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Abstract

In response to global climate change and the increasing frequency of
extreme natural hazards, an early intervention flood risk assessment
methodology has been developed to assess damage at the building
component level. This approach allows for the precise identification of
vulnerable structural components and localized redesigns, leading to more
cost-effective and safer structural solutions. The focus of this paper is on
quantifying flood damage to components and visualizing the results, with
two main objectives: 1) quantifying the damage and 2) interactive
visualization.

Hydrodynamic simulations of compound floods under future climate
scenarios are performed to apply the quantitative results at the micro level.
Using future climate scenarios obtained by perturbing atmospheric data
with a regional climate model, the top 24 hours of flood-driven data are
selected to create inundation maps. Vulnerability curves for each material
are plotted, taking into account the sensitivity of the component materials to
water. Based on the water depth at each point, the failure probability is
determined. This method of quantifying component vulnerability provides
new insights into micro-level flood damage.

Finally, an integrated BIM-GIS model is constructed, and the damage level
and distribution are displayed on the ArcGIS Pro platform. This allows
different stakeholders to intuitively obtain damage level information. Users
can customize their view, for example, by focusing solely on the damage to
first-floor exterior windows or by examining the damage levels of
components and buildings under different intensity flood ratings.

Key words -

[Climate change, Compound flood, Flood damage assessment, Hydrodynamic
simulation, BIM - GIS integration, 3D visualization]
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1 Introduction

1.1 Background

At present, when dealing with compound flood disasters, the neglect of the joint effect between multiple
hazards often leads to an underestimation of the flood hazard level, which in turn leads to an overestimation
of the resilience of the building, and how to accurately predict the resilience of the building's full life cycle is
an important means of assisting in the decision-making of the building or its operation and maintenance.

Flood Damage Analysis (FDA) has evolved assessment methods across different spatial scales—macro, meso,
and micro. Many studies have utilized flood hazard curves (inundation depth-frequency) linked with building
attributes (height, material, age, etc.). While effective for assessing urban or community-scale scenarios, this
method lacks the capability to simulate water flow around and within buildings, neglecting the influence of
flood velocity and duration on building resilience. Consequently, the unique resilience of each building to
flooding remains unaccounted for. Furthermore, the absence of detailed structural information and building
location specifics impedes direct application of study results to design, necessitating further analysis for design
decisions. These intricacies are crucial in identifying building-specific risk sources.

1.2 Problem statement

Main problem

In the Netherlands, the problem of quantifying damage to building structures caused by climate change-
induced compound flooding remains unresolved, and it is not possible to visually locate the location of
damaged structures and the extent of damage.

Sub-problems

e |nacompound flood scenario, these three contributing factors may be affected by the same weather
system, causing them to converge in physical space and exacerbating the resulting impacts.

e It is difficult to transfer information directly between Building Information Modeling (BIM) and
Geographic Information Systems (GIS), so data must be exchanged using an intermediate format or
language.

e Currently, most freely available hydrodynamic models are not open source and the results generated
need to be imported into other software for further data analysis.

1.3 Scope
1.1.1 Research question and sub-questions

Main research question

How We Built a BIM-GIS Based Viewer to Quantify the Risk of Structures components When Facing Compound
Flooding Scenarios?

Sub-questions



1.1.2

How to assess multi-hazards risk for compound flooding in quantitative manner in urban scale, to
consider of hazard inter-dependency?

How to construct a hydrodynamic model to simulate urban flooding during compound flood
outbreaks?

What intensity indexes and performance indicators should be used to analyse failure behaviour of
structure.

How to integrate simulation models in a viewer for their efficient performance on building structures,
to interactively display the hazard index of each component?

Objectives

General objective

A digital assistant tool for structural flood-resistant assessment in the Netherlands' coastal areas.

Sub-objectives

To define the classification of compound disasters and methods for analyzing interactive correlations.
To define the data types and transmission media for storing BIM and GIS data.

To establish a comprehensive framework to facilitate effective interaction between the BIM and GIS
model into a viewer to visualize the damage state.

Final products

A lightweight visualization tool is developed to access the damage of structure component, featuring:
Camera movement at different object zoom levels, and

Color-coded building components with different damage costs

Clicking to select specific components for querying related detailed information.

This allows stakeholders to visually inspect affected components, assisting in decision-making.

1.1.3

Boundary conditions

The primary emphasis of this study is to evaluate damage at the micro level, where vulnerability
pertains to the strength of structural elements and exposure concerns the area susceptible to water
contact and sensitivity. However, it's important to note that this study does not assess property,
residents, or infrastructure. For further insights into infrastructure and societal calculation
methodology, references can be found in (Kelman, 2002) and (Ge et al., 2013).

To avoid excessive computational costs caused by too large a volume of data, a stochastic model
rather than a physical model was used when analyzing the frequency of flood disasters caused by
initiating factors. Therefore, hydraulic conditions such as underground seepage and pipe networks are
not considered to ensure the fast operation of the model.

In analysing the effects of flooding on building structures, only the effects of flooding on the skin of
the building were considered. Scenarios about wall infiltration and water ingress into openings are
beyond the scope of this paper.

As for damage analysis, only a probabilistic perspective on the overall structural vulnerability was
provided. Due to the limitation of level of detail needed, the nature of uncertainties involved, and the



lack of computational resources, finite element analysis of the building structure was not performed
to obtain more specific vulnerability results.

1.4 Research methodology

Since its introduction in 2014, the significance of coastal complex flooding for sustainable development has
gained widespread recognition. The field has experienced significant growth, with a 9.4-fold increase in
literature from 2014 to 2022, totaling 364 articles.(Sun et al., 2024) This surge underscores the extensive scope
of research dedicated to compound flooding. Figure 1 illustrates the methodological framework of this paper,
detailing the problem formulation, vision, research, application, and conclusion.

The literature for the research component of this paper is primarily sourced from Web of Science, Scopus,
ResearchGate, Google Scholar, and Elsevier. The research is structured around the following sections:

1. Compound Flood: Examines the mechanics of its generation, the triggering factors, the interactions
between these factors, and their impact on buildings.

2. Weather System: Classifies scenarios under climate change, predicts resulting weather data, and
identifies sources of weather data.

3. Flood Simulation Model: Compares flood modeling models, and evaluates the amenity and
applicability of common simulation software.

4. Vulnerability Study: Conducts uncertainty analysis in numerical models, explores vulnerability
analysis methods, and establishes damage level classification standards.

5. BIM-GIS Integrated System: Focuses on data collection, BIM-GIS interoperability, and data utilization
and analysis methods.

6. 3D Visualization: Provides an overview of digital technology, geoscientific modeling, and a
comparative analysis of 3D modeling software.

These six areas can be grouped into three subsections:

1. Flood Analysis and Simulation (1, 2, 3)
2. Damage Assessment (4)
3. Visualization (5, 6)

In each subsection, the existing literature is summarized and compared, and theoretical solutions applicable
to this project are presented. This structured approach ensures a comprehensive understanding of complex
flooding and its implications, facilitating the development of effective and sustainable solutions. (Fig. 1)
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2 Theoretical background

2.1 Climate challenge

A significant portion of the global population resides in low-lying coastal regions, where population density,
infrastructure, and economic activity are concentrated, rendering them highly susceptible to flooding
(Vousdoukas et al., 2018) Sea level rise (SLR) in the coming years, attributed to factors such as thermal
expansion and the melting of continental glaciers and polar ice caps, will elevate both mean and extreme sea
levels, thereby escalating the risk of compound flood events (Bevacqua et al., 2019). This phenomenon, driven
by various meteorological processes, is anticipated to amplify future compound flood hazards. While studies
have demonstrated this trend along the European coast, comprehensive data for most of the world's low-lying
coastal areas are currently unavailable(Bevacqua et al., 2019). Climate change projections indicate an increase
in meteorological events that drive compound coastal flooding (Fig. 2). Exceptionally, the projected population
growth in coastal areas makes an integrated assessment of the meteorological drivers affecting compound
floods and their response to climate change imminent.
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Figure 2: Future changes in the return periods of concurrent meteorological drivers of compound flood. (Bevacqua et al,, 2019)

According to the latest projections of the Royal Netherlands Meteorological Office(van den Hurk et al., 2016),
the upper limit of sea level rise in 2100 is 100 cm. the urban area of the flood-prone areas of the Dutch delta
increased approximately sixfold during the 20th century, and by 2100 the urban area of the flood-prone areas
will increase further to 125%, with a potential depth of inundation typically exceeding 2.5 m. The flood-prone
areas of the Dutch delta will increase by a factor of 2.5 m, with a potential depth of inundation typically
exceeding 2.5 m. More meteorological events that drive compound coastal flooding are projected under
climate change. (Fig. 3)
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Figure 3: Map of the Netherlands showing flood prone zones (blue shadings) and features of the water management system
(adapted from PBL61). N.A.P. is the Amsterdam Ordnance Level which is the reference plane for sea level height in the
Netherlands.(van den Hurk et al., 2016)

In the context of future climate warming, the probability of compound coastal floods (CF) is expected to
increase significantly, particularly in specific regions such as the west coast of the United Kingdom, northern
France, the eastern and southern coasts of the North Sea, and the eastern part of the Black Sea (see Figure
3A). By the end of the 21st century, the proportion of coastline with a return period of less than 6 years is
expected to rise from the current 3% to 11%. Hotspot areas where the return period will be below this value
include the Bristol Channel, the coasts of Devon and Cornwall in the United Kingdom, and the North Sea coasts
of the Netherlands and Germany (see Figure 4B).(Bevacqua et al., 2019)
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Figure 4: Future probability of potential compound flooding (CF). (A) Multimodel mean of projected change (%) of CF return
periods, between future (2070-2099) and present (1970-2004) climate. (B) Return periods for the future (2070-2099). Gray
points indicate locations where only four or fewer of six models agree on the sign of the return period change (three or less of
five models in the Black Sea). Areas of gray points in (A) and (B) are slightly different, as the former are computed taking into
account the past period (1970-2004) and the latter the period (1980-2004) (see delta change approach in Materials and
Methods). (Bevacqua et al,, 2019)
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2.2 Compound flood(CF) risk

Complex flooding is usually a multi-hazard issue, characterized by the convergence of various hazard drivers,
including heavy rainfall, river discharge, and storm surges. Compound floods can arise from the simultaneous
presence of three indicators, none of which are extreme individually but combine to amplify the risk. Focusing
solely on the likelihood of extreme scenarios for one factor is likely to underestimate the flood risk.(Eilander
et al., 2020; Santiago-Collazo et al., 2019) Moreover, these hazards may stem from the same weather system,
making them statistically interdependent, physically superimposed, and concentrated in the same
geographical area, like large waves coupled with elevated sea levels leading to coastal flooding, or increased
river flow coinciding with high sea levels resulting in river flooding. To accurately assess the probability of
flooding, it's essential to understand not just the high and extreme values of each variable, but also the
likelihood of their simultaneous occurrence. When the compounding occurrence is eliminated for inland water
levels below the warning level of +7 cm NAP, there's a potential reduction in the probability of reaching the
specified inland water level by up to a factor of 2. (Couasnon et al., 2020)

Correlations between coastal zones and flood drivers have been found globally. For example, the dependence
of storm surges and precipitation has been found in the cases of Australia and the United States (Hatzikyriakou
& Lin, 2018)A correlation between storm surge and flow was demonstrated in the Netherlands(Klerk et al.,
2015; Leal et al., 2021; Ridder et al., 2018; van den Hurk et al., 2015), Italy (Taramelli et al., 2022), and the
United Kingdom (Amirebrahimi et al., 2015; Hawkes, 2008). Watershed studies have also shown that ignoring
the dependence between the three underestimates the return period of floods.

2.3 Microscale analysis

Flood damage analysis (FDA) is typically developed for three main scales of analysis; macro (Fig. 5A), meso
(Fig. 5B), and micro (Fig. 5C) (Apel et al., 2008). The internationally recognized standard approach for Flood
Damage Assessment (FDA) involves the utilization of "damage curves." (Merz et al., 2010)

The first two method (macro, meso) evaluates damage by categorizing buildings based on properties such as
type, age, height, and building material, alongside flood characteristic curves encompassing inundation depth,
duration, water flow velocity, return period, and weighting factors. Building damage ratings across various
time dimensions are then derived. The efficacy of this approach has been validated in extensive applications
covering a significant number of buildings.(Merz et al., 2010) However, this kind of method target broad-scale
applications, offering less detailed outputs without assessing damage to individual buildings. In contrast, micro
analysis focuses on smaller spatial areas and adopts an object-oriented approach to evaluate damage to
individual buildings or small groups of buildings. This analytical technique can provide further information on
the details and position of damage at the building level. These details are particularly important in the early
stages of design to determine the structure of the building and to improve the structural design to reinforce
key components.

13



A B C

Figure 5: Three main scales of analysis. (A) The risk map shows the current individual risk (IR) in 2015 in The Netherlands
(Vergouwe & Sarink, 2016) (B) The risk map generated by VISDOM simulation software in German.
(https://www.vrvis.at/produkte-loesungen/visdom) (C) The colour coded damage map calculated by ANSYS FEA ans
visualised in ESRI ArcScene. (Amirebrahimi et al., 2015)

3 Literature review

3.1 Flood analysis and simulation

Coastal areas are increasingly threatened by flooding due to extreme weather driven by climate change. The
compounding effects of ocean levels, rainfall, and rivers subject coastal cities to complex interactions of
causative factors. This section explores the combined effects of these multiple factors under specific climate
scenarios. Additionally, it compares and analyzes the scope of application of models used for assessing
disasters and the software used for simulating these disasters, providing scientific guidance for subsequent
applications.

3.1.1 Weather scenarios

The latest climate scenario, the KNMI'23 Climate Scenario, was released in 2023, replacing the KNMI'14
Climate Scenario. The four KNMI'23 scenarios describe possible tipping points for climate change in the
Netherlands:

e Hd: High emission levels and a "dry" scenario with slightly wet winters and significantly dry
summers.

e Hn: High emission levels and a "wet" scenario with significantly wetter winters and slightly drier
summers.

e Ld: Low emission levels and a "dry" scenario with slightly wet winters and significantly dry summers.

e Ln: Low emission levels and a "wet" scenario with significantly wetter winters and slightly drier
summers.

These four new scenarios outline the future climate of the Netherlands. They form the basis for research
into the effects of climate change and adaptation to this change.

14



CHECENC - CHECENT

+24 *27 +ad +aq

Global temperature rise compared to 1991-2020

Year Sea level long averagelevel oam® 28 27 -82 82
the Dutch coastline (63)cm  (16:3@)em  (19:38)cm | (1938)em  (673cm  @67Hem  (59-120)cm | (59-128)em
rate of change 3 mm/year’ +3(1-6) +3(1-6) +5(a-8) - -1(-a-0) Aea-q) | aE23) -
mmpyear  mmpyear  mmjyear mmjyear  mmjyear  mmjyear
Temperature average 105°C +0.9°C +0.9°C 6% s +0.9°C +0.9°C ~a.aec a1
Precipitation amount 851 mm 0% +3% 2% _ 0% +3% 3% _
Solar radiation average 120Wm -SSWm?  ASWm  +SAWM  s25WM +SSWm  dSWm?  TIWm | +13Wm?
Humidity average relative humidity 82% 1% 1% 1% _ 1% 1% 1% _
603 mm % 6% 9% 6% 7% 6% 7% %
Wind average wind speed asmss 0amss -01mps 00m/s _ 01 mys 0amps 01ms _
Winter  Temperature average 39°C 0.7°C ~07°C 2% 3% +07°C w0.7°C “3.7°C +3.9°C
average daily maximum 6.3°C +0.7°C ~0.7°C +1.1°C _ +0.7°C +0.7°C +3.5°C _
average daily minimum 1.8%¢ 0.7°C 07°C .2 n.ac 0.7°C +0.7°C ~4.0°C ~a.2°c
Precipitation amount 218mm 4% +5% +a% _ 4% 5% 0%
number of wet days (0.1 mm) 57 days 00days 00days 00days  +06days 00days 00days 00days  +lidays
days with >= 10mm 5.0days +0.4days +0.5days +05 days _ +0.4 days +0.5 days +1.6days _
10-day total precipitation exceeded once 109 mm * -2% 2% 0% 2% 2% 2% +8% +15%
every 10 years
Solar radiation average sawm' a2wm sswm | soswm [E0ANEE o2wm  aswme | orwm TSNS
Humnidity average relative humidity * 87% 0% 0% 1% 1% 0% 0% 1% 2%
Wind average wind speed 5.6m/s 0.1mjs 01 mys 00m/s _ 0.1 mss 01 mjs +0.1mys _
days with wind direction between north 13days  +0.1days -0.8days 00days | +0.1days  +0.1days -0.8days 1.7 days 1.0days
and west

2050 (2036-2065) 2100 (2086-2115)

Spring  Temperature average 9.6°C +0.8°C +0.7°C 13 _ +0.8°C +0.7°C +3.6°C _

average daily maximum 13.7°C +05°C +0.8°C ~1.2°¢ “10°c +09°C ~0.8%C 3.3°C ~29°C
average daily minimum 55°C +0.7°C “0.7°C +1.8°C _ +0.7°C +0.7°C +3.9°C _
Precipitation amount 153mm "% 3% % +a% 1% 3% e ~10%
Solar radiation average WEIWmE <66W/m?  +S2Wm?  +32Wm? _ S6EWMT S2Wm -02Wm? -
Humidity average refative humidity * 8% 1% 1% 0% % 1% 1% 1% 2%
Makkink 190 mm 6% +5% ey 6% 5% <0 [
Drought maximum precipitation deficit 76mm % 6% 5% 5% % 6% w21% 5%
April and May
Wind average wind speed azms 01mps 0amys oomys [INGORA] o1y 0ams 0xmys [INOORAY
Summer  Temperature average 173% .2 RS w2.1°C "7 2% "% +5.1°C sa7°C
average daily maximem 21.7°C +1.4°C +.2°C 222 _ +1.8°C .2 +5.4°C _
average daily minimum 125% .07 0% ~1.5°C ~18°c "1.0%C “.0°¢ +5.0°C ~4.9°C
Precipitation amount 235mm -8% 2% REY ) -8% 2% 29%
1-day total precipitation exceeded once 63mm  +4(1-6%  +S@TP  +6@9% | 9G-1%  +4(1-6%  -SET% +15(5-26/%  =26(12-a1)%
every 10years *
hourly precipitation exceeded once 16mme <46  +6(3-8%  +6R29% - MR6%  6(-8%  +15(5-260%
peryear
Solar radiation average 06Wm  SR2WmM 91 Wm +1Wm' | eTAWmME  c12Wm 9aWm?  s20Wm'  +1IWm?
Humidity average relative humidity * 7% 2% A% 2% _ 2% 1% -a% _
Makkink) 286 mm 8% 6% "% % +8% 6% “22% ~1a%
Drought maximum precipitation deficit for April- 160mm “22% 3% +35% - 2% +13% +79% -
September
maximum precipitation deficit for April- 265 mm 6% +9% +30% ~16% ~16% +9% +63% ~30%

September exceeded once every 10 years

Wind average wind speed a2ms 0ams 0. mys oims SR o1 0ms -oznys [EGERAN

Autumn  Temperature average n.2c +1.0°¢ ~0.9°C ~1.8°C .6 1.0°C ~0.9°¢ +5.0°C ~a8°C
average daily maximum 135°C +1a%¢ +13°C +1.9°C _ +1.0°C +1.1°C +5.0°C _
average daily minimum 7.8%C +0.9°C +0.9°C ~1.8°C 7 +0.5°C +0.9°C +5.0°C 5.1°C

Precipitation amount 205mm +a% 5% 1% _ +4% +5% 1% _
Solar radiation average TIWmM  S3TWm? 3SWm e3TWm | lAWm?  STWm?  3SWE +SAWm | +1.0Wm?
Humidity average relative humidity * 85% 1% 0% 2o [ 1% 0% 2o [
Wind average wind speed azms -01mjs 0.1m/s 0.1 mjs 00mys 0.1 mjs 01 ms -02mjs 0.1ms

Figure 6: KNMI'23 scenario table with country averages(KNMI'23 climate scenarios)
Observed trends and future scenarios per variable:
i. Precipitation:

The annual average precipitation is calculated based on long-term time series from 102 stations in the
Netherlands, starting from 1910. For each series, the monthly totals were calculated. The monthly
precipitation totals from the 102 stations were then averaged to calculate the annual average precipitation
total for the Netherlands. Figure 7 shows the linear trend line of the annual average precipitation in the
Netherlands. From the figure, it can be seen that the total increase from 1910 to 2013 is 178.6 millimetres,
which represents a 25.5% increase.
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Figure 7: Annual precipitation in the Netherlands 1910-2013 (mean of 102 stations). The straight line represent a linear
regression fit. The dashed lines give the 95% confidence bands. (van den Hurk et al., 2016)

From the resampling of RACMO2, we can make predictions of precipitation for future scenarios. Figure 8
shows the observed precipitation increase in winter and summer for different scenarios. and the average
increase for the four future scenarios.
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Figure 8: Winter and summer precipitation in De Bilt (Netherlands). Observations (three 30-year averages, in blue), 44
scenarios (2050 and 2085, in four colours) and natural variations for 30-year averages (in grey) are shown(van den Hurk et al.,
2016)

ii. Sea level rise

Sea level, as a variable arising from global climate change, was modeled and analyzed by KNMI'14 using the
CMIP5 model to derive the following scenarios and temporal ranges of change (Table 1), and trends, with
upper and lower bounds, which correspond to the uncertainty ranges of 5 to 95% of sea level rise estimated
by the model simulations.
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KNMI’14 scenario Low (2050) Low (2085) High (2050) High (2085)

dTg00 +1.0°C +1.5°C +2.0°C +3.5°C
Global mean 15to 30 cm 30to 60 cm 20to 35cm 45to 75 cm
North Sea 15t0 30 cm 25to 60 cm 20to 40 cm 45to 80 cm

Table 1: KNMI'14 Sea-level scenario ranges for Global and North Sea

processes
O Oceans
A Glaciers
+ AIS-dyn
X GIS-dyn
© AIS-smb
v GIS-smb
® Landwater
* Inv.barom

# x‘#oH'*

1900 1950 2000 2050 2100

Figure 9: KNMI'14 scenarios for North Sea area mean sea-level rise and its likely range (shading), relative to 1986-2005 mean.
The vertical axis denotes the 30-year running mean sea-level change in cm, while the horizontal axis denotes time.
Observational data consists of the average of 6 stations in The Netherlands. The green symbols indicate the 5-year running
means obtained from satellite altimetry (1993-2013) over the North Atlantic, with respect to 1993-1998. (source
observations: Permanent Service for Mean Sea Level, http://www.psmsl.org).(van den Hurk et al., 2016)

In conclusion, changes in precipitation and sea level due to global climate change vary with different climate
scenarios. Bart predicted future rainfall scenarios by resampling historical data using RACMO?2, while sea level
rise was projected for various temporal scenarios with different temperatures through CMIP5 modeling. This
section aims to incorporate different future climate scenarios into data collection efforts and provide guidance
for responding appropriately to these changes.

3.1.2 Compound flood

Mechanism

Based on the concept of compound events proposed by the IPCC, this is defined as "a compound event is a
combination of multiple drivers or hazards that together trigger social or environmental risks." Coastal
compound flooding is one of the typical compound events, caused by a combination of multiple flood drivers.
(Figure 10) These flood drivers include rainfall, runoff, sea level, and storm surges. Since a single factor cannot
capture all the relevant conditions leading to a hazard, researchers are dedicated to studying the risk of flood
formation under different combinations. The extreme values of compound flooding are mainly divided into
three types:
1. Coastal urban areas: Heavy rainfall and storm surges occur simultaneously, causing flooding through
their combined effects or exacerbating the flood depth of either factor.(Bevacqua et al., 2019; Ridder
et al., 2018; Santos et al., 2021)
2. Coastal river areas: River discharge and storm surges occur simultaneously, leading to riverbank
overflow and increased flood depth.(Heinrich et al., 2023; Khanal et al., 2019; Klerk et al., 2015; Zellou
& Rahali, 2019; Zheng et al., 2013)
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3. Compound flooding caused by the simultaneous or sequential occurrence of rainfall, storm surges,
and river discharge.(Svensson & Jones, 2004a, 2004b)
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Figure 10: Mechanism of compound flood in coastal area.(Xu et al., 2022)

3.1.3 Flood assessment model

The correlation, joint probability, and combined effects of multiple drivers on flooding have ignited exploration
within the scientific community to evaluate compound floods. In recent years, three primary perspectives have
zeroed in on compounding mechanisms in coastal areas. These encompass: 1. Statistical models (Stochastic
model), which demonstrates the interdependence between flood drivers and establishing their joint
distribution. 2. Numerical models (Mechanistic model), which simulate the physical process of composite flood
formation. 3. Empirical models, leveraging the statistical relationship between rainfall inputs and observed
runoff outputs for flood prediction.

The Alois Tilloy (Tilloy et al., 2019) study delineated three primary modeling approaches for assessing the
interrelationships between single hazards (Fig. 11): stochastic, empirical, and mechanistic. A database
comprising 146 references related to multi-hazard interrelationships was compiled to exemplify the
guantitative methods applied across various categories of hazards (in terms of interrelation types:
Independence, changing conditions, triggering, compound, mutually exclusive, and in terms of disaster types:
earthquakes, hurricanes, floods, etc.). The table below (Table 2) summarizes the advantages, disadvantages,
practicality, and application cases of the three quantification methods.

The focus of the study is on hydrologic hazards. Copula (31%) and physical models (30%) emerged as the most
prevalent methodologies due to their capacity to generate results for diverse scenarios and draw inferences
beyond observed data. However, there are distinctions between them. In the absence of prior knowledge on
the hazards under study, it is necessary to fit several copula models with varying levels of complexity to the
data and compare them. Utilizing a copula that fails to adequately capture the dependence structure between
two variables can result in either underestimation or overestimation of their joint probability. On the other
hand, physical models are characterized by higher computational costs and demand larger volumes of data.
(Mazas & Hamm, 2017)
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Stochastic
Stochastic or Empirical
Empirical

Mechanistic

Figure 11: Natural hazard interrelationship models: three different modelling approaches (I. stochastic, II. empirical, and III.
mechanistic), six families (A. multivariate, B. copula, C. dependence measures, D. regressions, E. conceptual models and F.
physical models) and 19 modelling methods. This classification is based on a review of 70 references from 1980 to 2018 (see
Supplementary Material Table B1).(Tilloy et al., 2019)

Stochastic

Empirical

Mechanistic

(conceptual/physical)

Applicable Compound Hazards

type
vP estimation of joint

probabilities of
exceedance and
return periods

Triggering Hazards
Geophysical hazards

Compound Hazards

Hydrodynamic models are the
most prevalent (e.g., river
flooding, coastal flooding,
compound flooding, tsunami).

Quantitative multi-
hazard risk
assessment with
vulnerability surface
and hazard joint

Examples

return period (Ming et

al., 2014)

Dependence between sea
surge, river flow and
precipitation in south and west
Britain (Svensson & Jones,
2004)

Conceptual:

A Review on Hydrological Models
(Devia et al., 2015)

Physical:

Investigating compound flooding
in an estuary using
hydrodynamic modelling: a case
study from the Shoalhaven River,
Australia (Kumbier et al., 2018)

Table 2: Application scenarios of three quantitative models



3.1.3.1 Statistical models

Statistical modelling is based on the dependence between drivers and their joint distribution. (Figure 12) The
commonly used statistical methods are the threshold excess method, point process method, conditional
method, Kendall rank correlation coefficient method, tail correlation coefficient method, and copula function
method, etc. In order to obtain the characteristics of the flooding factors in time and space, the common
methods for the dependence between drivers and their joint distribution are explained below, respectively.

Statistical model

Analysis of dependence Joint distribution of flood
between flood drivers drivers

Correction coefficient Distribution function
method method

Figure 12: Framework of models of Statistic Model

i.  Depending between flood drivers

The severity of flooding caused by multiple drivers occurring simultaneously is greater than flooding caused
by a single factor. Therefore, in order to properly assess compound flood impacts, the dependencies between
flood factors need to be quantified. In general, (Xu et al., 2022) , the methods for calculating dependencies
can be categorized into two types:

1. Correlation coefficient method. The correlation coefficient is calculated directly from the data.

2. Distribution function method. This method requires determining the distribution function of individual
factors and then calculating the dependencies.

ii. Joint distribution of flood drivers

The significance of studying the joint distribution, also known as the multifunctional distribution, is to study
the joint risk of time, determine the reproduction period and provide conditions for the boundary numerical
physics model. Methods for calculating the joint distribution are: the copula function method, the Moran
method, and the joint distribution method composed of specific marginal distributions.

Stochastic models have been particularly used to model compound hazards as they provide the joint
probabilities of multi hazard occurring at the same time as well as the return period. These quantities are
commonly required by engineers and decision makers.

However, due to the uncertainty of its distribution function and the uncertainty of its parameters will affect
the results of hydrological frequency calculation, thus affecting the calculation of the probability of disaster
occurrence, and thus affecting the engineering design and disaster prevention and control. Uncertainty in
statistical modeling needs to be further studied.
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3.1.3.2 Numerical models

The main idea of numerical modeling is to simulate the complex physical movement of water bodies by
calculating physical equations. Due to its complexity, composite flood modeling usually contains multiple
models, namely: hydraulic, hydrologic, ocean circulation, etc. Figure 13 shows the relationship between the
parameters of the three models, the software and the interaction.

HEC-RAS, MIKE21,
LISFLOOD-FP, TU FLOW, etc.

Ocean data, hydrographic data Hydrodynamic model

Hydrographic data

Hydrographic data Ocean data

Hydrographic data Oceanographic model

l«—— Ocean data

Hydrological model

SWMM, MIKE SHE, VIC, etc. ADCIRC, POM, DELFT3D, etc.

i i Wind data, hydrographic
Pecipitation, sea level, discharge ! ' data,barometric pressure

Figure 13: Three types of unidirectional compound flood simulation, and their relationships

In flood assessment studies, different models are mostly coupled to construct a composite flood modeling
framework. The model coupling can be divided into different kinds of model-oriented, hydrologically-
dominated coupling model, hydrodynamics-dominated coupling model, Oceanography-dominated coupling
model. Table 3 illustrates the scope of these coupled model.

Coupled model Function input output
categories
Hydrological- Simulate the final Observed or simulated Inundation
dominated model inundation map hydrological and oceanographic extents
dataset
Hydrodynamics- simulate the entire process Observed data or model- Inundation
dominated model from precipitation runoff to generated sea level extents
inundation
Oceanographic- simulate marine processes simulated or observed data of flood water
dominated model hydrological processes(rainfall, levels and
runoff) velocities

Table 3: Comparison of three coupled model
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In the case study, the following Table 4 was summarized and the key points of each composite model were
recognized in the literature reflection:

1. In Hydrological model, if the interactions between storm surge and runoff is ignored, it will lead to
inaccurate outcomes.

2. Similarly, Hydrodynamic model could simply implement the data gained from hydrodynamic and
oceanographic models, which make the process simple and direct. However, it may cause
underestimation of the final simulation result, resulting in inaccurate outcomes.

3. Asfor Oceanographic coupled model, if underestimate the interaction between rainfall, river flooding
and marine process can also lead to wrong result.

Case Studies Categories Models Indicators Subjects
Developing a hybrid modeling Hydrology- Delft3D -SWAN, Storm surge, Duration,
and multivariate analysis dominated SWMM runoff depth
framework for storm surge and model
runoff interactions in urban
coastal flooding(Hasan Tanim &
Goharian, 2020)
Hydrodynamic Simulation of an ~ Hydrodynamics- Delft3D- discharge depth-
Irregularly Meandering Gravel- dominated Flow, MIKE 21FM averaged
Bed River: Comparison of MIKE model velocities

21 FM and Delft3D Flow
models(Parsapour-moghaddam

etal., 2018)
Investigating compound Hydrodynamics- Delft3D rainfall, storm  flood extents
flooding in an estuary using dominated surges and
hydrodynamic modelling: a case model inundation
study from the Shoalhaven depths
River, Australia(Kumbier et al.,
2018)
Simulating storm surge waves Hydrodynamics-  ADCIRC ? SWAN storm surge Inundation
for structural vulnerability dominated and BOUSS1D area, wave
estimation and flood hazard model and velocity
mapping(Hatzikyriakou & Lin,
2017)
A study on compound flood Hydrodynamics- Delft3D-FLOW, rainfall, storm Inundation

prediction and inundation dominated HEC-RAS surges, river area, depth
simulation under future model level
scenarios in a coastal city(Zhong
etal., 2024)
A full-scale fluvial flood Hydrodynamics- HiPIMS rainfall Inundation

modelling framework based on
a high-performance integrated

dominated
model




hydrodynamic modelling system
(HiPIMS)(Xia et al., 2019)

More meteorological events Oceanography- D-FLOW Rainfall, Sea level
that drive compound coastal dominated waves, sea
flooding are projected under model level, storm
climate change(Bevacqua et al., surge
2020)
Storm surge and extreme river  Hydrodynamics- WAQUA/DCSMv5  Storm surge, Water level

discharge: a compound event dominated discharge
analysis using ensemble impact model SPHY, HBV36
modelling(Khanal et al., 2019)
The role of atmosphericriversin ~ Oceanography-  WAQUA/DSCMv5  water levels,  Atmospheric
compound events consisting of dominated precipitation river
heavy precipitation and high model
storm surges along the Dutch
coast(Ridder et al., 2018)
Developing a modelling Oceanography- HEC-RAS, ADCIRC  Storm surge, Water level
framework to simulate dominated river
compound flooding: when model discharge

storm surge interacts with
riverine flow(Loveland et al.,
2021)

Table 4: Case studies of coupling flood model research

3.1.3.3 Empirical models

Empirical models are based on statistical relationships between rainfall and runoff. Future flood conditions
can be simulated with a small number of data inputs and are commonly used for flood forecasting and urban
drainage design. Types of empirical models include data-driven methods such as regression models, artificial
neural networks, various machine learning algorithms, and the Soil Conservation Service Curve Number (SCS-

CN) method.(Kumar et al., 2023)

Among empirical models, flood modeling using artificial intelligence (Al) and machine learning (ML) is a
relatively new field that has the potential to revolutionize the way floods are predicted and managed (Hou et
al., 2021). Artificial intelligence and machine learning algorithms are used to analyze large amounts of data,
including meteorological, hydrological, and topographical data, to improve the accuracy and reliability of flood

models.
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DATA SOURCE MACHINE LEARNING MODEL FLOOD PREDICTION

Regression algorithms

Water level time series

Classification algorithms

— Final prediction
Inudation map

Tabular data with
meteorological parameters —_—

Clustering algorithms

Remote sensing data,
Observation station data

Time-series analysis

Figure 14: Process for flood prediction using ML methods

The whole process involves three main phases (Fig 14) : data collection, selection of appropriate machine
learning models, flood forecasting, prediction and risk mapping. The first step collects various data including
water level time series, remotely sensed data and tabular data. The second step selects the machine learning
model selection based on the data characteristics and prediction problem. Regression techniques can be used
to estimate flood levels using historical data. In the third step, a classification algorithm is used to categorize
the flood risk based on climate, topography, and previous historical flood data, and to create a flood risk heat

map.

3.1.3.4 Summary

Model Description Pros Cons
Type
e Simplification: May
not accurately
represent complex
e Ease of Use: Simple to physical processes
understand and apply. involved in runoff
e Minimal Input generation.

) o Requirements: Require e Limitationsin
statistical  Provide a simplified only a few parameters. Scenario Analysis:
models representation of the e Practical Application: Limited ability to

hydrological cycle Useful for small to simulate the effects
medium-sized of land use change
catchments with a and climate change.
well-understood e Applicability: Less
hydrological context. effective for larger or
more complex
catchments.
simulate runoff and e Accuracy: Can e Data Intensive:
Numerical flooding by representing accurately represent Require extensive
models the physical processes and detailed input

involved

complex hydrological
processes.

data.
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e Versatility: Useful for Complexity: Can be

predicting runoff from complex and time-
large catchments and consuming to set up
simulating detailed and run.
scenarios. e Sensitivity: May be

e Comprehensive: sensitive to errors in
Capable of addressing input data, impacting
the impacts of various the reliability of
changes, including land results.
use and climate
change.

e Simplification: Do
not accurately
represent the

e Simplicity and physical processes
Efficiency: Easy to use involved in runoff
based on and interpret. generation.
statistical relationships e Minimal Data e Limited Flexibility:
between rainfall inputs Requirements: Require Limited ability to
Empirical  and observed runoff only historical rainfall simulate the effects
models outputs. They rely on and runoff data. of land use change
historical data to establish e Practical Uses: and climate change.
these relationships and Effective for flood o Historical
make predictions. forecasting, urban Dependence: May
drainage design, and not perform well
water resources outside the range of
planning. historical data used
to develop the
model.

Table 5: Comparison of three flood analysis model, including its pros and cons.

As shown in the table 5, each model has its own scope of application: Conceptual Models are ideal for smaller
catchments with well-understood hydrological processes but may not handle complex or changing conditions
well; Physical Process-Based Models offer detailed and accurate simulations for large catchments and complex
scenarios but require extensive data and computational resources; Empirical Models provide efficient and
practical solutions for planning and forecasting based on historical data but may lack accuracy in novel or
evolving situations.

Given the lightweight computational approach utilized in this paper and the requirement for integration with
a BIM-GIS framework, it is crucial to provide sufficient geographic, hydrological, and architectural information
inputs. A digital model based on physical processes is preferred because it can offer the necessary accuracy to
ensure reliable structural analysis at the micro level. Moreover, if the simulation software is open-source, it
allows for the incorporation of physical parameters into the GIS file, thereby enhancing the informativeness
of the visualization.

3.2 Damage assessment

The uniqueness of buildings is often overlooked in current flood damage assessments, resulting in macro and
meso damage evaluations that are inadequate for informing structural design decisions. This section aims to

25



address this research gap by developing an assessment model capable of micro-analysis of building
components. The model will consider the effects of flood hydrodynamics on the building and encode the
damage rating. To achieve this goal, the following research tasks are necessary:

1. Impacts of Flood Action on Buildings: Investigate how different flood dynamics, such as water depth,
velocity, and duration, directly affect various building components.

2. Fragility Curves for Building Components: Create vulnerability curves for each building component
based on different materials, which will quantify the relationship between flood exposure and damage.

3. Damage Grading Model: Develop a model to group various components based on similar fragilities
and expected loss.

This research will enable a more accurate and detailed evaluation of flood damage at the micro level,
ultimately improving the robustness of building design against flood risks.

3.2.1 Flood action on buildings

The damage to building components is caused by the action of floods. Flood actions may include hydrostatic,
hydrodynamic, waves, buoyancy, debris, erosion, and nonphysical (Kelman & Spence, 2004). Given the focus
of this study on coastal areas and to maintain consistency with data from compound flood research, we mainly
discuss hydrostatic pressure here.

(a) (b) (©) (d)

Water Levels : ' : \
inside! outside

wall

Pressure
Distributions

wall

window

——— W e wBE R sl S - - -

wall

Figure 15: Water levels and pressure distribution levels on building component in each situation(Kelman & Spence, 2004)

The hydrostatic pressure refers to the lateral pressure generated by the difference in water depth on either
side of a vertical component(Fig. 15), calculated using the method provided by KelIman and Spence(Kelman &
Spence, 2004).
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(where y = 0 is the base of the building)

AP =0 for y > fag (1)

(a) Water covers the entire window on one side yielding a linear pressure. (b) Water rises partway up the
window on one side. (c) Water rises partway up the window on both sides, but to different y-values on each
side. (d) Water entirely covers the window on one side and rises partway up the other side.

On the other hand, hydrodynamic pressure is the lateral pressure generated by flowing water, depending on
the direction of flow. It may be positive, pushing the component inward, or negative, creating suction. The
determining factor is the direction of the flow velocity vector perpendicular to the surface of the building
component, which can be calculated using the method proposed by FEMA(Conrad et al., 2012). Additionally,
the duration of the flood determines the contact time between water and building components, reflecting the
damage caused to water-sensitive building elements due to exposure time, which is also a key factor in
determining the extent of damage.

3.2.2 Damage assessment methods

HAZUS-MH Flood model

HAZUS-MH is a nationally standardized methodology and risk assessment software program containing three
models for estimating potential losses from natural hazards (i.e., earthquakes, hurricanes, and floods). The
HAZUS-MH flood model was released by FEMA in 2004. It currently contains methods for assessing losses in
rivers and coastal areas.(Nadal et al., 2010)

The depth-damage function expresses the relationship between flood depth and damage percentage.
Typically used to estimate the extent and severity of damage to structural elements and contents, the HAZUS
flood model employs a similar approach, using "confidence-weighted" depth-damage curves provided by the
FIA, as well as selected curves developed by various USACE districts to estimate damage to the general building
stock.(Scawthorn et al., 2006)

More than 900 curves for structures, contents, and facilities are provided, as described in the Flood Modeling
Technical Manual. An example is list below.
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Figure 16: FIA-based structure depth-damage curve, two or more stories, basement-modified (Scawthorn et al., 2006)
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Alternative Flood Damage Assessment Methods

In order to study the hydrostatic and hydrodynamic forces of floods and the effects of mudslide deposition,
Mazzorana created a finite element model for both structure and soil-structure interaction. Nadal
considered the different velocity forces of river floods, storm surges, and tsunamis, as well as the effects of
sediment impacts, resulting in a depth-velocity-damage 3D image that shows the expected damage for a
given water velocity at each depth. (Nadal et al., 2010)

3.2.3 Components fragility analysis

3.2.3.1 Fragility quantification analysis

Fragility is a conditional probability that describes the probability that a building component will exceed a
specified level of damage for a given level of hazard intensity.(Nofal et al., 2020) In order to capture the impact
of flooding on building structural components, detailed parameters of each building component need to be
evaluated in addition to the building location, planned area and height required for a general vulnerability
assessment. Each component is described by a number of parameters such as: geometry, layout position in
the building, materials, openings, etc. These parameters make the vulnerability of each component change
with the parameters at the same location. In this section, a methodology is proposed to predict the
vulnerability of the components and the results are shown in terms of failure probability-water depth curves.

In addition to exceeding the specified damage level Eq.(2), vulnerability is also a way of expressing the
probability of failure in terms of whether the intensity of flooding exceeds the resistance to flooding. Eq.(3)

P(DS) = ), P(DSID = x). P(D = x) (2)
EX) = P|D(x) > RIIM(x)] (3)
where P(DS) = probability of being in a DS, P(D = x) = probability

that demand have certain value x, P(DS|D = x) = conditional probability of being in DS condition on demand 0
D x, 0 Fr x () fragility function, D(x) = System or component demand, R = system or component resistance, and
IM(x) is the intensity measure.(Nofal et al., 2020)

For a good statistical fit, structural systems and component fragilities usually are expressed in terms of a
lognormal cumulative distribution function (Ar, &r) as shown in Eq. (4) (Nofal et al., 2020)
E0) (p[ Ln(x) — AR]

S (4)

At the component level, each component is differently sensitive to depth, e.g. for structures, masonry is not
as resistant to water as cement, and for contents, appliances are completely damaged at the first contact with
water. Also the location of the component affects the level of damage, for example a window with a higher
elevation than the wall will be much less damaged at the same depth of water. Considering the diversity of
parameters of building elements increases the complexity of analyzing flood damage.
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Figure 17. Hierarchical representation of a building as a collection of components (Custer & Nishijima, 2015)

Custer and Nishijima (2015) propose a layered approach, dividing the building by characteristics (material) into
different layers and analyzing the fragility of each layer. When only the structural elements of the outer skin
of the building are analyzed, the material and elevation among the multitude of parameters become
determinants of the degree of damage. In the case of structural elements of the building, the material and
elevation often point to the same characteristics, e.g., facade: rammed earth with an elevation of 0, window:
glass with an elevation of 0.9 m. Thus, the fragility of the building skin system is transformed into the fragility
of the different characteristics of elements characterized by different depths of the water.

The following assumptions are made in order to obtain the fragility curves for each components:

The probability of failure - depth curve is cumulative distributed.

The range is four times the standard deviation.

The damaging water depth — probability density is normally distributed between these ranges.
Each component is affected by flooding independently of each other.

Hydrodynamic effects due to differences in neighboring water depths are not considered.

ukhwnN e

Based on these principles, and the mean depth and standard deviation depth of capability can be found in the
table 6. Finally, the fragile curves (Fig. 17) can be generated in python (Fig. 16).

Component DSO DS1 DS2 Ds3 Ds4
Crawlspace Insulation Flooring Insulation AC Unit/ Heater Wood Flooring Washer/ Dryer Lower Cabinets Drywall (DS3) Upper Cabinets Wood Framing Decking Flooring
Min depth (m) -1.25 0.3 -1.2 0 0.05 0 08 1.3 0.5 2
Max depth (m) -0.85 0.1 0.6 1 0.25 0.9 1.5 2 45 4
Mean depth (m) -1.05 0.1 0.3 0.5 0.15 0.45 L15 1.65 25 3
Stan. Dev. of depth(m) 0.1 0.1 0.45 0.25 0.05 0.225 0.175 0.175 1 0.5
Min duration (hr) 0 ) 0 48 0 24 24 24 144 144
Max duration (hr) 10 10 1 9% 05 48 48 48 240 240
Mean duration (hr) 5 5 05 72 0.25 36 36 36 192 192
Stan. Dev. of duration (hr) 25 25 0.25 12 0.125 6 6 6 24 24
Min Rep. Cost (USD §) 1420 710 3700 3720 350 9000 1167 6000 7100 14200
Max Rep. Cost (USD $) 4260 2130 7200 6820 1500 18000 3501 12000 18460 35500
Mean Rep. Cost (USD ) 2840 1420 5450 5270 925 13500 2334 9000 12780 24850
Stan. Dev. of Rep. Cost ($) 710 355 875 775 287 2250 583 1500 2840 5325

Table 6: Extreme water depths and durations that different materials can withstand(Nofal et al., 2020)
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Figure 18: Flowchart of scripting fragile curves graph.
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Figure 19: Fragile curves with different materials for individual components of a one-story residential building on a slab-on-
grade foundation. Timber for door(RED); Masonry for wall(GREEN); Glass for window(BLUE)
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From the above table, it can be concluded that the fragile probability of a member at a specific location can
be directly assessed based on the water level obtained from the simulation software.

"Fragile probability" typically refers to situations or systems where the likelihood of certain outcomes is highly
sensitive to small changes in initial conditions or inputs. This concept urges caution in predicting and managing
risks, emphasizing the need for robust and adaptable strategies.

3.2.3.2 Damage level classification

There are no clear quantitative indicators for damage ratings at the building component level, and the table
here references damage ratings for buildings in the HAZUS model(fema_hazus-flood-model-technical-manual-
5-1), which defines the rating metric as brittleness and provides a description of the impact of different
damage ratings on the interior and exterior of the building. Since the model evaluates the impact rating on
the whole building when the structure is damaged by empirical statistics and does not directly generalize to
the component level, this paper proposes a customized component damage rating.

DS Level  Description Damage Scale Damage Ratio

DSO Insignificant damage to components below first-floor elevation. Water enters crawlspace/basement and touches foundation Insignificant 0.0-0.02
(crawlspace or slab on grade). Damage to components within the crawlspace/basement including base insulation and stored
inventory. Minor damage to garage interiors including drywall, cabinets, electrical outlets, wall insulation (Garage is below the FFE).
No sewer backup into the living area.

DS1 Water touches floor joists up to minor water enters the building. Damage to carpets, pads, baseboards, flooring. Damage to the Slight 0.03-0.15
external AC unit (if the AC unit is not elevated) and the attached ductworks (if ductworks are in the crawlspace). Complete damage to
the garage interior (if the garage is below FFE). No drywall damages with the potential of some mold on the subfloor above the
crawlspace. Could have a minor sewer backup and/or minor mold issue.

DS2 Partial damage to drywalls along with damage to electrical components (base-outlets), water heater and furnace. Complete damage to  Moderate 0.15-0.5
major equipment, appliances, and furniture on the first floor. Damage to the lower bathroom and kitchen cabinets. Doors and
windows may need replacement. Could have a major sewer backup and major mold issues.

DS3 Damage to the non-structural components and interiors within the whole building including (but not limited) drywall damage to Extensive 05-0.7
upper stories for multi-story buildings (e.g., attic, second story, etc.). Electrical switches and mid-outlets are destroyed. Damage to
bathroom/kitchen upper cabinets, lighting fixtures on walls are destroyed with potential damage to ceiling lighting fixtures. Studs
reusable; some may be damaged. Major sewer backup will happen along with major mold issues. Equipment, appliances, and
furniture on the upper floors are also damaged (e.g., attic, second floor, etc.).

DS4 Significant structural damage present (e.g., studs, trusses, joists, etc.). Non-structural components and interiors are destroyed Complete 0.7-1.0
including all drywall, appliances, cabinets, furniture, etc. Damage to rooftop units/components including roof insulation, sheathing
and electro-mechanical systems (rooftop AC units, electrical systems, cable railing, sound system, etc.). Foundation could be floated
off. The building must be demolished or potentially replaced.

Table 7: Damage states description along with their damage scale and damage ratio as a percentage of the total building
replacement cost.(Nofal et al., 2020)
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Damage

State 0 1 2 3 4
Water enters Water enters Drywall Substantial All drywall,
- the foundation house; damage up to drywall ceiling lights,
E but no contact damage to 2 feet and damage, appliances,
= or no visible carpets, pads, electrical electrical cabinets etc.
E damage to baseboards, damage, panel destroyed and
- electrical, flooring, but heater and destroyed, need
2 plumbing, or no drywall furnace and bathroom/kite replacement.
© floor joists. damage. other major hen cabinets
%l Touches equipment on and
'E joists. Could floor appliances
= have some damaged; damaged;
L mold on Lower lighting
5 subfloor bathroom and fixtures on
=] above kitchen wall
g crawlspace. cabinets destroyed;
-— damaged. ceiling
Doors need lighting may
replacement. be ok.
2= Water Visible Minor Major damage Major or
5 g E touches damage or damage to on garage significant
EZE exterior of water garage door/ door or on structural
= § g garage or marks/'mud. minor damage decks (ie. damage
é = & porch but no on decks. garage door present;
€c® visible needs floated away
damage. replacement) or destroyed.
- Water may Water touches Need to clean Water Significant
= or may not walls but no and dry the penetration structural
g touch walls damage on wall out. through holes damage
5 but no the wall or Slight damage or cracks on present or
g visible cladding or on insulation the walls. Or collapse;
-z = damage. insulation, or cladding water majority of
< = just aesthetic which need penetration walls
g‘ =z marks/mud. partial through damaged
= replacement. ‘broken beyond the
= windows. point of reuse.
= Studs
H reusable when
- dried.
£
»
= Water enters Waters enters Minor cracks Cracks or Major
crawlspace crawlspaces on foundation holes on structural
] or touches ‘but not any stem walls. foundation damage on
= foundation significant stem walls. foundation.
é- but no damage. Just Differential
5 visible water marks settlement or
< damage. mud. the structure
floated off the
foundation.

Table 8: Damage descriptions for external and internal building components.(van de Lindt et al., 2018)

This paper customizes a damage grading approach designed to facilitate the visualization and assessment of overall building
damage (Figure 20). The method categorizes the percentage of damage for each material into five categories, ranging from
minor to severe damage. The definitions of the grades refer to the descriptions in the HAZUS model, and the five grades are

color-coded from light to heavy magnitude in light to dark colors. (Table 9)

Fragile Curves (Lognormal Distribution)
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Figure 20: Fragile curves with different materials for individual components of a one-story residential building on a slab-on-
grade foundation. Timber for door(RED); Masonry for wall(GREEN); Glass for window(BLUE)
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Fragile class Functionality Damage Scale Fragility probability Color coding
L1 Operational Insignificant 0-15% Light yellow
L2 Limited Occupancy Slight 15%-30% Light orange
L3 Restricted Occupancy Moderate 30%-50% Orange
L4 Restricted Use Extensive 50%-75% Red
L5 Restricted Entry Complete 75%-100% Dark red

Table 9: Definition of fragile level

The upper limit of water depth corresponding to the fragility level of different materials can be obtained by reading the
fragility curves. (Table 10) It should be noted that since the window has a height above the ground, it is necessary to add the
height above the ground of the window to the original water depth to get the water depth capacity.

Materials L1(m) L2(m) L3(m) L4(m) L5(m)

Timber 0.370 0.440 0.500 0.600 1.000

Glass 0.125 0.140 0.167 0.180 0.200

Masonry 0.900 1.150 1.167 1.300 2.000

Table 10: Definition of fragile level

3.2.4 Loss analysis approach

This subsection presents an alternative loss analysis method to compare building-level loss estimates and
propagate uncertainties across all building formations. The analysis uses the probability of failure of building
assemblies to calculate flood losses. Initially, the component failure probability is assessed to determine
whether a component can continue to be used. The average total building replacement cost is then
calculated by summing the number of components that lose functionality, each multiplied by the average
simulated replacement cost per component. (Figure 21) This relationship is illustrated in equation (5-7).

Lr} L}
. . _ o | L] | L?
Ly(IM =x) = P[D(x) > R¢|IM =x]. | =k [ =]~
L} Ly

k k (5)
L} L, L3 Ly L}
2 2 2 2 2
L(IM=x) = L.' + L? + L} + L.N = Lf
ty) \ez) g y)

(6)
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where Lk = a generated replacement cost vector for component k at a specified intensity measure (IM=x), Ltk = an i ™ Flood

i ;
Simulations simulated total replacement cost of component k, and Lk=ani™

Flood Simulations simulated replacement cost
for component k at a specified intensity measure (IM=x). Li=q randomly generated total building replacement cost vector at a
specified intensity measure (IM=x), Lit = an I ™ Flood Simulation simulated total building replacement cost, and
P[D(x) > R¢|IM=x] = failure probability conditioned on the value of the intensity measure (depth) for component k. #k = mean

total building replacement cost at a specified intensity measure (IM=x), and #Zk = mean replacement cost of component k at a

specified intensity measure (IM=x).
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Figure 21: Flowchart of evaluating the damage state of building
The analysis assumes that the damage of any component is statistically independent from the damage of

other components. From a practical standpoint, this assumption is necessary due to the lack of data
correlating component damage to structural systems. Component replacement costs vary spatially (with
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geographic price variability) and temporally (with market circulation timeliness). Therefore, these cost data
were extensively collected using Home Advisor's online published costing methodology. Expert-provided
data were based on selected areas of the building, and the price data included both the cost of building
materials and the combined cost of labor to derive an average cost per component. (Table 11)

Component DSO DS1 DS2 DS3 Ds4
Crawlspace Insulation Flooring Insulation AC Unit/ Heater Wood Flooring Washer/ Dryer Lower Cabinets Drywall (DS3) Upper Cabinets Wood Framing Decking Flooring
Min depth (m) -1.25 0.3 -1.2 0 0.05 o 08 1.3 05 2
Max depth (m) -0.85 0.1 0.6 1 0.25 0.9 15 2 45 4
Mean depth (m) -1.05 0.1 0.3 0.5 0.15 0.45 L15 1.65 25 3
Stan. Dev. of depth(m) 0.1 0.1 0.45 0.25 0.05 0.225 0.175 0.175 1 0.5
Min duration (hr) 0 o 0 48 0 24 24 24 144 144
Max duration (hr) 10 10 1 9% 0.5 48 48 48 240 240
Mean duration (hr) 5 5 0.5 72 0.25 36 36 36 192 192
Stan. Dev. of duration (hr) 25 25 0.25 12 0.125 6 6 6 24 24
Min Rep. Cost (USD §) 1420 710 3700 3720 350 9000 1167 6000 7100 14200
Max Rep. Cost (USD $) 4260 2130 7200 6820 1500 18000 3501 12000 18460 35500
Mean Rep. Cost (USD $) 2840 1420 5450 5270 925 13500 2334 9000 12780 24850
Stan. Dev. of Rep. Cost ($) 710 355 875 775 287 2250 583 1500 2840 5325

Table 11: Average cost for each material

3.3 Digitalization

Interest in smart city development is surging among major ICT companies and governments worldwide
responsible for urban innovation. This momentum, coupled with the proliferation of affordable and efficient
sensors, has propelled the concept of urban spaces and digital twins. Urban digital twins necessitate the
representation of cities as three-dimensional models, often with datasets too vast for conventional platforms
to handle directly. Thanks to the swift advancements in Internet technology and computer hardware,
leveraging web services for visualizing flow field simulations is now feasible. Visualization techniques can
effectively portray intricate flow data and patterns, while BIM-GID integrated method enable automated
analysis of structural damage extent, with results accessible directly on ArcGIS platforms. This convergence
facilitates collaborative decision-making among engineers, designers, and water regulators to enhance
building resilience against flooding.

Building damage resulting from flooding is predominantly influenced by both flood dynamics and building
attributes which correspond to two datasets: flood parameters (depth, duration, flow velocity) contributing
to building damage, and the structural components of the target building that withstand flooding impacts.
Geographic Information Systems (GIS) excel at providing large-scale characterization, offering data such as
elevations, road networks, and building contours. Conversely, Building Information Modeling (BIM)
supplements information regarding building geometry and material properties. Micro-level Flood Damage
Analysis (FDA) necessitates a blend of both tools to achieve precise and specific risk assessments. Hence, a
solution integrating BIM with GIS is imperative to fulfil the requirements of micro-level assessment and 3D
visualization for potential building damage due to flooding. This assessment provides intuitive insights to
support decision-making processes for designers, engineers, and other stakeholders.

3.3.1 Three methods of BIM-GIS integration

BIM-GIS integration in the data collection of urban flood disaster has several groups of data sources, which
are hazard data group, geographic information data group, building data group, and component data group.
There are multiple data within each group, meaning that more format types need to be integrated in one
digital tool, which is not simple. Therefore, issues in terms of spatial scales, granularity levels, differences in
collection representations, storage and access methods, and semantic mismatches are discussed by Karimi et
al. (Akinci et al., 2009; El-Mekawy, 2010; Karimi & Akinci, 2009)

(Amirebrahimi et al., 2015a) categorizes three types of integration:

a) Application level; b) Process level; c) Data level.
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3.3.1.1 Application level

For the application level, the integration approach uses central configuration or rebuild(Karimi & Akinci,
2009), where for GIS and BIM the application side is either modified by patching or rebuilt from scratch. This
approach is costly and difficult to build and is not applicable to this project.

3.3.1.2 Process level

For process integration approaches, such as OGC's OWS-4 project(Zhu et al., 2019), an open source approach
(OSA) is used to lubricate the exchange of information between BIM (IFC) and GIS (shapefile).The IFC-Tree is
used on the BIM to identify the graphical information in the digital model, which is converted into a GIS-
readable document using the algorithmic framework of Automated Multi-patch Generation (AMG). This
approach links BIM and GIS information through semantic mapping and then completes the integration on a
third-party platform, which is more flexible compared to application-based approaches. However, the
underlying data layer integration also needs to be addressed and accomplishing interoperability is a major
challenge for process integration.

Implementation of flood damage visualization
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Figure 22: Research methodology for 3D visualization at process level

This study introduces the development of a watershed visualization platform based on the B/S architecture,
designed specifically for water flow visualization. According to the logical relationships of business processing,
the platform is divided into three layers: the data layer, the application layer, and the presentation layer. The
overall framework of the platform is shown in Figure 22.

The data layer is managed by a database server for data storage and retrieval. In this study, the data layer
stores monitoring data, water flow simulation results, and geographic spatial data. Monitoring data primarily
originates from hydrological stations, including water level and flow rate data, which are transmitted in real-
time to the data server via communication networks. Hydrodynamic models are used to simulate water flow
and generate output results based on monitoring station data. Geographic spatial data (including images,
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terrain, vector layers, and scalar layer data) are processed and loaded to create a three-dimensional
environment within the watershed.

The application layer serves as the intermediary between the data layer and the presentation layer, facilitating
data processing, transformation, and implementation of the platform's business logic. It comprises three
modules: the flow calculation module, the flow visualization module, and the 3D visualization module.

The flow calculation module initializes the 2D hydrodynamic model using station monitoring data from the
data layer, simulates river flow information, and stores the simulation results in the database based on
different attributes.

The water flow visualization module is a crucial component of the platform. It offers three types of flow field
data visualization methods—vector field visualization, scalar field visualization, and dynamic field
visualization—depending on the input water flow data types. The model calculation results are transformed
into colored texture information using shader technology.

In the 3D visualization module, the digital elevation model (DEM) data are rendered into a terrain grid by a
graphic rendering engine. Additionally, images, annotations, and model data are loaded to construct a virtual
environment of the watershed.

The display layer serves as the user interface where interactive commands and rendering results from the
client are handled. The client-side display is rendered in the browser. When the user sends an interactive
request to the server side through the operator interface, the application server responds to the request, calls
the relevant module, and returns the result to the client display.

The platform follows a front-end and back-end separation model, employing languages and toolkits with open-
source permissions. Bootstrap serves as the foundational Ul framework for the front-end, while CesiumJS acts
as the rendering engine for water flow and 3D visualization (Mdiller et al., 2016). Graphics shader operations
are based on OpenGL ES version 2.0.

On the backend, Flask is utilized as the web server framework for monitoring and responding to requests.
Function modules are deployed on the server side to provide calling interfaces, and data is stored in a MySQL
database. Access to large, unstructured data such as high-precision images and videos is facilitated through a
file server.

Challenge of Web GIS based visualization
Using web-based visualization for this project presented several challenges:

1. Data Migration: The simulation software needs to retrieve data online, perform simulations in the
cloud, and export results via APl. This necessitates a high degree of openness in the simulation
software. Many open-source professional simulation tools are commercial and have limited usage
periods. Additionally, when exporting BIM Revit models, even using the Wavefront OBJ format,
significant model information is lost, which is critical for disaster analysis that relies on model
attributes.

2. High Computational Skills Required: Implementing web-based visualization involves both front-end
and back-end interactions, requiring the setup of a framework. The back-end typically uses Python
and the Flask framework, while the front-end involves JavaScript and JSON, using the Vue framework.
Even though Cesium has its own CesiumlS library, understanding, modifying, and integrating these
different code formats demands high-level computer programming skills.
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3.3.1.3 Data level

However, the challenges can be addressed effectively at the data level by using solutions provided by ESRI and
ArcSDE. These platforms facilitate BIM and GIS data transfer through their application programming interfaces
(APIs). For instance, the work by (Nagel et al., n.d.). demonstrates that GIS's commonly used format, CityGML,
and BIM's commonly used format, IFC, can be directly converted within these systems, allowing the integration
of models from both domains. In addition, tools such as ifcexplorer, BIMserver, FME(“FME Workshop on
Formal Methods in Software Engineering FormaliSE 2013,” 2013), etc. export BIM model data directly to GIS
and avoid loss of semantics. Patel et al. (2013) proposed a coupled semantic and geometric conversion method
from IFC to CityGML. The IFC FOR GIS project aims to expand IFC models to include geospatial information.

In practical application, when importing BIM-based Revit models into ArcGIS Pro, it was found that the
commonly used VRT format in Revit not only retains model attribute information in ArcGIS Pro but also
displays different component categories in separate layers. This offers several advantages:

A) It becomes easier to hide and show components, such as hiding the roof to better view interior damage.

B) During data analysis, it allows for the differentiation of material properties and the assignment of
corresponding vulnerability curves.

C) Filters can be used to view damage levels within the same group or different components with the same
damage level.
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3.3.2 Methodology of computational analysis

Data communication

To visualize the impact of compound flooding on building components, enabling stakeholders to clearly
understand the location, extent, and cost of damage, simulation-derived results must be analyzed and
visualized alongside building component properties. This section outlines the methodology for communicating
data between applications and analyzes the changes in data structure relationships when Building Information
Modeling (BIM) and Geographic Information Systems (GIS) are combined.

The figure 23 illustrates the path of data communication in the three components of data preparation, damage
assessment, and visualization.
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In the visualization part:

1. The color coding is obtained from the damage classification of each component by spatially combining the
simulated flood data with the component vulnerability curves. The data are spatially combined by searching
for the nearest value within a certain range in the "Spatial Join" function, which connects the raster data to
the sensitivity of the material to flooding.

2. Multiple Climatic Environments is a combination of the results of flood simulations in different climatic
environments with the attributes of the building materials. Three simulations are performed under three
different regression cycles, and the results of each of them are repeated in part 1 to obtain the damage
scenarios under the three climatic environments.

3. The data of the pop-up window is derived from the filtering of the BIM model attributes to obtain the
component ID, class, and material.

Weather prediction Components fragile curves Color coding

Alternative climate

GIS enviornment Damage state of elements .
scenarios

Damage state of the

building Pop-up info box

BIM model

Flood simulation Spatial join

Figure 23: Overall workflow and conceptual data flow graph
The computational workflow involves the following steps:

1. Data Extraction: Extract the properties data of the building from the BIM model and construct the
data structure using the hierarchical relationship of RVT.

2. Modeling Environment Setup: Build the modeling environment in ArcGIS Pro by importing the
topography, coordinate system, and the CityGML format file of the 3D BAG, which contains the
community-scale building contours and heights.

3. Flood Map Integration: Read the raster data from the flood map (spatial distribution of water depth)
and fit it to the map.
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4. Water Depth and Vulnerability Analysis: Analyze the water depth and vulnerability curves at the same
location using "Spatial Join" to read the probability of component failure.

5. Probability Classification: Classify the probability by "Symbology" to mark the failure probability with
different colors.

6. Component Replacement and Cost Calculation: Using the "Calculate Field" tool, count the number of
components that need to be replaced (with a probability of failure greater than 50%) and calculate
the cost of repairing the entire building.
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Figure 24: Computational workflow detailed program
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Figure 25: Collaboration between the database of BIM and GIS (including software and data format)

BIM-GIS based scenario analysis and demonstration is the essential feature for urban flood hazard assessment.
GIS is designed to provide a visual representation of the topography, elevation, and intensity of the hazard in
the affected area. BIM can reflect the detailed properties of the affected buildings and components. In
addition, some studies have used VR AR technology(Padilha et al., 2019) for immersive disaster demonstration
to visually identify the damage and impact factors caused by the disaster.

When converting between the two, it is particularly important to pay attention to the issue of changes in data
attributes with loss of semantics, and doors are given as an example in the figure 26 to demonstrate such
changes.

BIM file (RVT/IFC) ArcGIS BIM file Workspace

Discipline [ Architectural ] Feature Dataset

\ e

e

Category L Doors J Feature Class

e
R — — T

7 \

Family ( Double-Glass J L Single-Flush

\

Attribute

J

Type [e8x80"| [ 48" xs0"! (36" x 84" | Attribute

~— ——— R ——

Figure 26: Correspondence between BIM, GIS model data features

On the other hand, the integration of these datasets allows the results to be presented on a GIS platform.
Table 12 lists the type, components, representations, and data sources of the datasets. When selecting data
sources, comparisons can be made to choose the one that is more general, contains more details, and is easier
to communicate with.

Main type Component Representation Potential data Data
source format
GIS (CityGML .
Flood depth Raster map or WaterML) Tif./ vrt.
Flood velocity Raster map GIS (WaterML) Tif./ vrt.
Hazard
Duration Raster ma GIS (CityGML Tif./ vrt
P or WaterML) ) ’
. GIS (CityGML .
Maximum extent 2D polygon or WaterML) Tif./ vrt.
Address Coordination GIS Xy.
Geographically y
info .
Footprint 2D polygon GIS XML
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Terrain 2D point with Z values GIS DEM/SDTS
Footprint 2D polygon BIM Vrt.
Building level Storeys & Spaces 3D surfaces BIM Vrt.
Floor height Z value BIM Vrt.
Wall, Floor, Window, 3D representation by multi-
Beam, Column, surface and solid BIM Vrt.
Openings, Celling geometrics
Components Location Centre point BIM Vrt.
level
Elevation 2D point with Z value BIM Vrt.
Materials Textual description BIM Vrt.

Table 12: The data requirements analysis

3.3.3 Interactive map attempts

To enable interactive map functions, commands need to be issued from ArcGlIS Pro to call the flood simulation
software, ensuring real-time dynamic data updates. Specifically, invoking HEC-RAS within ArcGIS Pro can be
attempted by applying external extension code. However, this approach requires a high proficiency in R
language, and the extension code package is compatible only with ArcGIS, not with the higher version of ArcGIS
Pro.

An alternative plug-in that supports similar data conversion is HEC-GeoRAS. HEC-GeoRAS is a GIS extension
that provides users with a set of procedures, tools, and utilities for preparing GIS data for import into HEC-RAS
and generating GIS data from RAS output. Nonetheless, this plug-in is supported only in ArcGIS version 10.2.
Therefore, its applicability to ArcGIS Pro still needs to be expanded.

Another alternative is to share all relevant layers to ArcGIS Online. ArcGIS Online is a cloud-based geographic
information system (GIS) platform that allows users to create, share, and analyze maps and spatial data. It
provides a comprehensive suite of tools for mapping, data analysis, and collaboration, making it an essential
resource for organizations and individuals involved in spatial data management.

Developed by Esri, ArcGIS Online integrates seamlessly with ArcGIS Pro, ensuring that data transfer does not
result in semantic loss. By using the "Share a Web Scene" feature, users can share scenes from ArcGIS Pro to
their active portal. Web scenes are interactive geographic information presentations that enable the
visualization and spatial analysis of data in 3D.

Note that due to different roles within the organization, there may be issues with sharing all layers of the
entire scene in its entirety. (The screenshot on the left side below shows the type of layers in one scene.)
This will require contacting the responsible person in the organization to change the privileges. Loading 2D
data such as feature layers is commonly permitted; however, the sharing of tile layers has been restricted
due to the limitations of a student license. (The graph on the right side below indicates the student license
privileges, which the tile layer isn’t allowed to published.) Due to time constraints, the organizers could not
be contacted to resolve this issue. As a result, the online page only shows the extent of the damage to
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representative points of the components. This limitation contradicts the purpose of the visualization.
Therefore, in this paper, visualization was performed solely on the local ArcGIS Pro software.

For future web-based interactive maps, there are two potential solutions:

1. Switch to ArcGIS software and call the HEC-RAS simulation results in ArcGIS through the HEC-GeoRAS

extension.

2. Request the "Publish Hosted Tile Layers" permission from the organizer of the ArcGIS Online group
and store the data in the cloud.
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Finally, to make the map interactive, ArcGIS Pro software utilizes the combination of different layers. This
includes displaying the damage level of various components under the same disaster scenario and the
response of the same component to different disaster levels. By toggling layers on and off, a certain degree of
interactivity is achieved. The specific workflow is illustrated in the accompanying figure 27.
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Figure 27: Different modes in visualization
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4 Case study

The study site is a residential area located next to the coastline of The Hague, with a perimeter of about 900
meters and an area of about 42,833 square meters. The coordinates of the four vertices are 52.066758,
4.210271; 582960.61, 5769154.40; 52.090993, 4.245268; 585313.25, 5771890.31; and are enclosed in the red
box in the figure 28. In this residential neighbourhood, the buildings are two- to three-story, hip-roofed
masonry structures with wood doors and glass windows. The address of Tortellaan 37, 2566 CE Den Haag(Fig.
26) is highly similar to the improved building department house in terms of structure, material floor height,
area, and building profile.

The area is also a coastal neighborhood. From the Figure 29, it is understood that this area is a disaster-prone
risk zone. If extreme weather occurs, the risk is high and the potential for loss of human life is significant.
Therefore, it should be emphasized as a priority area for risk control design. Selecting this area as a research
object holds high value for methodological justification.
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Figure 29: Target replaced building located in Tortellaan 37, 2566 CE Den Haag

Figure 30: Flood heatmap to highlight this community is vulnerable to flooding

The selected BIM model is a two-story residential building with a basement. The building dimensions are 62.31 meters in
length, 10.61 meters in width, and 17.8 meters in height (excluding the basement). The structure is supported by shear walls,
and it primarily consists of three types of materials: masonry for the walls, glass for the windows, and wood for the doors. The
exact method of obtaining this model is detailed in Section 4.2: Data Preparation.

4.1 Methodology and workflow

The framework outlined in this chapter consists of three main sections (Figure 31): data preparation, flood
damage analysis, and 3D visualization. In the initial phase, Flood Damage Analysis (FDA) integrates flood,
building, and geographic data into a cohesive metadata framework. Based on this, structural fragility curves
are drawn from the water resistance of the materials. Subsequently, the flood data are spatially integrated
with the vulnerability curves, which means that the probability of failure of each component depends on the
water depth (distribution location) and the material (water resistance). Finally, the probabilities are derived
with damage classes and color-coded to indicate the degree of damage (DS). And more user-friendly features
are proposed, such as selecting climate scenarios to compare damage results(with weather data), selecting
the same component to see the DS distribution. Or selecting levels of DS to see the type of components with
the same DS, etc., and finally there is a pop-up window to display more details intuitively. Each of these
sections will be further elaborated in subsequent subsections.

The communication of data is also represented in the figure by dashed lines. Because the assemblies are in
the same meta-model, inputs and outputs are straightforward. the spatial join tool in ArcGIS Pro is the key to
connecting flood, building, and geographic information. All data are attributes with corresponding spatial
relationships, which is the basis for integrating all data. Simply use the spatial location as a clue, and each
variable can be overlaid on that spot.
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Figure 31: Methodology workflow diagram in case study.

4.2 Data preparation

The data preparation phase comprises the acquisition and integration of information from diverse sources,
divided into two key steps. The first step involves forecasting future flood parameters—such as water depth,
velocity, and duration corresponding to the spatial distribution—derived from the drivers of compound
flooding. The second step entails modelling information, encompassing building attributes and geographic
data.

Regarding flood parameters, which inherently involve 3D spatial and temporal considerations, statistical
models are commonly employed to characterize the composite time and estimate its probability of
occurrence. Several examples of such statistical models are documented in the literature, utilizing
methodologies such as Copula (Lian et al., 2013), Bayesian networks (Gutierrez et al., 2011), bivariate extreme
value models (Zheng et al., 2013), or physical modelling (Kew et al., 2013). However, accurately assessing
extreme events and predicting their future likelihoods based on limited observational data pose significant
challenges. Strategies to address this challenge include leveraging results from multiple sites or employing
large ensembles of physical models. While bivariate models are sometimes utilized in idealized settings, they
are often constrained by the choice of distribution functions. In contrast, regional climate-based models (RCM)
tend to offer a better fit to real-world events (Kew et al., 2013).

Flood data

In January 2012, a series of active low-pressure systems passed through the North Sea from west to east,
accumulating more than 60 mm of rainfall in five days and five consecutive tidal storm surges without any
gravity drainage(van den Hurk et al., 2015). This was due to higher than normal rainfall in the preceding weeks
and saturated soils across the region. Inland high water levels exceeded the +7 cm Normal Amsterdam Level
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(NAP) warning level, leading to precautionary measures such as evacuation and the use of emergency overflow
areas.

Observed water levels

inland water leve!
level

highest alarm level

Water level [m NAP]

-4

Jan 01 Jan 03 Jan 05 Jan 07
Date [2012]

Figure 32: Observed water level in the North Sea (black line) and inland water level close to the Lauwersmeer outlet to the
North Sea (red line) during the first 3 weeks of January 2012.(van den Hurk et al., 2015)

In order to perform a reliable analysis of this event, Santos et al. (2021) uses the RCM simulation ensemble to
simulate the above event. RCM (regional climate model) is a statistical model used to simulate climate
conditions over a specific region of the Earth. They take into account finer spatial details compared to global
climate models, making them suitable for assessing regional climate impacts, including temperature,
precipitation, and extreme weather events. RCMs are essential for understanding the localized effects of
climate change and flood prediction.

By perturbing the initial atmospheric state of the EC Earth in 1850 and assuming historical greenhouse gas
concentrations, running each member up to the year 2000 generates an ensemble that gives 16 x 50 = 800
years of weather representative of present-day climate conditions. These regional simulations were then used
to drive RTC-Tools, which is a hydrological management simulator generating the corresponding IWL time
series at hourly resolution.

Hydrological data

AAAAA Forecasting future precipitation and
surge storm, discharge
____ Joint probability and return period
distributions of three drivers
RTC-TOOLS use the maximum event in 800 years
Hydrologic model

(GCM)EC-EARTH2.3 /
RACMO2

2D Copula function

Figure 33: Framework of prediction future flood scenarios
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Figure 34: Presenting the flood drivers and associated IWL (inland water level), which are computed use all 800 annual
maximum events. Solid lines represent the median of all values at a given time, whereas the shaded areas depict the values
between the 5th and 95th percentiles. Vertical lines indicate the time windows used for the selected predictors.(Santos et al.,
2021)

The source of the weather data for this paper is taken from the 24-h window in which the peak water level is
located in this figure. Weather data reads inland water levels and rainfall over a series of time steps during the
day.

Three flood scenarios

As the return period increases, the disaster level intensifies, leading to more severe damage to building
components. Understanding the damage status of components across different return periods and the total
loss cost of the building is crucial for accurately assessing the disaster-resistant performance of the building
throughout its service life and determining when maintenance of specific components is required.

Based on Santos et al. (2021)’s study, a bivariate copula model was applied to fit the effects of rainfall and
water level on the Inundation Water Level (IWL). This model helps estimate the impact of changes in the return
period on the IWL return level, providing valuable insights into how varying disaster levels affect building
damage and loss estimation.
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Figure 35. IWL return level against estimated return period using a bivariate copula model (2D case). (Santos et al., 2021)
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The maximum water depths for which the regression periods are 50, 100, and 800 years are selected as
meteorological data, and the water levels and rainfall for the three flood scenarios can be obtained by
isometrically scaling the data for the 24-hour window period in Fig. 30, as shown in Table below.

Precipitation [mm/h]:

Hour TR=800 TR=100 TR=50

1 0 0 0

2 0 0 0

3 8 4.488 1.336
4 15 8.415 2.505
5 10 5.61 1.67
6 60 33.66 10.02
7 50 28.05 8.35
8 6 3.366 1.002
9 3 1.683 0.501
10 2 1.122 0.334
11 6 3.366 1.002
12 10 5.61 1.67
13 16 8.976 2.672
14 70 39.27 11.69
15 30 16.83 5.01
16 10 5.61 1.67
17 5 2.805 0.835
18 3 1.683 0.501
19 2 1.122 0.334
20 5 2.805 0.835
21 30 16.83 5.01
22 50 28.05 8.35
23 25 14.025  4.175
24 0 0 0

Water level [m]:

Hour TR=800 TR=100 TR=50
1 0.127717 | 0.071649 0.021329

2 0.054348 | 0.030489 0.009076
3 0.029891 | 0.016769 0.004992
4 0.201087 | 0.11281 0.033582
5 0.665761  0.373492 0.111182
6 0.861413 | 0.483253 0.143856
7 1.22826 0.689054 0.205119
8 1.57065 0.881135 0.262299
9 1.62573 0.912035 0.271497
10 1.74185 0.977178 0.290889
11 1.57065 0.881135 0.262299
12 1.15489 0.647893 0.192867

0.665761  0.373492 0.111182

=
w
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14  0.347826 0.19513 0.058087
15 0.10361  0.058125 0.017303
16  0.543478 0.304891 0.090761
17 1.03261 0.579294 0.172446
18 1.2038 | 0.675332 0.201035
19 1.52174 0.853696 0.254131
20 1.30163 0.730214 0.217372
21 1.08152 0.606733 0.180614
22 0.88587 | 0.496973 0.14794
23  0.592391  0.332331 0.098929
24  0.523651 0.296584 0.078564

BIM data

BIM model originates from the Faculty of Architecture at Delft University of Technology. The file was too
complex and large and did not fit the residential footprint of the selected site. Therefore the original model
was modified and simplified as shown in the figure 36. In addition, in order to locate the damage to the walls
of each classroom more accurately, the masonry walls were assumed to be separate walls separated by room
boundaries, and a simplified one- storey BIM model was created as shown in the figure 36.

Figure 36: Simplfied BIM Model and seperated wall with one-storey (referred to faculty of Archtecture in TUDelft)

The BIM data of the surrounding community of the target building was downloaded from the 3D BAG
developed by TUDelft. To make the metamodel more lightweight, the LoD1.3 version of the OBJ format model
was selected.

Although the 3D BAG can be directly utilized in ArcGIS using built-in tools without needing to download the
OBJ model separately, it is necessary to replace an existing BIM building on the site with another building.
Since the community model imported directly through ArcGIS tools is a non-editable entity, the community
model is loaded manually. (Figure 37)

3D BAG: The 3D BAG is a 3D model dataset developed by TUDelft that represents buildings and addresses
across the Netherlands. BAG stands for "Basisregistraties Adressen en Gebouwen," which translates
to "Basic Registration Addresses and Buildings." The 3D BAG dataset provides detailed and
standardized 3D representations of buildings, which can be used for various applications, including
urban planning, architecture, and disaster management.
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Figure 37: Load 3D BAG package in ArcGIS pro automatically and load obj. file down loaded from 3D BAG web site in LoD1.3
version

LoD (Level of Detail): Level of Detail refers to the degree of detail in a 3D model. LoD1.3 indicates a specific
level of detail in the 3D model. Generally, LoD levels range from LoDO to LoD4, with higher numbers indicating
more detailed models. (Fig. 33) For instance:

e LoDO: A basic representation with simple building footprints.

e LoD1:Simplified block models representing building shapes and heights (LoD1.3 implies a slightly more
detailed version within this category).

e LoD2: Models with differentiated roof structures.
e LoD3: Detailed architectural models with windows, doors, and facade structures.
e LoD4: Models that include interior details as well.

Selecting LoD1.3 ensures a balance between model detail and computational efficiency, making it suitable for
applications requiring lightweight yet sufficiently detailed models.

Data layers

Werkelijke pand

BAG
polygoon

Bovengrond
Ondergrond

Figure 38: Illustration of LoD diagrams with different accuracies

GIS
Data in ArcGIS Pro:

The GIS data comes from the map and elevation data that comes with ArcGIS pro.

Data in HEC RAS (Table 13):
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Type Format Description Source
Georeferenced projection files .prij Spatial Reference
https://spatialreference.org/
DEM(Digital elevation model) tif 16-level resolution USGS
Hi-Res Terrain Corrected  https://earthexplorer.usgs.gov/
Satellite imagery tif 16 level SAS planet

http://www.sasgis.org/download/

Table 13: Data collection for simulation

4.3 Flood simulation

Tool selection

Due to the need for consistency between the detailedness and scale of the predictive models for disasters and
subsequent structural damage simulation, to ensure the transmission and reception of flood parameter data,
it is preferable to accomplish this within the same system. Recent advancements in flood modeling, such as
3D Smoothed Particle Hydrodynamics, and some commercial tools (Delft3D, VISDOM, MIKE 21, TUFLOW, HEC-
RAS, GeoHECRAS ) are available for this purpose. The most widely used HEC RAS and MIKE 21 hydraulic models
were simulated, and the differences between the results and historical observation data were compared.

Software Advantage Disadvantage Application on flood
e User-friendly graphical e Limited ability to depict ¢ Riverine floodplain
interface for creating and  complex geometries and modeling and study.
visualizing models. boundary constraints. .
e Assessment of various
e Widely used and e Computationally intensive  floodplain management
HEC-RAS recognized in the for large models or methods.
engineering community. complicated simulations. )
e Evaluation of the
e Capable of simulating e Limited in managing effects of planned
both steady-state and interactions between water developments on
unsteady flows. and the environment, such as  floodplain conditions.
sediment transport.
e Comprehensive and e Steep learning curve for e Riverine and coastal
versatile flood study and ~ new users. floodplain modeling and
prediction tool. ) ) ) analysis.
e Computationally intensive
MIKE e Handles a broad range  for large models or complex e Evaluation of different
FLOOD  of hydraulic and simulations. floodplain management

hydrological processes.

e Integrates with other
MIKE software tools for a

e Requires a high level of
technical expertise to use
effectively.

strategies.

e Assessment of the
impacts of proposed
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more comprehensive
solution.

developments on
floodplain conditions.

TUFLOW

e User-friendly interface
with graphical tools for
building and visualizing
models.

e Handles a wide range of

hydraulic and hydrological
processes.

¢ Flexible and adaptable
to unique modeling
requirements.

¢ Limited in handling large-
scale models or complex
simulations.

e Steep learning curve for
new users.

e Requires a high level of
technical expertise to use
effectively.

e Riverine and coastal
floodplain modeling and
analysis.

e Evaluation of different
floodplain management
strategies.

e Assessment of the
impacts of proposed
developments on
floodplain conditions.

Table 14: Comparison of three simulation software (HEC-RAS, MIKE FLOOD, TUFLOW)

Due to the relationship between computational load and data accuracy, the HEC RAS software, which is lighter
and faster and requires less input data, was finally selected.

Data input

The inputs to the HEC RAS are divided into two types of data: geometric data, and hydrologic data. The
geometric data are the simulated area, boundary conditions, barrier buildings and their heights. The
hydrological data is obtained by Santos et al. (2021) predicted extreme flood data where the rainfall and water
level heights can be intercepted for 24 hours during the peak period.
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Figure 38: Geometric input(left) and Hydrologic input screen containing information on water height and rainfall. (right)
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Figure 39: Hydrologic input screen containing information on water height and rainfall. (left)
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Data output
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Figure 40: Water depth distribution map
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Figure 41: Flow velocity distribution map
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Result display in python

HECRAS Controller is a part of the HEC-RAS application programming interface (API). When trying to fetch
data with this function as shown in the figure 42, the output is in the bottom right corner, the first column is
the node ID and the last column is the water depth.

Python script

initialization of HEC-RAS variable
(win32com.client.Dispatch)

v

opening of a project project
(Project_Open) name

v

running computational plan
(Compute_CurrentPlan)

4

reading information about nodes
(Geometry GetNodes)

v

reading results
(Output_NodeOutput)

saving
results

Figure 42: The flowchart that calls the HEC RAS controller and reads the results

hec = win32com.client.Dispatch("RAS641.HECRASControl
hec.ShowRas ()

RASProject = os.path.join(os.getcwd(
hec.Project_Open(RASProject)

NMsg, TabMsg,block = 2, N il
v1,NMsg,TabMsg,v2 hec.Compute_Currentplan(NMsg,TabMsg,block)

RivID,RchID =1,1]

NNod, TabRS, TabNTyp = None,None,

v1,v2,NNod, TabRs,TabNTyp =hec .Geometry_GetNodes(RivID, RchID,NNod,TabRS,TabNTyp)

WSE_id,AvVel id = 2,23

TabWSE= numpy.empty([NNod],dtype=float)
TabVel = numpy.empty([NNod],dtype=float)
for i in 0,NNod) :

if TabNTyp[i]=="":

TabWSE[i],v1,v2,v3,v4,v5,v6 =hec.Output_NodeOutput(RivID,RchID, i+1,0,1,WSE_id)

Tabvel[i],v1,v2,v3,v4,v5,v6 =hec.Output_NodeOutput(RivID,RchID,i+1,0,1,AvVel_id)
hec.QuitRas()
del hec

506171.8
506171.5
506114

sc1l_ShowNodes( NNod, TabRs, TabNTyp, TabWSE, TabVel )

Figure 43: The code that calls the HEC RAS controller and reads the results
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Result exported with raster map

Once a Results Map has been created, it is listed by Plan in the management dialog. The Manage Results
Map dialog is available by right-click on the Results group. It organizes data by Plan and identifies which maps
are dynamic or stored and provides a message on the status of the map.

B¥ Manage Results Maps X

View Result Maps fo|All Plan Results ~| t.{al )(I Compute/Update Stored Maps I

Store Status

Add New Map

Depth (Max) I Edit Map
Velocity (Max) Edit Map
WSE (Max) Edit Map

~

¥ Results Map Parameters X
~Map Type ~Unsteady Profile ————————————— ~Map Output Mode
= Hydraulics & Maximum
~Water Surface Elevation o (¢ Raster (with Associated Terrain)
-~ Velocity © Minimun . .
~Flow (1D Only) " Profile (" Point Feature Layer: _ﬁj
- Inundation Boundary
[ D15EP2008 000000 . 5
. 01SEP2008 01:00:00 " Raster based on Terrain: |Terrain (2 =l
- Courant (Veloelty/l.engtl\) 01SEP2008 02:00:00
~Courant (Residence Time, 2D O: 01SEP2008 03:00:00 (" Point Feature Layer: [f]l
- Froude 01SEP2008 04:00:00 . T
 Shear Stress 01SEP2008 05-00-00 " Polygon Boundary at Value: Min: |0 Max: [Max
i
~-Dipth w Valsl oy 2 01SEP2008 080000
~Energy (Depth) 01SEP2008 09:00:00
- Energy (Elevation) 01SEP2008 10:00:00
-~ Pressure
~Arrival Time
-~ Arrival Time (Max)
. Recession
‘ Map Type: A Map layer will be created for Flood Inundation Depths.
‘ Map Mode: Map results are generated on—the—fly for the current view. | Save Map I Cancel I
L 4

Raster data is made up of pixels (also referred to as grid cells). They are usually regularly-spaced and square.
Raster often look pixelated because each pixel has its own value or class.

To save map results as a raster dataset in GeoTiff file format, it’s possible to resample the raster data to the
desired cell size. So | chose to export with a resolution of 0.5m for the cells to better composite the parameters
of the BIM model.
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B¥ Export Raster X

Filename: |_BT\Graduation topics\hec ras model'Depth (Max)_bk.vrt “Z'l

Extent: ILayer Extent LJ Extent Buffer (%l 0

I~ Cell Size (m) : 0.8

1) 4 | Cancel |

4.4 Damage assessment

4.4.1 Fragile curves

The maximum, minimum, and average water depths resisted by the different materials, as well as the standard
deviation, were read according to the methods mentioned in Section 3.2.3.1. Based on the pre-definition that
the fragility curves satisfy the lognormal distribution, the fragility curves for masonry, wood, and glass are
plotted through the code.(Fig. 44)

Fragile Curves (Lognormal Distribution)

t numpy as np

atplotlib.pyplot as plt 1.0 4
scipy.stats imp lognorm +
n deptt
midpoint_de|
sigmas o 7
calors = [ 0.8
materials !l
# a serie >
depths =
2 0.6
©
Q
o
£
(midpoint_depths)): o
(midpoint . 5_5 0.4 -
:_probabilities . (mean)) E
(depths, failure_j i : l=materials[i])
0.2 4
—— timber
— masonry
0.0 — glass

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Water Depth

Figure 44: Script(left) of plotting fragility curves(right) and the result.

4.4.2 Damage classification

Fragile class Functionality Damage Scale Fragility probability Color coding
L1 Operational Insignificant 0-15% Light yellow
L2 Limited Occupancy Slight 15%-30% Light orange
L3 Restricted Occupancy Moderate 30%-50% Orange
L4 Restricted Use Extensive 50%-75% Red
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L5 Restricted Entry Complete 75%-100% Dark red

Table 15: Definition of damage level

According to the grading method mentioned in section 3.2.3.2, the vulnerability ratio, also known as the
probability of failure, can be determined by referencing Table 15 when the damage class is known. The upper
and lower limits corresponding to the water depth can be identified from the figure. Consequently, for each
material, a table can be derived that shows the correlation between water depth and damage class. (Table 16)

Materials L1(m) L2(m) L3(m) L4(m) L5(m)

Timber 0.370 0.440 0.500 0.600 1.000
Glass 0.125 0.140 0.167 0.180 0.200

Masonry 0.900 1.150 1.167 1.300 2.000

Table 16: Correspondence between damage class and water depth capacity for different materials

4.4.3 Overall damage cost

The filter can be used to filter out all the building blocks that satisfy a failure probability of 50% or more and
add a collapse parameter term with a value of 1 to them. By calculating this field the number of collapses for
each type of component can be obtained, multiplied by the average replacement cost for each component
(according to section 3.2.4)(Euq.5), and calculating the sum of the replacement costs for all types of
components, the total building repair cost can be obtained.(Table 17)
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Figure 45: Workflow of overall cost calculation
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Window cost Door cost Wall cost Overall cost

TR =50 0 2*¥5270 0 10540
TR=100 0 10*5270 0 52700
TR =800 9*9000 10*5270 0 133700

Table 17: Damage cost from components and overall

4.5 3D Visualization

After the assessment and valuation of the damage, a report regarding the damage to the components is
generated. Such reports should contain the number, type and details of damaged components, their damage
state, and the cost of the required treatment option. In addition to the report, the geometry of the individual
building elements can be colour coded in a 3D model by their damage states to visualize their damage.
Depending on the visualization requirements of the user, a desktop or web visualization tool can be developed
or adopted. This tool should allow for functionalities such as show/hide component category (e.g. doors or
walls), camera movement at an object zoom level as well as selection and inquiry about the details of a
particular component. In this way, susceptible assemblies and their locations in the building can be visually
inspected and queried to assist the decision-making.
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Figure 46: Computational workflow detailed program

4.5.1 Building an "integrated model"

The integrated model combines three main data sources: BIM, GIS, and Flood Hazard Maps, using ArcGIS Pro
as the data platform. The components are as follows:

e BIM Model: The original Revit 3D model is loaded directly into ArcGIS Pro. The "Georeference" tool is
used to align the model coordinates accurately.

e GIS Data: This includes geographic data such as elevation, building outlines, and road networks,
along with the city model from 3D BAG. The Level of Detail (LOD) 1.3 file of the 3D BAG, downloaded
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in OBJ format from the official 3D BAG website, is processed using Blender. In Blender, the original
building model of the study area is deleted, and the coordinate position is aligned.

e Flood Hazard Data: Hazard raster data are obtained from flood hydrodynamic model simulations
under different disaster scenarios. These images are loaded into the integrated model in TIF file
format.

This integration enables comprehensive analysis and visualization of flood impacts on building components
and the surrounding environment.
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Figure 47: Data flowchart of creating integration model

4.5.2 Spatial join

Spatial analysis

Joins attributes from one feature to another based on the spatial relationship. A spatial join matches rows
from the Join Features values to the Target Features values based on their relative spatial locations. By default,
all attributes of the join features are appended to the attributes of the target features and copied to the output
feature class. Figure 41 abstractly explains the intersection principle that depends on positional relationships.
Figure 42 shows the conceptual diagram of another methods using point cloud calculation which is similar to
spatial join as applied to flood risk assessment.
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Figure 49: Point cloud join in flood scenario

To visualize the results of the simulation data, the water depth and fragility curves of each component need
to be imported as parameters into the model properties. However, spatial aggregation can only occur between
points and points, points and lines, and points and polygons. Since the 3D tile format data of the components
cannot be used directly for spatial analysis, the following steps were taken: (Figure 51)

1. Feature to Point Conversion: The "Feature to Point" tool was used to find the point located at the
center of each component, ensuring that it landed on the ground.

2. Raster Transformation: The raster data results from the flood simulation were transformed so that
each raster cell's value was assigned to its centroid. The depth of water parameter was then added to
the centroid's attributes.

3. Data Aggregation: Using the representative point of the component as the center, a search radius of
1 meter was established. The depth of water data from the centroids of the surrounding raster cells
was screened, and the maximum value was added to the parameter of the representative point.
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Figure 51: Conceptual workflow of spatial analysis

4.5.3 Colour coded

The color coding of the component points provides a hierarchical display of the probability of failure. The
process involves the following steps:

1. Material-Based Color Coding: Component points are color-coded based on their physical property,
specifically the material type.

2. Failure Probability Curves: In Python, the water depth-failure probability curves for the three
materials are plotted. The failure probability for each component is calculated based on the water
depth data at individual points.

3. Classification Using Symbology: The calculated failure probabilities are classified into five classes
using the "Symbology" tool. The color coding is applied to the component points, ranging from the
lightest to the darkest color, to represent increasing levels of failure probability.
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Figure 52: Data flowchart of color coded
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4.5.4 Display modes

Section 3.3.3 explains the methodology for presenting disaster scenarios for different return periods. By
combining data from the same set of component damage results, two display modes can be obtained:

Different Component Performances Under the Same Return Period: This mode displays how
various components perform under a specific return period.

Impact of Different Flood Levels on Components Within the Same Category: This mode shows the
effect of varying flood levels on components of the same category, allowing for a comparative
analysis of component vulnerability.
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Figure 53: Data flowchart in Different modes

4.6 Result and discussion

The final result is shown in Figure below. The following features are available:

1.

when clicking on the corresponding point, the point is highlighted and a prompt box pops up, showing
the water depth specific water depth data and failure probability

The color represents the state of damage, dark red is the highest value

irrelevant components can be filtered out by displaying and hiding the layers, and the 3D component
model is semi-transparent in order to view the final result more clearly

Collapsed members are highlighted to show their location, making it easier to target replacement
members.

Displays component-level damage and calculates total building repair costs in pops up box for flood
scenarios with different return periods

and some shortcomings that still need to be improved:

1.

the colors are not directly displayed on the model and the visualization results are not intuitive. It is
because in spatial analysis, only the value of a point can be assigned to another point. Therefore only
the window representative point has a water depth value that can be further marked by the color.
How to make the water depth a variable of the window component itself, or to map the color of the
representative point to the window (one-to-one relationship) is the next key step.
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2. All operations run locally. Web-based interactive maps allow you to send commands from the web
without opening simulation and GIS software and retrieve simulation data through an extended
interface. This approach allows the entire process to be automated and updated in real time, with
more freedom to make adjustments.
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Result validation

As we can see from the graph, the windows on the left have more damage, presumably due to the greater
distance from the coast. Additionally, at the same distance, the windows adjacent to the street are more
damaged than the windows facing the paths in the neighborhood, presumably due to the fact that there is
more screening around the inner street, and the surrounding buildings share the pressure of the water flow
so that the windows are not overly exposed to the water flow.

This result is in line with the general perception of flood damage to buildings, and to some extent validates
the feasibility of the method.
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Using the maximum flood return period of 800 years as an example, a longer return period represents a
higher intensity of flooding. In this scenario, highlighting indicates that a component is completely damaged
and labeled as collapsed. All representative points of the doors are highlighted, nine window points are
highlighted, while no wall components are highlighted. This indicates that complete damage varies widely
among different components.

Even though windows (glass) exhibit the highest sensitivity to flooding effects according to the vulnerability
curves, they sustain less damage compared to wooden doors. This is because the elevation of windows
above ground level reduces the hydrostatic pressure difference between internal and external water levels.

Brick walls, on the other hand, did not experience any component collapse under the highest intensity

disaster. This suggests that the walls remained structurally sound throughout the building's service life and
did not require any replacement measures.
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This analysis highlights the differential impact of flooding on various building components and underscores

the importance of component-specific resilience strategies.

In components mode
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In the component display mode, the same component's response to flooding for different return periods is
presented. For example, in the case of windows:

e 50-Year Scenario: All windows have a damage level of 1.

e 100-Year Scenario: The damage level remains unchanged at 1, although the probability of failure
increases.

e 800-Year Scenario: The damage level for nine windows increases steeply to 5, with damage levels
distributed across levels 1 to 4.

This analysis shows that flood levels below the 100-year return period have minimal impact on the windows.
However, due to the high sensitivity of windows to flooding, they can rapidly collapse under more intense
flood conditions. To achieve a more accurate prediction of the critical point where window collapse begins,
increasing the resolution of the return period may be considered where appropriate.

Damage cost

Overall damage cost
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Plot the regression cycle-loss money line graph from the table total loss(Section 4.4.3). This shows that below
100 years, the loss comes from the failure of the wooden doors; above 100 years, the loss of windows
increases. Since windows are more expensive, the greater the rate of increase in overall losses.
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5 Conclusion

5.1 Response to the questions

Main research question

How We Built a BIM-GIS Based Viewer to Quantify the Risk of Structures components When Facing Compound
Flooding Scenarios?

This paper presents an innovative approach to flood assessment that integrates models at the data level,
addressing the limitations of traditional flood assessments which often fail to achieve micro-evaluation at the
component level. The powerful data storage capabilities of BIM models, compared to GIS, compensate for
these shortcomings and support detailed vulnerability analysis of building components. However, case studies
have shown that semantic loss can significantly impact the data advantages of BIM models. Thus, developing
an accessible and integrated "meta-model" is crucial for solving this problem.

To address this, two approaches—process level and data level —were explored. It was found that process-level
data migration faces numerous licensing issues, whereas flood assessment functionalities are more easily and
rapidly implemented using a data-level model. Importing BIM into ArcGIS without any format conversion
preserves the information integrity during the transfer. This method ensures that the data hierarchy of BIM is
well integrated into GIS, and with ArcGIS Pro’s robust spatial analysis, data editing, and information integration
capabilities, all data can be spatially linked and edited within a unified model for visualization purposes.

Another significant contribution of this work is the quantitative analysis of structural damage at a micro level.
Leveraging the data accuracy of professional flood simulation software and BIM models, it is possible to
precisely determine the impact of floods on individual components and the characteristics of each
component’s attributes. This precision is essential for quantification. Unlike traditional quantitative analyses
such as HAZUS, this study employs the distribution characteristics of vulnerability curves to map corresponding
vulnerability curves of materials, specifically water depth-failure probability curves. This approach provides a
method to derive the probability of failure based on the quantification of water depth, enhancing the accuracy
and reliability of flood damage assessments.

Sub-questions

1. How to assess multi-hazards risk for compound flooding in quantitative manner in urban scale, to
consider of hazard inter-dependency?

There are three approaches in total, which are statistic modeling, numerical modeling and empirical
modeling. In this paper, the numerical model is used i.e. by physically simulating the complex water
movement and using the flood drivers as variables to finally get the flood map.

2. How to construct a hydrodynamic model to simulate urban flooding during compound flood
outbreaks?

Hydrodynamic simulation of the study area was performed by inputting geometric data: topography,
channel, elevation, building contours, as well as hydrological data such as: rainfall, sea level, inland water
level, and flow velocity.

3. What intensity indexes and performance indicators should be used to analyse failure behaviour of
structure.

Intensity indexes: water depth, velocity, duration, hydrodynamic pressure, debris impact

Performance indicators: water resistance, fragility curve
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4. How to integrate simulation models in a viewer for their efficient performance on building structures,
to interactively display the hazard index of each component?

Integrating BIM (RVT.) and GIS(SHP.) and Flood(tif.) data into ArcGIS Pro. With the Spatial Join Tool, the
intensity value will be added to the components. Classification of the value using Symbology function, the
components will be color coded.

5.2 Recommendation for future work

1. Comprehensive Structural Analysis:

e Interior and Exterior Evaluation: Analyze not only the building's exterior but also account for water
penetration due to osmotic pressure, and evaluate the internal structural elements concurrently.

e Multifactor Analysis: Consider not only the effect of water depth but also the effects of water velocity
and duration on building components.

2. Advanced Flood Simulations:

e Complex Flood Scenarios: Simulate not only single extreme events but also complex floods with
varying levels of damage. These scenarios can be presented separately using filters for detailed
analysis.

e Future-Oriented Analysis: Analyze not only historical extreme events but also consider the potential
impact of floods over the next 100 years (or one building lifecycle).

3. Open-Source Data Integration:

o Data Storage and Retrieval: Utilize both local and cloud-based storage solutions. The process can be
open-sourced, with data retrieved from sources like Copernicus. Use the HEC-RAS controller for
automatic flood map generation, and store data in the cloud with 3D BAG and Revit Cloud.

e Web-Based Visualization: ArcGIS Online retrieves all the information, connects it to Cesium, and
displays it on the web. This integration ensures comprehensive and accessible flood risk data
visualization.

4. Enhanced Real-Time Forecasting:

¢ Integration of Real-Time Data: Incorporate real-time data, data-driven modeling, and digital
visualization tools to significantly improve real-time flood forecasting.

¢ Stakeholder and Public Benefits: Enhance early warning systems, preparedness, and flood prevention
capabilities. This integration leads to more effective flood risk management and reduced impacts on
communities, benefiting stakeholders and the public.
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6 Reflection

In this project, | aim to develop a visualization tool designed to intuitively and efficiently illustrate the extent
of damage to building components caused by flooding induced by extreme compound flood. This tool will not
only account for the impacts of such flooding but also precisely identify damage to building elements, enabling
designers to assess building robustness early in the design stage. It will assist engineers in planning critical
structural reinforcements before the structural design phase and help operators implement precautionary
measures to protect vulnerable parts of the building before a disaster strikes. By catering to multiple
stakeholders, this tool seeks to provide a cost-effective solution to minimize the loss of life and property.

Flood simulation Damage estimation 3D Visualization

1. Inundation map
2. Depth distribution
3. Duration distribution

1. ArcScene with BIM and 3D BAG
2. Color coding for danage state
3. Pop up for info box

1. Failure probability
2. Critiral for materials
3. Damage class

Figure 53: A brief workflow for implementation

Compound Flood simulation

The product design process is illustrated in the figure above. (Fig.53) The first step involves deriving the flood
base parameters required for hydraulic model simulation, such as base level, rainfall, and flow speed, based
on compound flood events that have occurred in the Netherlands. The second step is to quantitatively analyze
the impact of the flood on the building element (with various materials) and to rate the level of damage based
on the obtained fragile curves. The third step was to visualize the data results using ArcGIS Pro and mark the
damage rating with colors.

Figure 54. Interface of hydrodynamic simulation results in Hec Ras

Compound Flood simulation

The first step involved using hydraulic modeling to simulate inundation scenarios under real extreme flood
conditions. This step aimed to generate maps of urban building inundation. Utilizing parameters for extreme
weather conditions ensures comprehensive coverage of all possible flood scenarios. These parameters were
sourced from literature (van den Hurk et al., 2015), which documents the most similar composite event to a
flood hazard that has occurred in the Netherlands in recent years.

Given that water depth and velocity in urban centers can be influenced by surrounding buildings, simulating
community-scale flooding scenarios allows for both the consideration of these influences and achieving
sufficient accuracy in analyzing building component levels.

The focus of this phase was on using specialized hydrodynamic software to obtain maps showing the
geographic distribution of water depth. (Fig.44) At the project's outset, a thesis study was conducted to select
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appropriate software. This involved reviewing and analyzing ten papers that summarized various
hydrodynamic software, models, and their parameters. Additionally, the study organized information on
formula methods, open sources, and the input and output parameters of twenty different hydraulic
engineering software currently in use. Ultimately, two software packages were selected for this project: MIKE
FLOOD and HEC-RAS.

The project process involved researching and studying both MIKE FLOOD and HEC-RAS software separately,
followed by conducting simulation tests. Ultimately, HEC-RAS was chosen as the simulation software for
several reasons:

MIKE FLOOD:

1. Specialization and Input Parameters: MIKE FLOOD requires many specialized input parameters, such as
details of the underground pipe network and land permeability, which were not readily available. The absence
of these parameters made the simulation challenging to execute.

2. Complexity and Sub-packages: The MIKE series includes a wide range of sub-packages, and coupling the
models of several subsystems (like MIKE21 1D/2D and MIKE FLOOD) during the simulation increases both the
complexity and the difficulty of adjustments.

3. Licensing Issues: The API port of MIKE FLOOD is commercially licensed, requiring substantial fees. Although
initial software selection considered open-source options, the practical application revealed prohibitive costs
associated with the API.

HEC-RAS:

1. Balance of Professionalism and Ease of Use: HEC-RAS strikes a good balance between professionalism and
user-friendliness. It supports composite flood drivers, such as rainfall, runoff, and water levels, and is highly
compatible with various data formats.

2. Visualization Capabilities: HEC-RAS offers a high degree of visualization, allowing intuitive viewing of results
in different layers. Users can also directly modify data geometry within the view, facilitating easier debugging.

3. Direct Export to Raster Map File: HEC-RAS can export results directly to raster map files without requiring
additional conversion, making it a straightforward source for subsequent spatial data analysis.

Ultimately, HEC-RAS features its own open-source API port (HEC-RAS Controller), which can be accessed using
Python code to automate running the software and outputting results. And also stands out for its' flexibility
(allowing for easier adjustment of model sets with hydraulic data).

During the testing process, Simona is responsible for ensuring the rigor and reliability of the simulation. To
accurately reproduce recent extreme compound disasters, she suggested using rainfall and runoff parameters
from the peak hours of these extreme events as model inputs. Utilizing known parameters from actual
composite events provides a more realistic simulation compared to using extreme theoretical values.

Azarakhsh guided the project's digitalization efforts, placing significant emphasis on the feasibility of API
integration. She recommended creating an APl request demo to evaluate the interface response time. This
suggestion is very sufficient, highlighting that it was unnecessary to wait until all simulation modeling is
complete to perform this step. By testing the API call with a completed example early in the process, potential
issues with the API could be identified and addressed promptly, allowing for quick adoption of alternatives if
needed.
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Damage quantification and classification
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Fig.45: Identification damage levels (Nofal et al., 2020)

The second step is damage assessment. This involves translating the simulation results, specifically the water
depth, into damage levels for building components and then grading this damage. This step is crucial for
transitioning from an urban scale to a building scale, aiming to derive a practical assessment system and
criteria. The primary contribution of this work is the development of flood vulnerability curves for buildings
without relying on empirical field data.

In our literature review, we used keywords such as "vulnerability analysis," "fragile analysis," "damage
assessment," and "risk map," which led us to 17 relevant articles. These articles helped us organize widely
used assessment methods, formula models, and parameters. Faced with the choice between performing a
finite element analysis of a building structure and defining damage in five levels of severity through the Monte
Carlo framework, | conducted separate tests for each approach.

Finite Element Analysis (FEA):

1. Software Requirements: This method required using specialized ANSYS software.

2. Data Transfer: The process involved transferring simulation data from HEC-RAS to ANSYS.
3. Visualization: The results then needed to be visualized in ArcGIS Pro.

4. Complexity and Time Consumption: The data transfer between these platforms was complex and time-
consuming, adding significant overhead to the process.

Monte Carlo Framework:

1. Damage Assessment Method: This approach defines damage in five levels of severity using a Monte Carlo
framework.

2. Component-based Analysis: The framework divides the building into separate components, assigning each
to one of five predefined damage states.

3. Efficiency: This method utilizes expert-based data obtained from online sources, making it more
straightforward and less time-consuming compared to the FEA process.

Based on these tests, the Monte Carlo framework proved to be more efficient and feasible for the project,
given the complexity and time constraints associated with the finite element analysis approach.

After thorough analysis and comparison, Simona suggested employing the univariate and multivariate
component flood vulnerability method.(Nofal et al., 2020) This method uses expert-based data sourced from
online resources and applies them within a Monte Carlo framework. It divides the building into separate
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components, assigning each to one of five predefined damage states that collectively characterize the damage
to the entire building. (Fig.45)

3D Visualization
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Fig.46: Visualization of data results

The last step involves using FDA (Flood Damage Assessment) alongside ArcGIS Pro and Scene visualization to
create a comprehensive framework for BIM-GIS integrated 3D visualization. This framework is designed to
depict a building's unique behavior against floods. To achieve this, it combines two essential types of
information:

Building Information: Complete building information is represented through Building Information Modeling
(BIM). BIM provides detailed, accurate, and comprehensive data about the building's components, materials,
and structural characteristics. (fig.46)

Flood Information: Flood-related data, typically managed by hydrodynamic software, is outputted to a
Geographic Information System (GIS). GIS manages spatial data and provides a platform for visualizing flood
extents, depths, and other hydrodynamic results. (fig.46)

The integration of BIM and GIS is crucial because neither can independently fulfill the project's requirements.
BIM excels in detailed building information, while GIS specializes in spatial and flood data management. By
integrating these systems, the framework can effectively visualize and assess flood damage in a 3D
environment, offering a holistic view of the building's vulnerability and behavior during flood events.

However, in the initial stages, my aim was to develop a fully open-source web-based platform utilizing a B/S
architecture for 3D geospatial data visualization, enabling dynamic and high-performance renderings of
geographic data within a web browser. But, despite my architectural background, diving into web GIS proved
challenging.

1. Extensive computer background to acquire and apply. While my undergraduate studies provided me with
skills in Python editing through Grasshopper's interface and exposure to basic smart navigation projects using
Python for data analysis during graduate school, the scope of this project demanded a deeper understanding
of front-end visualization and back-end simulation, necessitating proficiency in Python, JavaScript, JSON,
CesiumlS, Vue, Flask, and APl requests. Despite investing significant time and effort in expanding my
knowledge base, | encountered substantial hurdles during implementation. Even basic tasks, such as importing
a BIM model into the Cesium platform, proved time-consuming and arduous, taking nearly half a month to
accomplish.

75



2. Api for simulation software. The requirement for open-source simulation software posed additional
challenges, particularly with the HEC-RAS controller, which, although open-source, differed significantly in its
API call methods, resulting in further delays.

3. Build a fully functional front-end framework. Despite substantial progress in exporting hydrodynamic
simulation results using the HEC-RAS controller and integrating detailed 3D representations of buildings and
addresses from the 3D BAG dataset into Cesium, challenges persisted in developing a fully functional front-
end framework using Vue and Flask, particularly in introducing clickable BIM models of each component.
Consequently, despite diligent efforts, the intended fully functional B/S system remains unrealized. As it stands,
the achieved milestones include exporting hydrodynamic simulation results, importing 3D BAG data into
Cesium, and constructing the front-end framework using Vue.

The challenging journey of this project was made manageable and ultimately successful thanks to the
unwavering patience and invaluable support of my mentor, Azarakhsh. From the outset, she played a crucial
role in helping me organize the pipeline for integrating simulation data into Cesium, providing guidance and
encouragement every step of the way. Recognizing the importance of practical feasibility, she wisely advised
me to create a small demo to test the viability of our approach, setting a solid foundation for subsequent
development.

When | encountered obstacles, particularly in loading city model data, Azarakhsh's resourcefulness shone
through. She directed me to consult the 3D BAG documentation and facilitated a productive meeting with Ping
Mao, a fellow GIS student who had faced similar challenges. Their collaborative efforts and shared experiences
proved invaluable, enabling me to overcome hurdles and successfully load the model.

Throughout the project, Azarakhsh's unwavering support extended beyond technical assistance. She
consistently demonstrated patience and understanding, even during moments of frustration or anxiety
stemming from my limited coding skills. Her calm demeanor and empathetic approach not only alleviated my
concerns but also inspired me to explore alternative solutions and persevere through challenges.

When | sought her opinion on alternative approaches after extensive research and contemplation, she
graciously affirmed my considerations and offered insightful suggestions for implementation. This enabled me
to pivot swiftly and confidently realign my project direction. Her encouragement and guidance were
instrumental in fostering a sense of empowerment and motivation, ultimately contributing to the project's
progress and success.

Above all, both of my mentors' mentorship has left a lasting impact, prompting me to reflect on the power of
patience, collaboration, and resilience in overcoming obstacles. Her guidance has not only enriched my
technical skills but also fostered a deeper appreciation for the importance of mentorship and support in
navigating complex endeavors.

For the final phase of the project, the following objectives have been outlined:

1. Simulation of Composite Flooding Events: Expand the simulation scope to include various levels of
composite flooding, requiring an increased number of samples for simulation and hierarchical display of
exported results in ArcGIS. Utilizing filters, the damage grading can be visualized separately for each event.

2. Incorporating Duration in Damage Assessment: Explore the impact of both water depth and duration on
building components' damage. This entails creating a graph to illustrate the resistance of different materials
to duration and correlating it with the damage grading based on the water depth approach.(Fig.47)
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3. Integration of Cesium and ArcGIS: Investigate methods to connect Cesium and ArcGIS, enabling the
visualization of results through the web interface. This involves exploring ArcGIS documentation to understand
its APl capabilities and learning the requirements of the Cesium call interface to facilitate seamless
communication between the two platforms.

1. What is the relation between your graduation project topic, your master track (A, U, BT, LA,
MBE), and your master programme (MSc AUBS)?

The topic of this project is "A Design Tool to Analyze and Visualize the Risk of Building Structures under
Compound Flood Hazards." Digital tools to aid in decision-making are among the most crucial concerns in the
building technology profession.

This tool is designed not only for optimizing building design during the early stages but also for use in civil
engineering by combining hydraulic and structural aspects to measure and mitigate the risk of building
structures under compound flood hazards. Moreover, it can contribute to structural optimization, making it a
versatile and valuable resource across various stages of building and infrastructure development. This idea is
in line with the concept of building technology to make up for building and civil engineering technology.

2. How did your research influence your design/recommendations and how did the
design/recommendations influence your research?

My research influenced the final design in three key ways: through a comparative study of hydraulic models,
a dissertation study of evaluation systems, and a study of visualization systems. These studies provided robust
arguments for data reliability, methodological rigor, and application feasibility.

My design identified problems that arise when synthesizing and applying research from different fields. For
instance, when quantifying damage, calculating the bending moment and shear force of the structure using
finite element analysis posed a challenge because the analysis software could not be effectively linked with
ArcGIS. Although finite element analysis offers specialized and accurate assessments of vulnerability, its
incompatibility with the overall framework necessitated a change in the research strategy.

3. How do you assess the value of your way of working (your approach, your used methods, used

methodology)?
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To assess the value of my approach, methods, and methodology, | consider several key factors:

1. Effectiveness in Meeting Objectives: My approach was designed to meet specific project objectives, such as
integrating hydraulic simulations with structural analysis and visualizing flood risks in a user-friendly manner.
By evaluating how well these objectives were met, | can determine the effectiveness of my methods.

2. Interdisciplinary Integration: The value of my methodology lies in its ability to integrate insights from
different disciplines, such as civil engineering, hydraulic modeling, and geospatial analysis. This
interdisciplinary approach ensures a comprehensive assessment of building vulnerabilities to compound flood
hazards.

3. Stakeholder Engagement and Feedback: Regular engagement with mentors, peers, and other stakeholders
provided valuable feedback that informed and improved my methodology. This iterative process of refinement
ensured that the final design was aligned with the needs and expectations of its users.

By evaluating these factors, | can confidently assess that my approach, methods, and methodology were
valuable and effective in achieving the project's goals and providing practical, reliable solutions for assessing
building vulnerabilities to compound flood hazards.

4. How do you assess the academic and societal value, scope and implication of your graduation
project, including ethical aspects?

The social relevance of this modeling approach lies in its potential to significantly enhance community
resilience and safety in the face of climate change-induced flood hazards. By accurately assessing flood
vulnerability at both the structural and component levels, the approach enables proactive measures to be
taken to reinforce buildings and infrastructure, thereby reducing the risk of damage and loss of life during
flooding events.

Furthermore, the utilization of a web-based interface for data visualization promotes greater accessibility and
transparency, allowing for widespread dissemination of critical information to stakeholders, including
community members, local authorities, and emergency responders. This empowers communities to make
informed decisions, develop effective evacuation plans, and allocate resources efficiently in preparation for
flood events.

Overall, by addressing the pressing issue of flood risk management with advanced modeling techniques and
accessible data visualization tools, this approach contributes to building more resilient and adaptive
communities, ultimately enhancing societal well-being and safety.

5. How do you assess the value of the transferability of your project results?

From a scientific perspective, this modeling approach contributes to advancing our understanding of the
complex dynamics of flood hazards in the context of climate change. By incorporating comprehensive
assessments of flood hazard triggers and probabilities, the approach provides valuable insights into the
multifaceted factors influencing flood risk.

Moreover, the integration of precise component-level analyses represents a significant advancement in flood
vulnerability assessment methodologies. This detailed examination allows for a more nuanced understanding
of structural vulnerabilities and the potential effectiveness of mitigation measures, thereby informing future
research and engineering practices aimed at enhancing resilience to flood hazards.

Additionally, the utilization of a web-based ArcGIS Pro interface for data visualization not only facilitates
collaboration among stakeholders but also presents opportunities for further scientific inquiry. The
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accessibility of data through such platforms enables researchers to explore new avenues of analysis, validate
modeling assumptions, and refine predictive models, ultimately advancing the state of the art in flood risk
assessment and management.

Overall, this modeling approach contributes to the scientific community by expanding our knowledge of flood
risk dynamics, improving the accuracy of vulnerability assessments, and providing tools for collaborative
research and decision-making in the field of flood hazard mitigation and adaptation.

6. How could the tools | used in the project be further developed?

1. Integration with More Data Sources: Future iterations could integrate additional data sources, such as real-
time weather data, to enhance the accuracy and timeliness of flood risk assessments. This integration could
enable more proactive and responsive planning and decision-making.

2. Advanced Analytical Tools: Incorporating advanced analytical tools and machine learning algorithms could
further refine the damage assessment process. These tools could analyze patterns and predict vulnerabilities
more accurately, providing deeper insights into flood risks.

7. what strategies did you employ to overcome these obstacles, and how did this experience shape your
approach to interdisciplinary collaboration in future projects?

1. Regular group exchanges: Simona arrange group meeting each month. In these exchanges, cross-cutting
topics serve as conduits for sharing literature, data sources, and tools, enriching our collective understanding.
Moreover, exposure to diverse topics inspires fresh ideas, encourages thinking outside conventional
boundaries, and fosters a deeper appreciation for varied research methods. By leveraging this interdisciplinary
synergy, we not only enhance our individual projects but also cultivate a collaborative environment that
propels innovative research forward.

2. Flexibility and Adaptability: Remaining flexible and adaptable to changing circumstances and unforeseen
challenges was key. Being open to alternative approaches and willing to adjust strategies as needed allowed
for more effective problem-solving.

3. Learning from Mistakes: Going fast, failing fast, and learning fast from bad experiences is the most useful
thing I've learned. Because ignorance of other fields is sure to be accompanied by misinterpretation, the
fastest way to correct it is to learn from the experience of trying and to refine your knowledge of other subjects
even more.
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8 Appendix

Visualization process

Import 3D BAG to ArcGIS Pro

Due to 1) need to edit and delete individual buildings in 3D BAG 2) don't need a very high precision LoD model
as only footprints of surrounding buildings are needed. So manually add OBJ models downloaded from 3D
BAG website.

(1) Find my site on 3D BAG website and select LoD 1.3 (a)

(2) Pick a tile from the grid and download the OBIJ zip file (b)

(3) Open the OBJin blender and delete the original building on the site (c)
(4) Load the modified OBJ model in ArcGlIS Pro. (d)

iDBAG < tudelft3d - ¥ 3061 v20240020 Y 3D Viewer  Downloads ~ Dashboard D Give feedback ¥ v
[J Baselayer v f LoD v Q Search foraplace [
A LoD22
A LoDi2
'’
\ }
\\ 4
f
/
&
/
A
A
/
\
'
\
\ (
© Attributes ~ T 117m £ 0.0 /
oel3dbaa ildowniosd /

(a)

Downloads for tile number 9-248-588

To keep filesizes manageable the 3DBAG dataset is subdived in tiles. For each tile we offer the data in a number of different file formats. Use the button below to select the tile of interest to see the download

options.
Tile number Format File SHA-256 Version
9-248-588 CityJSON @ b6274502a245¢be6c3d6d6e80713ffc3975433add7f070211dce 16868111675 V2024.04.20
9-248-588 0BJ @ 95b5da23bb4835cd28274140f3012581b296b3641577d04fedb3340a108¢766 v2024.04.20
9-248-588 GPKG @ dbdcS51feb3ab301bd904891593d16b4c36181a85724a51131d2b52a9d 4455193 v2024.04.20

Pick another tile
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Read and add Revit.rvt (BIM) projects to ArcGIS Pro
(1) Inthe Catalog pane, right-click Folders and click Add Folder Connection

(2) In the Navigation Pane, under Project, expand Folders and Importing-Content. Click the Data_Files folder
and select the Revit folder.

(3) Inthe Catalog pane, expand the folder, Revit, and BIM Building .rvt .

(4) The entire BIM Building .rvt project can be used directly as a data source without conversion.

86



Drawing Order

Georeferencing a Revit.rvt (BIM) model

Because the model does not yet have a coordinate system defined, it is displayed at the origin of the map's
coordinate system, which is a location off the west coast of Africa. A coordinate system is needed for the layer
and georeference it to the correct location.

(1) Inthe Contents pane, right-click BIM Building and click Zoom To Layer .
(2) Move the building to the ideal location.
(3) On the ribbon, click the BIM Data tab. In the Alignment group, click Georeference .

(4) Elevate To Ground. To elevate the selected feature layer on top of the scene's elevation surface based on
the location of an anchor point.

(5) When the building reappears in its new location, click the Close Georeferencing button to exit the
georeferencing process.
Import Raster map to ArcGIS Pro

(1) In ArcCatalog or the Catalog window, right-click the geodatabase and click Import > Raster Dataset .
(2) Select the raster datasets from HEC RAS to import and click Add .
(3) Since my dataset has already been specified. It shows like this.
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i Coog B 5cene X [E] map1

Now that the BIM, 3D BAG, and raster maps have been loaded into the original model, they can be spatially
analyzed to get the water depth corresponding to each component.

= casn

Get point from raster map:

Raster to point:

* For each cell of the input raster dataset, a point will be created in the output feature class. The points
will be positioned at the centers of cells that they represent. The NoData cells will not be transformed
into points. (Table 18)

* The input raster can have any cell size and may be any valid raster dataset.

* The Field parameter allows you to choose which attribute field of the input raster dataset will become
an attribute in the output feature class. If a field is not specified, the cell values of the input raster
(the VALUE field) will become a column with the heading Grid_code in the attribute table of the
output feature class. (Table 18)
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Labe Explanation Data Type

The input rast

o

reoa
r<a

The raster can be integer or floating-point type.

Output point Feature
- " o L
i The output feature class that will contain the converted points.
teatures Class
The field to assign values from the cells in the input raster to the points
Field in the output dataset
Field
Optional

It can be an integer, floating point, or string field.

Table 18

Extract values to Points:

Extracts the cell values of a raster based on a set of point features and records the values in the attribute table
of an output feature class. In other words the raster's bathymetry data is given to the raster's center point
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RCpRCORstig ¥ "X | OBJECTID * Shape * pointid grid code RASTERVALU
® Extract Values to Points @
. _ 1 Point | 451781  0.68259 0.68259
The Extract Multi Values to Points tool
O provides enhanced functonayor X 15 Point 451782 0.684684 0.684684
Darameters Environments Ol Point | 451783  0.686781 0.686781
Input point features
| RasterT_Depth_1 v /- |4 Point 451784 0.688879 0.688879
Input raster §
pth (Max)PRECIPITATION.Terrain (2).11.4if | 5 Point 451785 0.69098 0.69098
Output point features ‘
| Extract_RasterT1 | 6 Point 451786 0.693086 0.693086
__| Interpolate values at the point locations i
Append all the input raster attributes to the 7 Point 451787 0.695193 0.695193
" output point features
o 2 Pnint AG1788 N AA73IN4 N AQ7N4

This screenshot shows that the water depth value is given to the Extract_RasterT1 files. In the end, the point
with depth is generated.

Get point from building feature:
Feature to point:

Creates a feature class containing points generated from the centroids of the input features or placed within
the input features. In my case, | entered three components of three different materials into the function and
obtained the location points for each of the three components. Figure presents an example of windows.

Geoprocessing v ax
POLYGON INPUT
®© Feature To Point @
Q O No pending edits.
A\t i X
Multipart polygon (7
Parameters Environments @
4 Input Features _
Doors v

OuTPUT

Output Feature Class

‘ Doors_FeatureToPoint

Inside
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i Catalog [ scene X [F] Map1 v

.
°° °°
.
.®
.
50
.
3 G
57m M L 3 ke 4.2395171°E 52.0751794°N ¥ 3.139m || WS
[ computation point 3 Doors 2 Walls B2 Windows [ RatserToPoint [ RasterT_Depth_1 E Extract_RasterT1 E Door_FeatureToPoint B Windows_FeatureToPoint X v
Field: T Add [T Calculate ~ Selection: [y Select By Attributes B Switch =
OBJECTID_1* Shape * BaseCategory Discipline AssemblyCode AssemblyDesc BldgLevel Category [ Family
11 PointZ W Architectural Nu <Null 1 Null> | Familylnstance M_Fixed
2 PointZ Wi Architectural <Null> <Null> M_Fixed
3 Point Z ~ Windows Architectural Null <Null> M_Fixed
4 4 N <Null> 1 Windows M_Fixed
5 N1 Nul 1 Fixed
6 6 <Null> <Null> 1 M_Fixed
il Null 1 M_Fixed
Print 7 | Wind " ol 1 M Fivad
I=IR= M 0 of 49 selected Filters - 1 + 100% | o

Spatial join:

Spatial aggregation is a method of adding attribute data from connected element points to a target point.
Here, my goal is to add information about water depth within the raster data to nearby window location points.
The search method is changed to a 3D search with a radius of one meter and the attribute to be added is the
water depth. Since it may involve a window location searching for more than one raster point, the value of
maximum water depth is used to assign to the window point. Finally, window points with water depth data
were obtained.

Add Spatial Join ?

Target Features

Door_FeatureToPoint v

Join Features

Extract_RasterT1 v

| Keep All Target Features

Match Option

Within a distance 3D N

Search Radius

1| |Meters
v Fields
Field Map
Output Fields (+) Source
pointid M Maximum B
grid_code E:\TUD_BT\Graduation topics\
RASTERVALU RASTERVALU

Add New Source v
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= Catalog B IR Map1

B3 Fields: Door_Featur..ialloin (Scene)

N v Om 1o

77m -|19% B ¥e 4.2395285°F 520753587

Vindows. [ RatserToPoint [ RasterT_Depth_1 [ Extract_RasterT1 B Door_FeatureToPoint § Windows_FeatureToPoint [ Door_FeatureToPo_Spatialioin B8 Windows_FeatureToPo_Spatialloin X |

Field: T Add 7% Calculate ~ Selection: [ Select By Attributes 2 Switch =

svel Desc TopLevel Elev TopLevel IsBuildingStory TopLevel RoomOffset Typ_Frame Exterior ... Typ_Frame Interior_... Typ Glass Pane Mate... Typ Sash ORIG FID pointid grid code RASTERVALU "
1 ash ash 0905291
sash Sash Glass sa 0902222
sa 0896767
3 1 Sash Sash G sa 0890743
5 Sash sa s 2 0887444
1 Sash Sash ass Sash 8 0884195
sa ass 15 084144
\ s g >

nakta

Colour coding for DS:
Symbology:

Based on the water depth parameter, each window point is assigned a color symbol. By setting the range for
each color (according to the DS evaluation criteria shown in Table 19), color-coded window points can be
obtained. It is important to note that due to the height of the windows, the immersion depth equals the water
depth minus the height of the window from the ground. Here, since the window heights from the ground are
consistent, we can directly apply the DS criteria. However, for buildings with windows at varying heights, the
height must be subtracted before evaluation.

43D Layers 2 Attribute Table CtrlsT Symbology - Windows_Featu... v # X
“ Windows_FeatureToPo | L _
eows e 2 B® Data Engineering Ctrl+Shift+D - &) 10 : =
RASTERVALU
o DSO Primary symbology
© bt Depth Priorit Graduated Colo
| riori Graduated Colors
® DS2 BUEETIONRY :

Bea Fiel 5 eS|
L Data Design > ield [RASTERVALU X
® DS4

Normalization |<None>
“ Door_FeatureToPo_Sp¢ !l Create Chart >
RASTERVALU Method Manual Interval
5 New Report N
o DSO Classes
¢ 051 Joins and Relates > Color scheme s B
® DS2
® DS3 Zoom To Layer
21054 Classes  Histogram
4 |v] Windows_FeatureToPo
L4 Selection More v
“ Door_FeatureToPoint Symbol Upper value Label
& label
L4 ° < 0.74704 DSO
¢ Labeling Properties.
- mysite02_Import3DFik N ° < 0.781989 DsS1
Convert Labels >
° 11604 DS2
4 v BIM Building ,~ Symbology Y < 0.863601 DS3
“ ExteriorShell )
+o Disable Pop-ups ° DS4
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