ranges of the scour depth for these equations are different as
observed on the sensitivity analyses. Therefore the scale factor is needed to create a scour
range to apply one damage classification for both equations and also for comparison.
Finally the outputs obtained from Eg. (1 and 2) have to be evaluated based on the
limitations of the equations used to predict scour as depicted on Fig. 7. Thus, conditional
statements that contain the limitations of both Eq. (1 and 2) are subjected to the scour
estimates. These constraints will ensure that the scour estimates satisfy the limitations of
the equations. If the limitations are not satisfied, there will be no scour prediction. If the
limitations are satisfied, the ArcGIS tool will be able to estimate scour depth with spatial

distribution at a building scale.
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Fig. 7 Integration of scour equations into ArcGIS model for spatial distribution




3 CASE STUDY: APPLICATION TO HURRICANE SANDY

The developed ArcGIS framework can be implemented to forecast scour depths within
the foundation under the building due to storm surge flooding an area. To test and
demonstrate the developed framework, the ArcGIS tool was implemented to a known
hurricane event in the New Jersey area to predict the scour depth. Furthermore, outputs of
ArcGIS tool were compared with the observed damage in the field to relate the estimated

scour depth to scour damage and to evaluate the consistency of the tool.

3.1 Study Region

Monmouth County (NJ) was selected to implement the ArcGIS framework (Fig. 8).This
area was selected as the region of interest because there are publicly available flood
damage reports from FEMA after Hurricane Sandy and, in addition, the authors had the
opportunity to visit the site before and after the hurricane. The authors surveyed some
areas in the study region and documented the observed damage by taking photographs of
buildings. Area 5 shown on Fig. 8 is the fifth area observed by the authors that consists of
223 buildings. It was observed that there were damaged buildings due to scour and
inundation in this area. This area was selected due to the availability of field photos that
show scour and inundation damage. Also, the soils in this area are primarily cohesionless,

which is an important factor for the available building scour equations.
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Fig. 8 Overview of study region a geographical location; b location of the buildings in
the study region; ¢ location of area 5 with field photos (the 5 area visited)

3.2 Available Public Data

Before Hurricane Sandy made landfall, the U.S. Geological Survey (USGS) deployed a
wide number of surge sensors. Additionally, after this event, high water marks in this
area were reported. The information gathered was used to update the modeled surge
inundation with physical field observations (FEMA MOTF 2014). Using the support
from Civil Air Patrol and NOAA imagery, FEMA MOTF was able to develop a database
for each building in the area. The flow depth was determined by subtracting the high
water marks and surge sensor records from a digital elevation map (DEM). The key
attributes to the building points included the damage level based on the combination of

visible imagery, flow depth estimated at each structure point based on the FEMA-MOTF
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observed inundation products, presence or absence of inundation based on visible aerial
imagery, and the depth in feet of inundation at each structure point relative to the ground
surface (FEMA MOTF 2014). For this particular study, the focus was only on the
inundation damage; therefore, inundation damage was extracted from this data.

Buildings that are found within the study region were obtained from the county
building database. However, the coordinate information for the building footprints was
not available in this database. Therefore, the ArcGIS tool and the method discussed
above were used to simplify the buildings, measure the width of each building, and
direction associated to this width (north, south, east, and west).

An ArcGIS soil map and soil survey of Monmouth County (NJ) was also obtained
from Monmouth County Division of Planning. The grain size distribution of each soil
type was graphically summarized for each soil type observed from the database. Soils in
the study region primarily consisted of sand with fines. Grain size distributions for each
soil type were used to obtain the corresponding particle sizes that pass through 50% (dso)
and 90% (dgo) finer maximum particle sizes, which varied from fine to medium size sand
and from medium to coarse sand respectively. There were also pockets of areas where the
soils had 5 to 35% fines content (particles smaller than 0.075 mm, primarily
characterized as silt and clays). However, (as one of the limitations) this information is
not incorporated in the analyses as the scour depth equations are only based on ds, and
dgo particle size values of the soils, which in the study region primarily consisted of sand
sized particles (particles greater than 0.075 mm in size). In addition to the particle sizes,

Eq. 1 also requires the input of the sediment density, which is assumed as 2.65 g/cm® for
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the soils found in this area. This assumption was made because sediment density is
typically taken as 2.65 glcm® (Blake and Hartge 1985; Boyd 1995; Avnimelech et al.
2001).

3.3 Damage Classification for Study Area: FEMA MOTF Hurricane Sandy Impact
Analysis and Field Scour Observations

Damage level reported from FEMA MOTF as it relates to inundation damage is
categorized into the following three groups: affected (field verified flow depth or storm
surge greater than O up to 0.6 m), minor (0.6 to 1.5 m), and major (greater than 1.5 m)
(FEMA MOTF 2014). The precision of the values is based on the reported values by
FEMA. However, for the purpose of this study they were rounded to the nearest decimal.
Fig. 9 is created to depict the spatial distribution of the reported inundation damage in the
study area based on the FEMA categorizations as a function of measured flow depths by
FEMA (i.e., affected (flow depth of 0 to 0.6 m), minor (0.6 to 1.5 m), and major (greater
than 1.5 m)).

Independently from FEMA, during the site visit, the authors noted the damaged
buildings due to inundation and scour. For the purposes of this study, each building was
given a rating based on the scour damage and the selected four scour photos are shown on
Fig. 9. The ratings were divided into no damage, minor, and major damage based on
observed scour damage. Buildings are rated as major, if it appears to have significant
damage due to the removal of soil that caused a complete structural failure as shown on
Fig. 9a. Buildings are rated as minor, if it appears to have minor damage due to soils

washed away but no major scour damage to the building was observed as shown on Fig.
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9c. Buildings are rated as no damage, if it appears to have inundation but no visible to
very minor scour damage observed as shown on Fig. 9b and d. Each damaged building
location was identified with an associated latitude and longitude and verified on Google
Earth and Google Street View. Using Imagery provided by ESRI, building points were
plotted on ArcGIS and then attributed with the damage rating along with the picture 1D.
The building points were used to compare these field observations (photos) to the
ones compiled by FEMA during their study and analysis of Hurricane Sandy for area 5 as
shown on Fig. 9. It was established that there were differences between the damage
analysis and the field photos that were taken after the disaster by the researchers and
damage categorized by FEMA based on inundation damage analysis. Out of the 4 photos,
3 of them (Fig. 9a, b, and c) display an agreement between what was observed in the field
and FEMA'’s inundation damage analysis. In two of these locations scour damage was
also observed (Fig. 9a and c). In the other location (Fig. 9d), the FEMA inundation
analysis stated minor damage but no damage was not observed in the field. FEMA’s
damage analyses match quite well with the observations from the field because FEMA’s
analyses were performed after the Hurricane with the measured flow depths. However,
the developed inundation damage analyses do not differentiate between the damages
observed and therefore, it sometimes captures the areas with scour and sometimes does
not. Therefore, if the specific interest was to determine the scour damage, FEMA’s
analyses do not provide sufficient information, and a better assessment is needed to

determine damage due to scour. Furthermore, FEMA’s analysis is not based on
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predictions, it is based on observations, and therefore it cannot be used to estimate

conditions before the Hurricane struck the area.
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3.4 Storm Surge Model: Flow Characteristics

ADCIRC model was used to simulate maximum velocity, water levels, and flood
duration for this area. The simulation was performed on the numerical grid built by the
United States Army Corps of Engineers (USACE) developed for the North Atlantic Coast
Comprehensive Study (NACCS) (Nadal-Caraballo et al. 2015). This grid covers the
western Atlantic Basin, the Gulf of Mexico, and the Caribbean Sea, and a finer resolution
is observed at coastal areas in order to properly reproduce all hydrodynamic processes
involved on the storm surge phenomenon. The open ocean tidally forced boundary lies on
the 60°W meridian, where the tidal wave was estimated and propagated to the shoreline
based on the amplitude, phase, nodal factor, and the equilibrium argument of the eight
major constituents at this region (K1, K2, 01, M2, N2, P1, Q1, and S2). That information
was extracted from the Le Provost tidal database (Le Provost et al. 1994). Regarding the
meteorological forcing, the wind velocity and the atmospheric pressure driven by
Hurricane Sandy were calculated at exact grid node locations and coupled to ADCIRC
using the asymmetric vortex formulation (Mattocks et al, 2006; Mattocks and Forbes,
2008) based on the Holland gradient wind model (Holland, 1980). Then Garratt’s drag
formulation (Garratt, 1977) was used to compute wind stress over water surface from the
wind velocity. National Hurricane Center (NHC) tracked Hurricane Sandy from 10"
October 2012 at 18:00 GMT time to 31* October 2012 at 12:00, and reported the primary
parameters of the hurricane, such as, position of the eye of the storm, radius of maximum
wind, minimum central pressure, maximum wind speed, radii at specific wind speeds (34,

50, 60, 100 knots), and heading direction. This information is available on the Hurricane
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Data 2nd generation (HURDAT2) (Landsea et al. 2015), which is based on the
Automated Tropical Cyclone Forecast (ATCF), and was employed to generate storm
surge by using ADCIRC model. As an output of the storm surge model, maximum
velocity, flood duration, and maximum flow depth were obtained, which are input

parameters for the scour damage models (Equations 1 and 2).

3.5 Storm Surge Model Validation

The storm surge model performance was evaluated by a comparison of the model results
and available historical storm surge data. This storm surge data was collected from 19
NOAA tidal gages and 487 high water marks (HWM) distributed through the east coast
of the U.S. (from Virginia to New Hampshire). The validation of the HWM contributes to
clarify uncertainties associated to adequate storm surge flood propagation overland, since
the results of the storm surge model are used to estimate scour depths in building
foundations. It is important to highlight that this comparison present some limitations
(Atkinson 2011). One limitation is the unknown contribution of waves to overall water
levels that is included in the observed data, but excluded in the storm surge model.
Additionally, HWM contains other wave effects such as run up and overtopping. Also,
HWMs are based on observations, which could be subjective. Fig. 10 shows the spatial
distribution of the errors, i.e., the difference between the maximum modeled water levels
and the maximum observation, through the east coast. Negative values represent under
estimations and positive values denote over predictions. Those errors ranged between -
2.0 m and 2.5 m; the largest over predictions were found along the coast of Long Island

(NY). One of the reasons for the large difference between the flow depths measured in
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the field and estimated in the model could be due to the wind fields implemented in the
storm surge model. Wind fields produced by Hurricane Sandy were simulated in the
storm surge model considering this hurricane as a tropical cyclone. This is a common
approach used in storm surge models as reported by others (Holland, 1980; Mattocks et
al, 2006; Mattocks and Forbes, 2008). However, Hurricane Sandy transitioned from
tropical storm to extratropical storm while the center of circulation was about 45 miles of
Atlantic City, and therefore, Hurricane Sandy no longer met the definition of a tropical
cyclone (Blake et al. 2013). This fact could reduce the accuracy of the wind fields, and
consequently, water levels. Here, we chose to keep the simulation with the asymmetric
wind model as it represents a widely used storm surge modeling framework for planning
and forecast (e.g., NACCS).

To specifically understand the difference between the measured and estimated
flow depths for the study region (Fig. 8), the results of this comparison are depicted on
Fig. 10b. The difference (referred as errors in the Fig. 10) in this region were primarily
between -0.5 m and 0.5 m. Based on this range, it is considered that the modeled results
agreed moderately well with the observed data in the study region. This is because this
magnitude of the errors is already expected even if the storm wind was modeled with
upmost accuracy. The model has known limitations as discussed above related to
modeling water circulation and what is included in the HWM data. Therefore, the storm
surge model was not revised to further evaluate the changes due to modeling Hurricane

Sandy as extratropical storm.
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3.6 Estimated Scour Depths under Residential Buildings

The scour depth under the residential buildings was estimated based on Eg. 1 and 2 and
specific features at each building location as codified in the ArcGIS tool. Based on the
limitations associated with both equations, Eq. 1 provided results that covered 68% of the
study region, whereas Eq. 2 covered only 14% of the study region. Due to the limitations
of these equations, 30% of the study region was not covered. In addition, 12% of the
region was covered with both equations. The estimated scour depth based on Eq. 1 with

much better coverage ranged up to 17 m and with Eq. 2 with less coverage ranged up to 3
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m. The maximum scour depths noted for these equations were not for the same buildings
as the extent of the areas covered with the two equations were different. However, the
results appeared to have an order of magnitude difference from each other. The primary
focus of this study was to determine a tool where the estimated scour depths could be
related to potential scour damage that may be used to preliminarily evaluate the
susceptibility of an area against scour before a hurricane strikes. However, when the
scour depth range from both equations provide very different ranges, it is difficult to
develop a scour damage classification that can readily be implemented without relating
the estimated values from one equation onto another.

The difference between the estimated scour depths obtained from Eq. 1 and 2
were also observed during the sensitivity analyses. Based on the field observations, for
the buildings that both equations were able to compute scour, Eq. 1 appears to be
significantly over estimating the magnitude of the scour than Eq. 2. For those buildings
that both equations were able to compute scour, the maximum scour depth for Eq. 1 was
16.9 m and minimum was 0.8 m and for Eq. 2, the maximum scour depth computed was
1.6 m and minimum was 0.1 m. The magnitude difference between the maximum scour
depths is roughly about 10 (as also observed during the sensitivity analyses). Therefore, a
scale factor of 10 was applied to Eq. 1 to relate the results to the estimated scour depths
from Eq. 2. Once this adjustment was made, adjusted scour depths from Eqg. 1 were
compared against estimated scour depths from Eq. 2. The comparison in ArcGIS model
output from both equations with the scale factor showed an agreement of 90%.

Consequently, a scale factor of 10 is implemented to create a range of Eq. 1 output
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similar to Eg. 2 output. It is envisioned that a similar scale factor may also be
implemented if scour depth is estimated in other areas with other hurricane scenarios.
However at this stage this is not validated yet but will be further investigated in the

subsequent articles.

3.7 Relating Scour Depths to Scour Damage

Unfortunately, there is no available literature that provides a threshold to classify specific
scour depth as low, medium, or high scour based on different soil types and relate these
observations to building damage. Therefore, an attempt was made in this study to relate
the scour depth to scour damage based on the available data. Fig. 11 depicts the estimated
scour depths based on Eq. 1 with scale factor. This figure was created with the results
from Eqg. 1 instead of results from Eq. 2 because Eq. 1 provided a much larger coverage
within the study region. These estimated scour depths were than compared against the
field observations to relate the estimated scour depths to scour damage. Based on this
comparison, three categories were developed to differentiate between the areas as it
relates to scour (i.e., no damage, minor, and major scour). Estimated scour depths up to
45 mm (0.045 m) were considered no damage (as observed from photo d in Fig. 11 and
noted in the field), depths greater than 0.045 but less than 0.4 m were considered minor
damage (as observed from photo ¢ in Fig. 11 and noted in the field), and depths greater
than 0.4 m were considered major damage (as observed from photo a in Fig. 11 and noted
in the field). However one of the limitations with this tool is, in the analysis, the effects of
the urbanization is not accounted, meaning in all areas it is assumed that the foundation

of the building is assumed to be exposed (e.g., prone to scour damage). This is not true as

37



can be seen in Photo b in Fig. 11, where damage is observed but that is not due to scour
of the building foundation. This factor will be further evaluated in the next generation of

this model.

©

Note: Numbers in the middle figure show the estimated scour depths.

Fig. 11 Scour damage classification based on predicted scour depth
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Because the scour depth results obtained from Eq. 1 were scaled down to provide
a similar range as in Eq. 2, the damage category determined from Eq. 1 results were also
implemented to the results obtained from Eq. 2. Fig. 12 provides a comparison between
categorized scour damage in the study area based on both scour depth equations. If these
results were evaluated for planning purposes, it can be stated that they are in good
agreement.

Table 2 provides an overview of the comparison when this approach is expended
to the entire region shown in Fig. 8b. Using Eq. 1 scour depth could be computed for
5,071 buildings out of the 7,470 in the region. Eqg. 1 was not able to predict scour for the
remaining 2,399 buildings due to the limitations of the equation. As shown on Table 2,
66% of the 5,071 buildings in this study region were classified as no damage, 32% for
minor damage, and about 2% of the buildings for major damage. Eq. 2 computed scour
damage for only 1,021 buildings out of the 7,470 buildings in the region. About 79 % of
the 1,021 buildings were included in the minor damage category and 21% in major
damage category. As for the scour depth comparisons, overall, among the buildings that
both of these equations (Eq. 1 and 2) were able to predict scour depth, the comparison of
predicted scour damage categories (no damage, minor, affected) shows an agreement of

90%. Fig. 12 is a good example for this agreement.
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Table 2 Scour damage classification in the study area

Damage classification

Kohli and Hager (%)

Nadal et al. (%)

No damage 66 -
Minor 32 79
Maiaor 2 21

(a) I (b) l

| 1
==l ﬁ N ==l ﬁ
= =
(LR LR
0 0 rr mh 0 F
- | L JI .
-l-ll B DB =
B nomesa il mo 0 pamodll b Oi.
[ | Il"m D.P%DD L Du[]r?l} 0o ruﬂ[pDDDD
ip mer e
g Jknm I o MO ﬂ
i el Scour Damage Hﬁu ETHOIEA Y |
..-.:.I1.I T - l:] No prediction U?JGD;E;JL_%HU% =
m - No damage DDDD 0o
- I l l:] Minor = D D
n ."\" == Major L G‘
o [ i e o [
[ Oz 0 ] Oz 0
= Am[= — L[]0 i
] = | =
— | —
1l == U S
i a a — 3 100
= o 0O — o0
o g oo
= O o
O O J o
22 Sk
4 m O W =
nm o
0.1 0.2Km

Hager (2001) Eqg. 1; b Nadal et al. (2010) Eq. 2

40

Fig. 12 Spatial distribution of buildings with estimated scour damage using a Kohli and




4 DISCUSSIONS AND CONCLUSIONS

Estimating flood induced damages are essential to long term coastal resilience planning,
support recovery efforts, and insurance purposes and differentiating scour damage from
this phenomenon is very important because if predicted, simple construction
improvements could result in significant cost savings avoiding damages caused by scour.
As a result, an ArcGIS framework has been developed in this study by combining the use
of existing building scour equations, storm surge model, available building geometry and
soil data to estimate scour damage. Unlike the existing flood damage models, this
automated ArcGIS framework can be used to estimate building scour damages spatially
for any area with different soil conditions and different storm events.

Insights drawn from the sensitivity analyses are that: (1) Scour magnitude
increases when there is an increase in flow velocity, flow depth, building geometry and
flood duration for Eq. 1, however there was no significant change for increasing sediment
density. (2) Scour magnitude increases when there is an increase in velocity, building
width and flood duration for Eq. 2, however there was no significant change for
increasing flow depth. (3) Both equations were very sensitive to changes of velocity. (4)
Coarser particle sizes led to a decrease on scour magnitude for both equations. (5) Eqg. 1

estimates larger scour magnitudes compared to Eq. 2.
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The developed ArcGIS Framework is presented and applied to a case study. This
framework was used to estimate flood induced building scour damages related to the
scour depth caused by Hurricane Sandy in coastal areas of Monmouth County (NJ). The
results from both equations were compared and the coverage for the study region using
Eq. 2 was less than the coverage using Eqg. 1. However, for those buildings where both
equations computed scour damage, a good agreement was observed after applying a scale
factor to Eq. 1. Although the extent of the spatial coverage of these equations were
different from each other, both equations provide valuable information as there were
some areas where Eq. 1 was able to predict scour depth but not Eq. 2 and vice versa.

Overall, the results from this study indicate that the automated tool provide
relatively consistent predictions with the field observations. Ultimately, the analyses in
this study may be used by Monmouth County. Furthermore, the framework may be
applied to any area by implementing the range and possible definitions of scour damage
provided in this paper to make an initial estimate for scour damage before the hurricane.
This tool may potentially be used for emergency responses, risk assessments, and

mitigation strategies to avoid fatalities and cost savings to minimize after repairs.
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5 LIMITATIONS

This ArcGIS-based tool is the alpha model and requires further improvements as it has

limitations that the user must be aware of:

The tool is based on the assumption that in all areas soil below the building is
exposed. Although this provides the worst-case scenarios, in urban settings this is
not a correct assumption. Further research is necessary to improve this
assumption.

The equations used to estimate scour depth have limitations as shown in Fig. 7
and in some areas do not converge because of these limitations. Additional
investigations are necessary to expand the capability of estimated scour damage in
areas where there are limitations.

In this study, the range of scour depths estimated from one equation was related to
the other with a scale factor. This was performed based on scour depths estimated
from one hurricane event. Further comparisons are needed to confirm or revise
this approach.

An attempt was made to relate the scour depths to scour damage; however this
relationship was obtained based on limited data. Further revisions will be
performed to confirm or improve this range using the field observations from the

next severe hurricane event.
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APPENDIX A: SENSITIVITY ANALYSES
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Sensitivity Analyses

The sensitivity analyses were performed to evaluate the sensitivity of the parameters of
each equation. The values selected for these analyses are applied for both equations and
the particle size values used for both equation is based on the same soil type since Kohli
and Hager (2001) equation requires dsp values and Nadal et al. (2010) equation requires
dgo values. The values used for this analysis is as shown in Table 1 in section 2.3.4 and

again provided below.

Parameters Magnitudes

Building width- b(m) 10, 20, 30, 40, 50, 60

Flow depth- h, (m) 0.06, 0.46, 0.86, 1.26, 1.66, 2.06, 2.46, 2.86,
3.26, 3.66

Velocity- V (m/s) 0.0001, 0.23, 0.46, 0.55, 0.69, 0.71, 0.88, 0.92,

1.04, 1.15,1.21, 1.37, 1.54, 1.61, 1.7, 1.84, 1.87,

2
Median particle size- dso (m) 0.00017, 0.00019, 0.00021, 0.00025, 0.0003,
0.0004, 0.00043, 0.00052, 0.00061, 0.00063

90% finer particle size- dgo (m)  0.00053, 0.0006, 0.0012, 0.0014, 0.0015, 0.0017,
0.0018, 0.0025, 0.003, 0.0035

Sediment density- p, (g/cm®) 2.6,2.65, 2.7

Flow duration - t (hours) 1,12, 18, 24,48, 72, 96, 120, 144, 162

The building widths used for this analysis are the ranges of buildings found in Monmouth

County (NJ).
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Width (m)

Building 1
Building 2
Building 3
Building 4
Building 5
Building 6

10
20
30
40
50
60

The average values used for Kohli and Hager (2001) equation is as shown below.

Parameters Magnitude
Flow depth- h, (m) 1.86
Velocity- V (m/s) 1.03

90% finer particle size- dgg (M) 0.0018
Sediment density- p, (g/cm®) 2.65

Flow duration - t (hours) 69.7

The average values used for Nadal et al. (2010) equation is as shown below.

Parameters Magnitude
Flow depth- h, (M) 1.86
Velocity- V (m/s) 1.29
Median particle size- dso (M) 0.0004
Flow duration - t (hours) 69.7
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Note: The reason why the average velocity in Nadal et al’s. equation was selected
differently is because in the Kohli and Hager’s equation the minimum velocity could be
established as 0.0001 m/s but when the same value was used in Nadal et al’s. equation,
the equation was not providing any output. Therefore the minimum value used for Nadal
et al. had to be adjusted. In the future, both equations can be re-checked with same
minimum values such as 0.55 m/s as that was the threshold where both equations started
to provide results. However, a quick check between the equations with the average values
used in these sensitivity analyses indicated that the difference of the impact of using avg.

1.03 and 1.29 m/s was not drastic.

Kohli and Hager (2001)

45 analyses were done to evaluate the parameters for Kohli and Hager (2001) equation.
The plots below shows the effects of velocity, flow depth, particle size (dgo), flood
duration and sediment density respectively on the scour depth for a scenario when one
constant is increased. (i.e analyze the effect of velocity with constant soil properties,
flood duration, sediment density but varying flow depth (average, minimum and

maximum flow depth).
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Scenario 1 is based on average flow depth of 1.856 m, average sediment density of 2.65

g/lcm?®, average flood duration of 69.7 hours and average dgo of 0.0018 m.
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Scenario 2 below is based on minimum flow depth of 0.006 m, average sediment density

of 2.65 g/cm?, average flood duration of 69.7 hours and average dgo of 0.0018 m.
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—~ 50 == Building 2
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Scenario 3 below is based on maximum flow depth of 3.66 m, average sediment density

of 2.65 g/cm?, average flood duration of 69.7 hours and average dgo 0f 0.0018 m.
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Scenario 4 below is based on average flow depth of 1.86 m, minimum sediment density

of 2.6 g/cm?®, average flood duration of 69.7 hours and average dgo of 0.0018 m.
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== Building 3

=>e=Building 4

== Building 5

=@—Building 6

Scenario 5 below is based on average flow depth of 1.86 m, maximum sediment density

of 2.7 g/cm?®, average flood duration of 69.7 hours and average dgo of 0.0018 m.
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Scenario 6 below is based on average flow depth of 1.86 m, average sediment density of

2.65 g/cm®, minimum flood duration of 1 hour and average dgo of 0.0018 m.
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Scenario 7 below is based on average flow depth of 1.86 m, average sediment density of

2.65 g/cm®, maximum flood duration of 162 hours and average dgo of 0.0018 m.
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Scenario 8 below is based on average flow depth of 1.86 m, average sediment density of

2.65 glcm?®, average flood duration of 69.7 hours and minimum dgo of 0.00053 m.

1800
1600 —o—Building 1
1400

Building 2
1200 == Building

‘E 1000 — | —&—Building 3

p—

N 800 — | —Building 4

600 —
400 ———— —¥=Building 5
200 ——— —®—Building 6
0 .
0 1 2 3
V (m/s)

Scenario 9 below is based on average flow depth of 1.86 m, average sediment density of

2.65 glcm?®, average flood duration of 69.7 hours and maximum dgo of 0.0035 m.
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Based on this plots it can be seen that scour depth magnitude increases for increasing
velocity significantly. And when the constant values were increased such as the flow
depth and flood duration the scour magnitude increased while velocity is increasing. And
the constant values such as the sediment density and particle size decreased the scour
magnitude as the velocity increases. However the sediment density is not that sensitive.
The significant increase of the scour magnitude is due to the limitations of the equations

such as densimetric Froude number limitation.

Scenario 10 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/cm®, average flood duration of 69.7 hours and average dgo of 0.018 m.
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Scenario 11 below is based on minimum velocity of 0.0001 m/s, average sediment

density of 2.65 g/cm®, average flood duration of 69.7 hours and average dgo of 0.018 m.
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Scenario 12 below is based on maximum velocity of 2 m/s, average sediment density of

2.65 g/cm®, average flood duration of 69.7 hours and average dgo of 0.018 m.
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Scenario 13 below is based on average velocity of 1.03 m/s, minimum sediment density

of 2.6 g/cm?®, average flood duration of 69.7 hours and average dgo of 0.018 m.
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Scenario 14 below is based on average velocity of 1.03 m/s, maximum sediment density

of 2.7 g/cm?®, average flood duration of 69.7 hours and average dgo of 0.018 m.
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Scenario 15 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/cm®, minimum flood duration of 1 hour and average dgo of 0.018 m.
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Scenario 16 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/cm®, maximum flood duration of 162 hours and average dgo of 0.018 m.
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Scenario 17 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 glcm?®, average flood duration of 69.7 hours and minimum dgo of 0.00053 m.
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Scenario 18 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 glcm?®, average flood duration of 69.7 hours and maximum dgo of 0.0035 m.
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Based on this plots it can be seen that scour depth magnitude increases for increasing
flow depth. And an increase of the constant values such as the velocity and flood duration
increased the scour magnitude. And the constant values such as the sediment density and
particle size decreased the scour magnitude. The significant increase of the scour
magnitude is due to the limitations of the equations such as densimetric Froude number
limitation.

Scenario 19 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 glcm?®, average flood duration of 69.7 hours and average flow depth of 1.86 m.
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Scenario 20 below is based on minimum velocity of 0.0001 m/s, average sediment
density of 2.65 g/cm®, average flood duration of 69.7 hours and average flow depth of

1.86 m.
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Scenario 21 below is based on maximum velocity of 2 m/s, average sediment density of

2.65 glcm?®, average flood duration of 69.7 hours and average flow depth of 1.86 m.
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Scenario 22 below is based on average velocity of 1.03 m/s, minimum sediment density

of 2.6 g/cm®, average flood duration of 69.7 hours and average flow depth of 1.86 m.
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Scenario 23 below is based on average velocity of 1.03 m/s, maximum sediment density

of 2.7 g/lem®, average flood duration of 69.7 hours and average flow depth of 1.86 m.
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Scenario 24 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/cm®, minimum flood duration of 1 hour and average flow depth of 1.86 m.
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Scenario 25 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/cm®, minimum flood duration of 162 hours and average flow depth of 1.86 m.
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Scenario 26 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/cm?, average flood duration of 69.7 hours and minimum flow depth of 0.06 m.
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Scenario 27 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/cm?, average flood duration of 69.7 hours and maximum flow depth of 3.66 m.
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Based on the above plots it can be seen that scour depth magnitude decreases for
increasing particle size (dgo). And an increase of the constant values such as the velocity,
flow depth and flood duration increased the scour magnitude. And the constant values

such as the sediment density decreased the scour magnitude. The significant increase of
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the scour magnitude is due to the limitations of the equations such as densimetric Froude
number limitation.
Scenario 28 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 glcm?®, average dgo of 0.018 m and average flow depth of 1.86 m.
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Scenario 29 below is based on minimum velocity of 0.0001 m/s, average sediment

density of 2.65 g/cm?, average dgo of 0.018 m and average flow depth of 1.86 m.
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Scenario 30 below is based on maximum velocity of 2 m/s, average sediment density of

2.65 g/cm®, average dgo of 0.018 m and average flow depth of 1.86 m.
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Scenario 31 below is based on average velocity of 1.03 m/s, minimum sediment density

of 2.6 g/cm®, average dgo of 0.018 m and average flow depth of 1.86 m.
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Scenario 32 below is based on average velocity of 1.03 m/s, maximum sediment density

of 2.7 g/cm?®, average doo of 0.018 m and average flow depth of 1.86 m.
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Scenario 33 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/cm®, minimum dgo of 0.00053 m and average flow depth of 1.86 m.
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Scenario 34 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/lcm®, maximum dgo of 0.0035 m and average flow depth of 1.86 m.
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Scenario 35 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/cm®, average dgo of 0.018 m and minimum flow depth of 0.06 m.
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Scenario 36 below is based on average velocity of 1.03 m/s, average sediment density of

2.65 g/cm?, average dgo of 0.018 m and maximum flow depth of 3.66 m.

== Building 1

== Building 2

== Building 3
=>¢=Building 4

== Building 5

=0-—Building 6

0 50 100 150 200
Time (hour)

Based on the above plots it can be seen that scour depth magnitude increases for
increasing flood duration. And an increase of the constant values such as the velocity, and
flow depth increased the scour magnitude. And the constant values such as the sediment
density and particle size (dgo) decreased the scour magnitude. The significant increase of
the scour magnitude is due to the limitations of the equations such as densimetric Froude

number limitation.

Scenario 37 below is based on average velocity of 1.03 m/s, average flood duration of

69.7 hours, average dgo 0f 0.018 m and average flow depth of 1.86 m.
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Scenario 38 below is based on minimum velocity of 0.0001 m/s, average flood duration

of 69.7 hours, average dgo of 0.018 m and average flow depth of 1.86 m.
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Scenario 39 below is based on maximum velocity of 2 m/s, average flood duration of

69.7 hours, average dg 0f 0.018 m and average flow depth of 1.86 m.
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Scenario 40 below is based on average velocity of 1.03 m/s, minimum flood duration of

1 hour, average dg of 0.018 m and average flow depth of 1.86 m.
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Scenario 41 below is based on average velocity of 1.03 m/s, maximum flood duration of

162 hours, average dgo 0f 0.018 m and average flow depth of 1.86 m.
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Scenario 42 below is based on average velocity of 1.03 m/s, average flood duration of

162 hours, minimum dgoof 0.00053 m and average flow depth of 1.86 m.
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Scenario 43 below is based on average velocity of 1.03 m/s, average flood duration of

162 hours, maximum dgo 0of 0.0035 m and average flow depth of 1.86 m.
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Scenario 44 below is based on average velocity of 1.03 m/s, average flood duration of

162 hours, average dgo 0of 0.0035 m and minimum flow depth of 0.06 m.
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Scenario 45 below is based on average velocity of 1.03 m/s, average flood duration of

162 hours, average dgo of 0.0035 m and maximum flow depth of 3.66 m.
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Based on the above plots it can be seen that scour depth magnitude decreases for
increasing sediment density. And an increase of the constant values such as the velocity,
flood duration and flow depth increased the scour magnitude. And the constant values
such as the particle size (dg) decreased the scour magnitude.

It can be established based on the overall results that the scour magnitude increased as the
flow depth, velocity, building width and flood duration was increased. However, the
scour magnitude decreased as the particle size and sediment density was increased. It can
be seen that flow depth, flood duration, velocity, building width and particle size has an
effect on the scour magnitude but velocity is more sensitive than the other parameters for
Kohli and Hager (2001) equation. It can also be seen that sediment density is the least

sensitive parameters.
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Nadal et al. (2010)

28 analyses were done to evaluate the parameters for Nadal et al. (2010) equation. The
plots below shows the effects of velocity, flow depth, particle size (dsp) and flood
duration respectively on the scour depth for a scenario when one constant is increased.
(i.e analyze the effect of velocity with constant soil properties, flood duration, but varying

flow depth (average, minimum and maximum flow depth).

Scenario 1 below is based on average flood duration of 2.9 days, average dso of 0.0004 m

and average flow depth of 1.86 m.
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Scenario 2 below is based on average flood duration of 2.9 days, average dso of 0.0004 m

and minimum flow depth of 0.06 m.
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Scenario 3 below is based on average flood duration of 2.9 days, average dso of 0.0004 m

and maximum flow depth of 3.66 m.
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Scenario 4 below is based on minimum flood duration of 1 hour, average dso of 0.0004 m

and average flow depth of 1.86 m.
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Scenario 5 below is based on maximum flood duration of 6.75 days, average dsq of

0.0004 m and average flow depth of 1.86 m.
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Scenario 6 below is based on average flood duration of 2.9 days, minimum ds, of

0.00017 m and average flow depth of 1.86 m.
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Scenario 7 below is based on average flood duration of 2.9 days, maximum dso of

0.00063 m and average flow depth of 1.86 m.
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Based on this plots it can be seen that scour depth magnitude increases for increasing
velocity. The scour depth is significantly increased due to the limitation of v/vc being
greater than 1. And when the constant values were increased such as the flow depth and

flood duration the scour magnitude increased while velocity is increasing. And the
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constant values such as the particle size decreased the scour magnitude as the velocity
increases.
Scenario 8 below is based on average flood duration of 2.9 days, average dso of 0.0004 m

and average velocity of 1.29 m/s.
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Scenario 9 below is based on average flood duration of 2.9 days, average dso of 0.0004 m

and minimum velocity of 0.55 m/s.
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Scenario 10 below is based on average flood duration of 2.9 days, average dso of 0.0004

m and maximum velocity of 2 m/s.
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Scenario 11 below is based on minimum flood duration of 1 hour, average dso of 0.0004

m and average velocity of 1.29 m/s.
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Scenario 12 below is based on maximum flood duration of 6.75 days, average dsq of

0.0004 m and average velocity of 1.29 m/s.
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Scenario 13 below is based on average flood duration of 2.9 days, minimum dsy of

0.00017 m and average velocity of 1.29 m/s.
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Scenario 14 below is based on average flood duration of 2.9 days, maximum ds, of

0.00063 m and average velocity of 1.29 m/s.
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Based on this plots it can be seen that scour depth magnitude increases for increasing
flow depth. The scour depth is significantly increased due to the limitation of v/vc being
greater than 1. And when the constant values were increased such as the velocity and
flood duration the scour magnitude increased while flow depth is increasing. And the
constant values such as the particle size decreased the scour magnitude as the flow depth
increases. Based on this results changing the constant velocity is very sensitive to the
scour magnitude.

Scenario 15 below is based on average flood duration of 2.9 days, average flow depth

1.86 m and average velocity of 1.29 m/s.
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Scenario 16 below is based on average flood duration of 2.9 days, minimum flow depth

0.06 m and average velocity of 1.29 m/s.
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Scenario 17 below is based on average flood duration of 2.9 days, maximum flow depth

3.66 m and average velocity of 1.29 m/s.
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Scenario 18 below is based on minimum flood duration of 1 hour, average flow depth

1.86 m and average velocity of 1.29 m/s.
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Scenario 19 below is based on maximum flood duration of 6.75 days, average flow depth

1.86 m and average velocity of 1.29 m/s.
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Scenario 20 below is based on average flood duration of 2.9 days, average flow depth

1.86 m and minimum velocity of 0.55 m/s.
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Scenario 21 below is based on average flood duration of 2.9 days, average flow depth

1.86 m and maximum velocity of 2 m/s.
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Based on this plots it can be seen that scour depth magnitude decreases for increasing
particle size (dsp). The scour depth is significantly increased due to the limitation of v/vc
being greater than 1. And when the constant values were increased such as the velocity,
flow depth and flood duration the scour magnitude increased while flow depth is
increasing. Based on this results changing the constant velocity is very sensitive to the
scour magnitude.

Scenario 22 below is based on average flow depth 1.86 m and average velocity of 1.29

m/s and average of dso of 0.0004 m.
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Scenario 23 below is based on minimum flow depth 0.06 m and average velocity of 1.29

m/s and average of dso of 0.0004 m.
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Scenario 24 below is based on maximum flow depth 3.66 m and average velocity of 1.29

m/s and average of dso of 0.0004 m.
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Scenario 25 below is based on average flow depth 1.86 m and minimum velocity of 0.55

m/s and average of dso of 0.0004 m.
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Scenario 26 below is based on average flow depth 1.86 m and maximum velocity of 2

m/s and average of dso of 0.0004 m.
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Scenario 27 below is based on average flow depth 1.86 m and average velocity of 1.29

m/s and minimum of dso of 0.00017 m.
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Scenario 28 below is based on average flow depth 1.86 m and average velocity of 1.29

m/s and maximum of dso of 0.00063 m.
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Based on the above plots it can be seen that scour depth magnitude increases for
increasing flood duration. And an increase of the constant values such as the velocity and
flow depth increased the scour magnitude. And the constant values such as the particle

size (dgo) decreased the scour magnitude.
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It can be established based on the overall results that the scour magnitude increased as the
flow depth, velocity, building width and flood duration was increased. However, the
scour magnitude decreased as the particle size was increased. It can be seen that flow
depth, flood duration, velocity, building width and particle size has an effect on the scour
magnitude but velocity is more sensitive than the other parameters for Nadal et al. (2010)

equation. It can also be seen that particle size is the least sensitive parameters.
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Obtaining Building Footprint and an example on ow to define the building angle and

orientation
Building footprint for Monmouth County was obtained from Monmouth County division
of planning website (https://co.monmouth.nj.us/page.aspx?1D=3866). The Monmouth
County division of planning provides an access with a username and password to the file
transfer protocol (FTP) site. Then the building footprint as a shapefile which can be
opened in ArcGIS was downloaded from the FTP site. The footprints provided for this
site lacks building geometry information therefore simplifying the building (as discussed
in the paper) is important in order to obtain the missing information (building width and
angle). After simplifying the building, the angle of the width is determined by using field

calculator tool found on GIS and a script coded in the field calculator as shown below.

Parser
I VB Script @ Python
Fields: Type: Functions:
FID | @ .conjugate() -
Sh = by .denominator()
ape = ) .imaa() =
FID_1 1 D String .numerator()
FID_1 1 1 .real)
OBIECTID D Date .as_integer_ratio()
fromhex()
FID_1_1_1 ‘hex0)
SUM_Morth .is_integer ()
SUM_East math.acos()
- th math.acosh{)
SUM_Sou - math.asin() =
Show Codeblock .
SINIDBEE
Pre-Logic Script Code: .
def GetAzimuthPolyline(shape): -
degBearing = {math.degrees{math. atan2({shape.lastPoint.X - shape. firstPoint.X),
(shape.lastPoint. - shape.firstPoint.¥))))+20
if (degBearing < 0) : degBearing += 360
return degBearing
“ nr r
Angle = 180
GetAzimuthPalyline(!Shape!) P S

North = 0— 45°and 315 — 360°
South = 135 — 225°

Data saved. East = 45 — 1350
West = 225 — 315°

[ Clear ] [ Load... ] [Save... ] [ Help ]
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The building width angle will be defined based on the figure shown on the right side. The
building width orientation is also defined by using the field calculator tool and the script
code. An example on how to define the orientation is shown on the figure below.
Defining the orientation is important to help select the side of the building that is

perpendicular to the flow of water.

Field Calculator . EE
Parser
(@) VB Script () Python
Fields: Type: Functions:
FID | (@) Number ﬁ‘;js (( ;
Shape ) ] Cos ()
OBJECTID () String Bxp ()
FTR_CODE 3 ) Date Fix ()
BUILDINGCL {';t (( ))
RuleID Sing( )
Shape_Leng Sar ()
Shape_Area Tan ()
FID_1 i
Show Codeblock
/ +
Pre-Logic Script Code: E] B E]
Dim x -
If {{[angle] > 135) And ([Angle] <= 225}) Then
x = [Width] =
ElseIf (( [Angle] = 225) And ( [Angle] <= 135)) Then
x=0
End If e
4 3
North =
X -
[ Clear ] [ Load... ] [ Save... ] [ Help ]
Data loaded.

The script shown on the field calculator selects the building sides as south if the angle is

between 135 and 225 degrees.
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How to create fishnet points to obtain flow information

Creating fishnet points are beneficial if your study area is wide and consists of numerous

buildings. Fishnet points created for our study area are as shown below.

.....

........

.
ooooooooo
33333

3
ooooooooo

This points with feature id and x and y locations were used to obtain the water time
series, and time series velocity from the storm surge model. Then the maximum velocity
and the flood duration were extracted from the data obtained from the storm surge model
(ADCIRC model). Then the maximum velocity and flood duration is assigned to each
fishnet point based on the feature ID (FID) number. Finally, the fishnet points with the
flood duration and maximum velocity were assigned to a building based on the closest

distance using the spatial join tool found in GIS.
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Soil information and how to obtain particle size

Soil map for Monmouth County was also obtained from FTP site provided by the
Monmouth County division of planning. The soil map was obtained as a shapefile which
can be opened in ArcGIS. The soil map provided lacks the soil information therefore soil
survey of Monmouth County, NJ was used to obtain the soil information (percentage
finer for sieve number 4, 10, 40 and 200) for each soil type found in this county. The

table below shows an example of the data provided from the soil map.

IThe syTmel £ neans €55 thany > means nara than, Ahsonce af an enkey Sndicates that Jdata wers nob extimated)
Tirssification Frag= Forcentags passing
Eptl mame and Depth UsShRA tenture menks EiEwe nurhar== Ligquid Plas=
mup synbal [UFTEF TR AASHTO » 3 limit Eleity
inchas 4 i 40 200 Leden
T i1 TeE
AEA, PEB==m=————— D=8 [ Laaf============= h=2-4, i o 95—[GOIBS-ID3 &0=35 [30~-530 435 NP=10
Adolphla h-4
B=38 1 8andy clay loacs, h—%, A& a4 9E-100 98-103| 15=95 (S5-T75 2T=-40 B=-14
loan.
JE—00 Stratified loany h-2-4, o A5-100;95-L00 [ 50-T5 115-40 423 HP=E
sand to Sandy h=%
laoas.
ALA%L
Adelphia 0=8 ;Loam SN, S0, h=3=4, L+ 95=100 [ 25=k00  60=35 (30~-2D <35 i HWE=10
ML =
B-34 S5andy clay loan, SH,'S:, h=g, A= L] 9E=10095=100] 75=95 y35-T5 aT-40 i D=18
aaR. HL, CL
Ae=-a Stratifbed leany (5M. BC, H=2=4, o Q=100 R5-100 50=T5 1E5=40 €23 HP-E
Sand to sendy SP=-5M h=-g
loa=.
Oeman lagd- -6 -— -— -— — -— _— —_— — -—
At ———— - 0-20|Sang———————c—an SP-sM, su |A-3, R 45-100)90-100 | 45-80 | 5-35 o HE
Misica a-i-p,
A—2-4
=28 Loany sand, sand, 5k, SP-5M (R-2-4, E 1] 9E-L00 AS=100140=78 § S=d0 — HE
sendy loam. A-3, I
f=1-B, i
A=
E=-32015and, loamy sand 15M, SM-8T  A-I-4, I [+] QS“IGDIES-IDB 4A0=75 S=3n €20 NP-T
SP-5d A-3,
A=-1-B
IB=60 Stratifted sand SH, SM-8C, h=2-4, L] 95=100; F0-100;35-1007 5-50 €22 HP=-7
to silL leam. Sh-gM A3,
Amd o,
h=1=H
Cn~ - r e ———— D=0 | Lo - sC, ML, CLIA=7, B-£ o 1Gd AE-1 001 60=895 130=75 - =
Colerankowm B=ig G;r; '3 1]:Iay.. clay ML, MH, EE A=T L] 100 AE-LO0 1 A0=-95 J45-5D 4555 L&=35
clay loam.
26-90|Loan, clay lcan, SH, BT, A=d, A=, L] 'DS-IEIUIﬂSfl'DD a—95 13I0-E0 3A0-45 S-a0
sandy Jloem. ML, CL =T, A=Z H
CeB, CnCl, Cnb3== DO=13!Sandy loan=-—===== SN, HL, A=3=4, o '35—100'55—103 S0—-95 |30-B5 Fh=-30 S=10
Collingtan i 82, CL Amg I
{13-32|Sandy clay lean, [SH, sC, n-g, =6, o 95-100]95-100 T5-100135-70 | 20-45 5-25
i sandy loem, -:-:Ia:rI CL, CL=ML ?-3'5 I
aan. L= =
32-50|stratifsed sana Jsm, sc,  |a-z-4, | 0 |95-1c0{os-lpe|so-70 lio-40 | <30 | HP-O
to sandy loam. BH-5C h=5, 1
A-l-B I
CoA——-—————————- 0-19  Loan—-——======cu= SH, WL, R=T-4 , i} 95-1[:I:I=95-]IJQ 6095 |3G-B5 20=30 S5=10
Colllington 50, CL h—4
13=31 Sandy cley loan, 5K, ST, h=a, B=5, o ‘ﬂ5—1t‘0=‘35‘lﬂl3 15=100135-70 20-45 5-2%
iand}' Jloam, clay) CL, CL=ML ﬁ-'sl'ﬁ 1
aan., -
32-60/Stratified sand 5i, SC, A-2—4, il 95—1cr}i95-10:3 SO=-73 110-40 €30 HNP=210
te saody loam. SH~-3C h-a, I
A=1-B | i
1 n

94



Using the information obtained from the soil survey, the maximum grain size

distributions were plotted for the soils that are found in the study area as presented below.

The soils found in this region are sand with fine particles as discussed in the paper.
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The grain size distributions were used to obtain the particle sizes which are required for

the scour equations. An example of how to obtain dsy and dgy values and the values for

each soil type can be seen below.
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; dso dgo dso dgo
Soil Type (mm) | (mm) | (m) (m)
Adelphia Loam 0.25 | 0.00013 | 0.00025 | 0.00000013
Appoquinimink Silty loam 1.8 0.25 0.0018 0.00025
Atsion sand 0.52 2 0.00052 0.002
Berryland Sand 0.42 3.1 0.00042 0.0031
Colemantown Loam 0.25 1.5 0.00025 0.0015
Collington Loam 0.25 1.7 0.00025 0.0017
Collington Sandy Loam - urban land complex 0.25 1.7 0.00025 0.0017
Colts Neck Sandy Loam 0.42 1.6 0.00042 0.0016
Downer Loamy Sand 0.6 1.5 0.0006 0.0015
Dower Sandy Loam 0.42 1.5 0.00042 0.0015
Elkton Loam 0.17 1.2 0.00017 0.0012
Evesboro Sand/Urban land complex 0.63 2.5 0.00063 0.0025
Fallsington Loam 0.2 1.3 0.0002 0.0013
Fluvaquents Loam 1.7 14 0.0017 0.0014
Fort mott Loam 0.42 15 0.00042 0.0015
Freehold Loamy Sand 0.41 1.7 0.00041 0.0017
Freehold Sandy Loam - urband land complex/ loam 0.25 1.8 0.00025 0.0018
Hammonton Loamy Sand 0.61 2.5 0.00061 0.0025
Hammonton Sandy Loam / Urban land complex 0.42 2.5 0.00042 0.0025
Holmdel Sandy Loam/Urban land complex 0.25 15 0.00025 0.0015
Hooksan Sand 0.19 0.53 0.00019 0.00053
Hooksan Variant Sand 0.52 2 0.00052 0.002
Humaquepts 0.25 1.7 0.00025 0.0017
Keyport Sandy loam/Urban land Complex 0.25 1.7 0.00025 0.0017
Klej Laomy Sand/Urban land Complex 0.41 1.8 0.00041 0.0018
Klej Loamy Sand b 0.41 1.8 0.00041 0.0018
Kresson Loamy 0.41 2.8 0.00041 0.0028
Lakehurst Sand 0.43 1.8 0.00043 0.0018
Lakewood Sand 0.6 2 0.0006 0.002
Manahwkin Sand, Gravelly Sand 0.4 15 0.0004 0.0015
Marlton Loam/ Sandy loam 0.41 3.1 0.00041 0.0031
Pemberton Loamy sand 0.22 0.9 0.00022 0.0009
Phalanx Loamy Sand 0.6 2.5 0.0006 0.0025
Pits clay 0.25 1.15 0.00025 0.00115
Pits sand and Gravel 0.4 1.5 0.0004 0.0015
Psamments Sand 0.19 0.53 0.00019 0.00053
Sandy and Silty land 0.32 1.14 0.00032 0.00114
Sassafras Sandy Loam/Loam 0.4 3 0.0004 0.003
Sassafras Gravelly Sandy Loam 0.59 3.5 0.00059 0.0035
Shrewsbury Sandy Loam 0.25 1.6 0.00025 0.0016
Tinton Loamy Sand/Urban land complex 0.21 1.3 0.00021 0.0013
Udorthents Loam/Urban land complex 0.25 1.7 0.00025 0.0017
Woodstown Loam/Sandy Loam 0.25 1.4 0.00025 0.0014

After obtaining the dso and dgo for each soil type then join this information with the soil

map obtained from the County. Sediment density of the soil is also joined to the soil map.
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Based on the literatures on sediment density, it was found that sediment density values

ranges from 2.6-2.7 g/cm® and they are typically taken as 2.65 g/cm?.
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Obtaining data from FEMA-MOTF database

FEMA-MOTF data was

(https://www.arcgis.com/home/item.htm1?id=307dd522499d4a44a33d7296a5da5ea0).

obtained from Hurricane

Sandy Impact

Analysis

The data provided is in the form of ArcGIS shapefile and an example of the data is shown

below.

FID Shape * 1D LONGITUDE | LATITUDE | STATEABBR | COUNTYNAME| STATENAME| DAMAGE | INUNDATED DAMAGETYPE DMG_COMB | DEPTH_COMB
0 | Point 2181362 -73.997168 | 40.309516 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Minor 2180158

1 | Point 2181364 -73.987633 | 40.314646 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Major 6.41138
2 | Point 2181372 -73.99702 40.30934 | NJ Monmouth New Jersey | No Damage|Y INUNDATION ONLY Minor 2.046004
3 | Point 2181386 -73.996875 | 40.309117 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Affected 1.682364
4 | Point 2181389 -73.97448 40.36413 [ NJ New Jersey | Minor Y DAMAGE AND INUNDATION | Major 5.838392
5 | Point 2181394 -73.991926 | 40.403755 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Major 5.433212
6 | Point 2181398 -73.974325 | 40.363694 | NJ Monmouth New Jersey |Destroyed Y DAMAGE AND INUNDATION | Destroyed 5770733
7 | Point 2181413 -73.974798 | 40.364084 | NJ New Jersey [Destroyed |Y DAMAGE AND INUNDATION | Destroyed 6.453705
8 | Point 2181415 -73.997018 | 40.310054 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Affected 1.78614
9 | Point 2181417 -73.990288 | 40.404553 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Minor 2421611
10 | Point 2181420 -73.996913 | 40.309917 | NJ Monmouth New Jersey | No Damage|Y INUNDATION ONLY Minor 2.308371
11 | Point 2181423 -73.975026 | 40.364041 | NJ New Jersey [Destroyed |Y DAMAGE AND INUNDATION | Destroyed 6.085763
12 | Point 2181428 -73.996792 | 40.309655 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Minor 2.320533
13 | Point 2181432 -73.98732 | 40.314321 | NJ Monmouth New Jersey [NoDamage|Y INUNDATION ONLY Major 6.285932
14 | Point 2181437 -73.99187 | 40.403849 [ NJ Monmouth New Jersey [NoDamage|Y INUNDATION ONLY Major 5.685339
15 | Point 2181469 -73.979102 | 40.323467 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Major 6.166275
16 | Point 2181472 -73.986983 | 40.336585 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Minor 2675529
17 | Point 2181473 -73.991816 | 40.403923 | NJ Monmouth New Jersey [NoDamage|Y INUNDATION ONLY Major 5.455809
18 | Point 2181477 -73.991722 | 40.403868 | NJ Monmouth New Jersey [NoDamage|Y INUNDATION ONLY Major 5.5369438
19 | Point 2181481 -73.97304 40.36539 | NJ New Jersey | Major Y DAMAGE AND INUNDATION | Major -8599
20 | Point 2181433 -73.996246 40.30888 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Affected 1.807527
21 | Point 2131486 -73.986579 | 40.314717 | NJ Monmouth New Jersey [NoDamage|Y INUNDATION ONLY Minor 4.394855
22 | Point 2181491 -73.989821 40.404519 | NJ Monmouth New Jersey [NoDamage|Y INUNDATION ONLY Minor 2.266897
23 | Point 2181485 -73.991521 40.403759 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Major 5.406629
24 | Point 2181505 -73.989863 | 40.404453 | NJ New Jersey [NoDamage|Y INUNDATION ONLY Affected 1.743834
25 | Point 2181507 -73.995767 | 40.309301 | NJ Monmouth New Jersey |Affected [V DAMAGE AND INUNDATION | Affected 1.273359

For this study only inundation damage was extracted from the different damage type and

the damage combo and depth related to that building.
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