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Abstract Resiliency of communities prone to natural hazards can be enhanced through the
use of risk-informed decision-making tools. These tools can provide community decision
makers key information, thereby providing them the ability to consider an array of miti-
gation and/or recovery strategies. The Center for Risk-Based Community Resilience
Planning, headquartered at Colorado State University in Fort Collins, Colorado, developed
an Interdependent Networked Community Resilience (IN-CORE) computational envi-
ronment. The purpose of developing this computational environment is to build a decision-
support system, for professional risk planners and emergency responders, but even more
focused on allowing researchers to explore community resilience science. The eventual
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goal was being to integrate a broad range of scientific, engineering and observational data
to produce a detailed assessment of the potential impact of natural and man-made hazards
for risk mitigation, planning and recovery purposes. The developing computational envi-
ronment will be capable of simulating the effects from different natural hazards on the
physical and socioeconomic sectors of a community, accounting for interdependencies
between the sectors. However, in order to validate this computational tool, hindcasting of a
real event was deemed necessary. Therefore, in this study, the community of Joplin,
Missouri in the USA, which was hit by an EF-5 tornado on May 22, 2011, is modeled in the
IN-CORE v1.0 computational environment. An explanation of the algorithm used within
IN-CORE is also provided. This tornado was the costliest and deadliest single tornado in
the USA in the last half century. Using IN-CORE, by uploading a detailed topological
dataset of the community and the estimated tornado path combined with recently devel-
oped physics-based tornado fragilities, the damage caused by the tornado to all buildings in
the city of Joplin was estimated. The results were compared with the damage reported from
field studies following the event. This damage assessment was done using three hypo-
thetical idealized tornado scenarios, and results show very good correlation with observed
damage which will provide useful information to decision makers for community resi-
lience planning.

Keywords Joplin tornado - Community damage assessment - Tornado
fragilities - Resolution

1 Introduction

Tornadoes occur regularly in the USA with geographically small strike areas but can result
in high casualty rates and billions of dollars in economic loss. The resilience (ability to
absorb impacts and recover rapidly from hazards) of communities to tornadoes can be
enhanced through the use of risk-informed decision-making tools. The Center for Risk-
Based Community Resilience Planning, headquartered at Colorado State University in Fort
Collins, Colorado, developed a beta version of the Interdependent Networked Community
Resilience (IN-CORE) computational environment. The developed computational envi-
ronment is capable of simulating the effects of different natural hazards including torna-
does on the physical and socioeconomic sectors of a community, accounting for select
interdependencies between the sectors. In this study, the beta version of IN-CORE was
used to assess the damage caused by tornadoes to buildings in Joplin, Missouri. One of the
important aspects of IN-CORE is the use of physics-based (developed by numerical
simulations rather than being empirically derived) models. Although numerical simulations
are valuable, these models need to be verified. In order to verify damage assessment of a
community subjected to tornadoes, damages caused by the EF-5 tornado [rated based on
the Enhanced Fujita tornado intensity scale (McDonald and Mehta 2006)] which struck the
city of Joplin Missouri, USA, on May 22, 2011, were estimated in this study. The 2011
Joplin tornado resulted in 161 fatalities, approximately 1371 injuries and more than $2.8
billion in damages, making it the deadliest and costliest single tornado in the country since
1947 (FEMA 2011). It is worth mentioning that in 1947, Doppler radars did not exist and
the ability to warn those in the path of tornados was essentially nonexistent. The Joplin
tornado was one of the estimated 1691 tornadoes that occurred in the USA in 2011 (NWS
2011), but due to the severity of the damaged caused by this tornado, it was widely studied
by researchers (e.g., Coulbourne and Miller 2012; Prevatt et al. 2012a, b; Lombardo et al.
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2015; Roueche et al. 2016) and is utilized in this study to validate the IN-CORE tornado
damage predictive models. Figure 1 shows the tornado path with red cross-hatching closest
to the centerline representing the wind speed within the vortex that was estimated to have
EF5 wind speeds [> 320 km/h (> 200 mph)], reducing to yellow for EF4 wind speeds and
as the cross-hatched areas move laterally outward from the tornado path eventually
reaching EF1 rating as light blue.

Several organizations including the National Institute of Standards and Technology
(NIST), the Federal Emergency Management Agency (FEMA) and the American Society
of Civil Engineers (ASCE) assessed the damage caused by this tornado in Joplin, MO. The
majority of the tornado fatalities (84%) occurred inside buildings, further underscoring the
need for buildings damage assessment of the community. Simulations of the other physical
infrastructure sectors of the community such as electric power network (e.g., Attary et al.
2018) as well as socioeconomics considering their interdependencies will be discussed in
forthcoming publications by a host of other authors. Kuligowski et al. (2014) investigations
estimated that 553 non-residential buildings and approximately 7400 residential structures
were damaged by the tornado. About 43%, or 3181, of these residential buildings were
considered destroyed, i.e., structures with a damage classification of extensive or complete
(Kuligowski et al. 2014). The non-residential buildings that were severely damaged
included one of the two major regional hospitals serving the city of Joplin and the sur-
rounding area, and 10 of the 20 local public schools, several parochial schools, 28 chur-
ches, 2 fire stations and both large and small commercial businesses (Kuligowski et al.
2014). In this study, using IN-CORE a detailed topological dataset of the community and
the estimated tornado path, the damage caused by the tornado to the buildings of the city of
Joplin was estimated. Idealized tornado scenarios (Standohar-Alfano and van de Lindt
2014) can be generated in IN-CORE. These tornado paths are modeled in an idealized form
with rectangular regions making up the different EF ratings based on the relative per-
centage of length and width assigned to that particular EF-rated area. In this study, the
building damage assessments of the city of Joplin for three idealized tornado scenarios
were performed and results were compared to the damage assessed following the event.

Fig. 1 2011 Joplin tornado estimated path with EF zones (Adapted from NWS 2011)
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2 Joplin tornado buildings damage assessment

The building damage assessments presented herein are based on Performance-Based
Engineering (PBE) approaches, which provide performance metrics outputs that can be
used to inform decision makers for risk mitigation (Porter 2003) and to enhance com-
munity resilience. PBE methodologies have been developed for different natural hazards
including earthquakes (e.g., Deierlein et al. 2003), fire (e.g., Hamilton 2011), wind (e.g.,
Ciampoli et al. 2011) and tsunamis (e.g., Attary et al. 2017). Typically, PBE frameworks
are based on the total probability theorem which would disaggregate the problem into
different analysis phases that include hazard analysis, structural analysis, damage analysis
and loss analysis (Porter 2003). These phases must be carried out in sequence, resulting in
an estimation of the frequency for which different levels of decision variables would be
exceeded. To assess the damage caused by tornadoes to individual building, the estimated
wind speed (the hazard intensity measure) at the location of the structure should be esti-
mated. Geocoded data of the actual event EF rating (see Fig. 1) can be used as an estimate
of the wind speed at the location for each building. Since the estimated wind speed in each
EF region represents a range of wind speed, the wind speed for each building was selected
randomly (with a uniform distribution) from the specific wind speed range for each EF
zone. Repeating this process and performing Monte Carlo simulation, the statistical
damage prediction for each building in Joplin can be obtained. To estimate the damage
caused by the tornado to buildings, tornado fragility functions were used in this study.
Fragility functions (see, e.g., Ellingwood et al. 2004 for fragility development details)
provide the probability that a structure will reach or exceed a specified level of damage as a
function of a given intensity measure (wind speed for the case of tornadoes) of the hazard
and is often given in the form of a cumulative lognormal distribution. Using tornado
fragilities and wind speed at the location of the structure, the probability of reaching
different damage states, namely slight, moderate, extensive and complete, can be calcu-
lated for each building in the community. This process is performed for all the buildings in
a community to estimate the total structural damage spatially throughout the community.
In this study, geocoded details (GIS data) of all buildings in the city of Joplin at the time of
the disaster (May 2011) was gathered. By assigning tornado fragilities to each building,
community damage assessment is possible. However, currently, physics-based tornado
fragilities are just being developed and many do not yet exist in the literature. Therefore,
the buildings in the community should be categorized to reduce the number of required
fragility functions. There is clearly a need for sensitivity analysis to determine how many
building types must be modeled for basic community resilience assessment and subsequent
risk-informed decision. This is beyond the scope of the present paper, but the 19 archetype
buildings proposed by Memari et al. (2018) are utilized herein to represent the Joplin
community, and Table 1 shows the details of these 19 building types. As can be seen from
the table, since the overarching goal is to assess the resiliency of a community, considering
physical and socioeconomic sectors, the selected building archetypes consider the occu-
pancy of each building in addition to other characteristics such as building material, area,
roof type.

Using the detailed data of the buildings from the city of Joplin, all buildings were
categorized into the aforementioned 19 archetypes. For example, five typical wood resi-
dential buildings (see Standohar-Alfano and van de Lindt 2014 for details) were used to
represent all the residential buildings in the city of Joplin. Each of the residential buildings
of the city was then assigned to one of these five archetype buildings based on their
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Table 1 Types of buildings assumed to exist in the city of Joplin

Building type Building description

T1 Res. wood bldg.—small rectangular plan—gable roof—1 story
T2 Res. wood bldg.—small square plan—gable roof—2 stories

T3 Res. wood bldg.—medium rectangular plan—gable roof—1 story
T4 Res. wood bldg.—medium rectangular plan—hip roof—2 stories
T5 Res. wood bldg.—large rectangular plan—gable roof—2 stories
T6 Business and retail building (strip mall)

T7 Light industrial building

T8 Heavy industrial building

T9 Elementary/middle school (unreinforced masonry)

T10 High school (reinforced masonry)

T11 Fire/police station

T12 Hospital

T13 Community center/Church

T14 Government building

T15 Large big-box

T16 Small big-box

T17 Mobile home

T18 Shopping center

T19 Office building

characteristics such as area, roof type, number of stories. Figure 2 shows different building
types (different colors in the figure) assigned to all of the buildings of the city. For
example, residential buildings are shown in red and heavy industrial buildings are shown in
yellow in Fig. 2.

Fig. 2 19 archetype buildings in the city of Joplin and the estimated tornado path and EF zones (Adapted
from NWS 2011)
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Existing fragility functions in the literature were used in this study for these 19
archetype buildings to estimate the damage caused by the Joplin tornado to buildings. In
particular, fragility functions for residential buildings (T1-T5) and big-box stores (T15 and
T16) were adopted from Masoomi et al. (2018) and Koliou et al. (2017), respectively,
while school buildings (T9 and T10) were modified and adopted, from Masoomi and van
de Lindt (2016), and the remaining 10 buildings were adopted from Memari et al. (2018).
Table 2 provides fragility parameters used for the 19 building archetypes. It should be
noted that one of the purposes of this study is to verify physics-based tornado fragilities,
and it is noted that empirical fragilities for the Joplin tornado exist in the literature (e.g.,
Roueche et al. 2016, 2017).

As shown in Fig. 3a—d, the fragility curves of these 19 building types for each damage
state span the entire range of wind speeds that we typically associate with a tornado. Thus,
it is proposed herein that these building types are therefore sufficient to reasonably assess a
community, working on the assumption that the correct archetype (fragility) is assigned to
a building with that level of resistance or performance. Perhaps as more tornado physics-
based fragilities become available, a detailed sensitivity analysis can be performed to
assess the number of archetypes needed for this purpose. Using the wind speed and
building fragility parameters, the probability of exceeding the four damage states, namely

Table 2 Fragility parameters of the 19 archetypes buildings used in this study (Masoomi et al. 2018;
Koliou et al. 2017; Masoomi and van de Lindt 2016; Memari et al. 2018)

Building type Lognormal distribution for damage state (mph) References

Slight Moderate Extensive =~ Complete

A ¢ A ¢ 7 ¢ A ¢

T1 452 0.11 470 0.11 477 0.11 481 0.12 Masoomi et al. (2018)

T2 462 0.17 476 0.14 480 0.12 491 0.12 Masoomi et al. (2018)

T3 431 0.10 444 0.10 4.63 0.10 470 0.10 Masoomi et al. (2018)

T4 442 0.15 451 013 460 0.12 4.69 0.14 Masoomi et al. (2018)

T5 445 0.13 454 0.11 4.67 0.10 471 0.10 Masoomi et al. (2018)

T6 422 0.11 443 0.11 470 0.11 4.88 0.21 Memari et al. (2018)

T7 429 0.11 450 0.10 459 0.10 4.67 0.10 Memari et al. (2018)

T8 421 0.12 437 0.14 477 0.15 494 0.19 Memari et al. (2018)

T9 429 0.12 456 0.11 4.69 0.11 493 0.16 Masoomi and van de Lindt (2016)
T10 433 0.12 454 0.11 470 0.11 5.07 0.12 Masoomi and van de Lindt (2016)
T11 437 025 470 0.12 485 0.12 499 0.19 Memari et al. (2018)

T12 442 0.10 459 0.09 497 0.09 5.16 0.09 Memari et al. (2018)

T13 406 0.12 446 0.11 468 0.11 495 0.17 Memari et al. (2018)

T14 4.07 0.12 436 0.11 4.62 0.11 484 0.13 Memari et al. (2018)

T15 4.14 0.12 437 0.12 483 0.12 506 0.12 Koliou et al. (2017)

T16 399 0.12 427 0.12 490 0.12 5.05 0.12 Koliou et al. (2017)

T17 428 0.12 447 0.12 460 0.11 470 0.12 Memari et al. (2018)

T18 424 0.12 444 0.12 468 0.10 4.86 0.17 Memari et al. (2018)

T19 423 0.12 448 0.12 471 0.11 497 0.17 Memari et al. (2018)
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Fig. 3 Fragility curves for the four damage states of a slight, b moderate, ¢ extensive, d complete for the 19
archetype buildings

slight, moderate, extensive and complete, was calculated for each building in the city of
Joplin.

2.1 Community-level building damage assessment and validation

As mentioned earlier, using the estimated EF zones and geocoded details of the buildings,
the range of wind speed and fragility parameters for each building was determined. Using
Monte Carlo simulation with 10,000 iterations and randomly selecting the wind speed,
with uniform distribution, within each iteration from within the associated EF region wind
speed range, the probability of buildings reaching each damage state was determined.
Figures 4, 5, 6 and 7 show the probability of each building being located in each of the
four damage states. For example, in Fig. 4, the buildings at the center of the tornado path
are predicted to be in or exceed a slight damage state almost 100% of the time, in line with
intuition for such a high wind speed. As one moves laterally outward from the tornado path
centerline, these probabilities become lower, although not significantly since this is just for
damage state 1, i.e., slight damage, which is the state, many buildings are expected to be in,
due to the tornado.

By inspecting Fig. 4 through Fig. 7, and as expected, overall the number of buildings
with higher probabilities is reduced as the damage state goes from slight (Fig. 4) to
moderate (Fig. 5), extensive (Fig. 6) and complete (Fig. 7). In order to validate the
analysis results, both qualitative and quantitative measures were compared with post-
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Fig. 4 Probability of reaching damage state slight for the buildings of Joplin community
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Fig. 5 Probability of reaching damage state moderate for the buildings of Joplin community
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Fig. 6 Probability of reaching damage state extensive for the buildings of Joplin community
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Fig. 7 Probability of reaching damage state complete for the buildings of Joplin community

disaster data. For example, it was reported by Kuligowski et al. (2014) that a total of 7411
residential buildings had some level of damage with 3181 experiencing severe damage.
Simulation results showed that 7156 residential buildings would have more than 95%
probability of reaching slight (DS1) damage state. In addition, 3633 residential buildings
would have more than a 95% probability of reaching damage state extensive, which is
consistent with the actual reported results. Alternatively, the results may be compared with
aerial images captured after the event. Figure 8a through Fig. 8f shows the simulation
results for the probability of reaching damage state complete (DS4) over these aerial
images and in most cases the predicted probability is arguably reasonable based on the
aerial view of the damage to the buildings. For example, in Fig. 8b probabilities of
complete damage in the EF3 region of the tornado are predicted to be 70-90% and some
houses are destroyed while a few remain somewhat intact. This type of logic may be used
within each of the figures, keeping in mind that it is probabilistic so 100% definitive
conclusions are not necessarily possible, nor needed.

2.2 Sensitivity of community-level analysis to input resolution

One of the major challenges when performing community-level analysis is the resolution
that should be used to describe data from the community and the subsequent analysis using
that resolution. The data collected in this study and the analysis are at the maximum
resolution possible (at the individual building level) for community analysis; thus, the
effect of using lower resolutions on the results can be explored for future analyses. In this
study grid lines with five different sizes, 15.24 x 15.24 m (50 x 50 ft), 30.48 x 30.48 m
(100 x 100 ft), 60.96 x 60.96 m (200 x 200 ft), 152.4 x 152.4 m (500 x 500 ft) and
304.8 x 304.8 m (1000 x 1000 ft) were overlaid on the building inventory. Then, one of
the 19 types of the building was assigned to each cell. To determine the type that should be
assigned to each cell, two methods were used. In the first method, the number of buildings
for each building type within each cell was calculated and the type of building representing
the majority within each cell was assigned to the cell (i.e., assigned based on statistical
mode). In addition, the total number of buildings in each cell was calculated and assigned
to the cell. In the second method, again the total number of buildings in each cell was
assigned to the cell but the type that was selected to represent all buildings within the cell
was randomly selected as one building types identified as being contained within the cell,
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Fig. 8 Probability of reaching damage state complete overlaid on aerial images after the event. (Base image
adopted from Missouri Spatial Data Information Service 2016)
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Fig. 8 continued
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mimicking the case that an analyst would select one building from a small spatial region to
represent that region (i.e., cell). It is important to mention that the buildings may not be
fully contained within one cell and the grid lines might intersect buildings, resulting in
double counting one building as being contained within more than one cell. Therefore, in
this study, to avoid considering a building in more than one cell, the center point of the
footprint of the buildings was used for the analysis instead of the original footprints of the
buildings. Figure 9 shows the process for the five assumed gridline sizes for one specific
region of the city of Joplin. (Cell type was assigned based on statistical mode value.)
Figure 10 shows these five sizes of gridlines overlaid on top of the entire city of Joplin.
(The type is assigned to the cells based on the statistical mode method described earlier.)

(@) _ _ M)

| MW No Building
W TL-TS
mT6
=T
178
0T
710

S T
s T2
[SRE
T
L5
16
Ty
T8
-

Fig. 9 Different sizes of gridlines overlaid on building inventory for a small region in Joplin and the
assigned building type (by color), a 15.24 x 15.24 m (50 x 50 ft), b 30.48 x 30.48 m (100 x 100 ft),
¢ 60.96 x 60.96 m (200 x 200 ft), d 152.4 x 152.4 m (500 x 500 ft), e 304.8 x 304.8 m (1000 x 1000
ft)
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Fig. 10 Different sizes of gridlines overlaid on building inventory of the entire city of Joplin and the
assigned building type (by color), a 15.24 x 15.24 m (50 x 50 ft), b 30.48 x 30.48 m (100 x 100 ft),
¢ 60.96 x 60.96 m (200 x 200 ft), d 152.4 x 152.4 m (500 x 500 ft), e 304.8 x 304.8 m (1000 x 1000
ft)

As clear from Figs. 9 and 10, by decreasing the resolution, many types of buildings would
disappear from the map and not be considered in the analysis.

Similarly, using the actual path for the tornado identified in NWS (2011), the EF region
that each cell was located in could be determined. By performing the analysis discussed
earlier for individual buildings for these five cases, the probability of reaching each
damage state for each cell can be calculated. Using the number of buildings inside each
cell, the total number of buildings from each archetype was then calculated. Table 3 shows
the results of the analysis indicating the total number of each building archetype having
more than a 50% probability of reaching DS4 for each of the five resolutions and for the
two methods described earlier (statistical mode and random selection). It can be seen in
Table 3 that for the low-resolution analysis, many of the building types are not considered
which would likely result in major analysis errors for community analysis, particularly for
analysis that includes socioeconomic sectors. It can also be observed from the results in
Table 3 that low-resolution analysis can over-/underpredict the number of buildings from
each type. As expected, by increasing the resolution for the number of buildings the
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Table 3 Total number of each building archetype having more than 50% probability of reaching DS4 for
the two cases of selecting the type based on statistical mode and random selection

Type 1000 x 1000 ft 500 x 500 ft 200 x 200 ft 100 x 100 ft 50 x 50 ft  Actual event

Statistical mode scenario [P(DS4) > 50%]

T1-TS 9510 7167 5597 5040 4781 4621
T6 0 4 35 94 107 116
T7 74 103 98 99 104 102
T8 0 0 1 4 4 4
T9 0 0 0 5 6 6
T10 0 0 5 4 4 5
Tl11 0 0 0 0 0 0
TI12 0 18 8 9 10 10
T13 0 0 4 9 9 9
T14 0 0 0 0 1 1
T15 0 0 1 3 3 3
T16 0 0 0 1 1 1
T17 111 0 0 0 0 0
T18 0 0 0 1 1 1
T19 0 48 88 125 130 137
Random selection scenario [P(DS4) > 50%]

T1-TS 1927 3041 4449 4735 4720 4621
T6 800 909 306 212 140 116
T7 705 393 190 114 102 102
T8 106 125 18 7 4

T9 643 283 64 8 6

T10 0 0 5 4 4 5
T11 0 0 0 0 0 0
T12 0 0 21 12 10 10
T13 731 529 106 19 9 9
T14 0 0 0 3 1 1
T15 285 77 16 3 3 3
T16 0 0 0 1 1 1
T17 0 0 3 0 0 0
T18 0 0 1 1 1
T19 3498 1549 359 188 149 137

damage predictions for each archetype converge to the building level analysis. As an
example, Fig. 11 shows this convergence for the residential buildings for the two methods.

3 Interdependent Networked Community Resilience (IN-CORE v1.0)
modeling environment

As mentioned previously, the Center for Risk-Based Community Resilience Planning

developed a computational environment known as IN-CORE. The purpose of developing
this computational environment is to build a research tool for resilience researchers, as well
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Fig. 11 Number of residential buildings with more than 50% probability of reaching DS4 for two methods
(statistical mode and random selection) with five different resolutions

as eventually provide a robust risk-informed platform for decision support. IN-CORE
integrates a broad range of scientific, engineering and observational data to produce a
detailed assessment of the potential impact of hazards for risk mitigation, planning and
recovery purposes.

The Interdependent Networked Community Resilience (IN-CORE) modeling environ-
ment has the capability of computing the proposed resiliency measures at the user-desired
community level. The implementation in this paper is developed on the first version of IN-
CORE, which is based on Ergo (ergo.ncsa.illinois.edu) (previously referred to as MAE-
Viz)—an open-source multi-hazard assessment, response and planning tool for performing
risk-based community resilience planning. IN-CORE v1.0 is a Java application with a
plug-in based architecture that allows researchers to extend IN-CORE’s capabilities
through the addition of new science/features. These features can be connected with the
existing 40 4 analyses to produce new scientific results. The core technologies of the Ergo
framework include Eclipse Rich Client Platform (RCP), Geotools, Visualization Toolkit,
JFreeChart, KTable and Jasper reports. These technologies make up the core of Ergo and
provide capabilities such as data management, visualization, analysis as shown in Fig. 12.

The Eclipse RCP framework allows IN-CORE to be extensible via the Open Services
Gateway Initiative (OSGi) specification, which describes a modular system and a service
platform for the Java programming language that allows applications to be extended by
adding new bundles that add or enhance capabilities of the platform. Eclipse builds on this
through the concept of extensions to contribute functionality to a certain type of application
programming interface (API) defined by a plug-in through an extension point. A plug-in
defines a contract or API with the definition of an extension point. This allows other plug-
ins (bundles) to add contributions (extensions) to the extension point (see Fig. 13). It is
through this mechanism that a new extension point for Tornado models was defined for IN-
CORE and several concrete implementations (extensions) described previously were added
to the system. Additionally, future models can use this extension point to add new mod-
eling techniques.
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Metadata Data s Analysis User
Support Catalog DRI Framework Interaction

Fig. 12 IN-CORE architecture

In a similar way, a new analysis was added to IN-CORE through the analysis extension
point “edu.illinois.ncsa.ergo.core.analysis.newAnalyses” to allow users to create scenario
tornado events. This analysis allows users to select a tornado model (e.g., mean width,
random width) and specify any required inputs. The output of the analysis was defined as a
new data type, tornado hazard, defined through the “gisSchemas” extension point
“edu.illinois.ncsa.gis.gisSchemas” and captures a shapefile representing the EF bounding
boxes and in the case of a tornado model, an xml file, representing model parameters. This
new data type defines what type of data the dataset contains so current and future analyses
requiring a tornado hazard know this data type can be used in any analysis input field
requiring tornado hazard. Each analysis description is an Extensible Markup Language
(XML) file that defines the valid data types for each analysis input, so IN-CORE can
determine which analyses can be connected in a workflow to generate required data or if a

Extension Points Extensions

Analysis Building damage analysis

Scenario Earthquake

Scenario Tornado

Data Type Building Inventory

Building Fragility Curves

Tornado Hazard

Fig. 13 Extensibility of IN-CORE

@ Springer



Nat Hazards (2018) 93:1295-1316 1311

72 Shety Couny, T (20-Swing 3 create scenario Tornado shely Couney, ™) 51 B)E & = = O | shelyCoumy,TN (20 Swing) |3 Building Tornado Damage (Sheby Courty, Th) 51 B= & =0
S — T
(@ owse] (Semr) el
Create Scenario Tornado
0 Erecute | [(© Cancel |
Building Tornado Damage
o
Tomats Hatoiog s S -
SR Lo (K4} ~ Basic Information
~ Tornado Location Result Name: RES3-EF5-Tornado
St s Buildings:  Shelby County RES3 v | [ £searcn
jeg): | 35.185802029704746 =
Hazard: Shelby-EFS-Tornado v Search | | @ Create
Tormado artangiude (deg -3002800824275853 by (v (search] (@ creae|
e Sssmzmsrons
~ Advanced Fragilty Mapping: Building Tornado Fragilty Mapping v | [£search
EFS Wind Speed cut-off (mph): 2500
@ Create Scenario Tornado Hel @ Building Tornado Damage Help

Fig. 14 a Scenario tornado analysis, b building damage analysis chained with scenario tornado analysis

dataset is already created from a previous execution, which datasets can be selected as
input. This new data type not only supports modeled tornadoes but also can be used to
import real tornado events where the EF boundaries are defined by a shapefile dataset.
When an analysis uses a tornado hazard dataset to obtain values for a given location, the
default implementation in IN-CORE uses a uniform random distribution to calculate the
wind speed within an EF box. For comparison, the linear interpolation method is also
implemented. The user interface to configure the scenario tornado is constructed auto-
matically from the analysis description file based on the widgets defined in the description
and is shown in Fig. 14. Figure 14a shows the user interface for scenario tornado analysis.
Users can define various parameters such as start point and end point of the tornado, EF
rating. Figure 14b shows the chaining of the scenario tornado analysis and building
damage analysis. As mentioned previously, IN-CORE allows users to chain analyses based
on the data types defined in the analysis description. After chaining the analyses, IN-CORE
generates the scenario tornado and passes the resulting tornado hazard to the building
damage analysis to compute building damage.

In this study, IN-CORE was used to model the Joplin community and to assess the
damage caused by the 2011 tornado. However, one benefit of this simulation tool is its
ability to assess the community for different scenarios. Hypothetical tornado scenarios may
be modeled in an idealized form with rectangular EF regions divided into different EF
ratings based on the relative percentage of length and width assigned to that particular EF-
rated area. The values selected for the length and width of each EF zone are computed
based on existing tornado statistics performed, as introduced by Standohar-Alfano and van
de Lindt (2014). For example, for an EF3 tornado, 32.1% of the length is classified as EF3,
31.8% as EF2, 24.4% as EF1 and 11.7% as EFO. Similarly, 33.8% of the width is classified
as EF3, 20.2% as EF2, 26.2% as EF1 and 19.8% as EFO (Fig. 15).

In this study, the building damage assessment of the city of Joplin for three idealized
tornado scenarios (numbers 2—4 below) was performed and results were compared with the
actual event simulations. The considered tornado scenarios are as follows:

1- An EFS5 tornado with actual path that occurred in 2011 (Fig. 16a).
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Fig. 15 Sample idealized path model for an EF 3 tornado

Fig. 16 Probability of reaching damage state complete for the four tornado scenarios

2-  An EF5 tornado with mean length, width and angle based on the historical data
(Fig. 16b). This is the averages for length, width and length based on all EF5
tornadoes documented between 1973 and 2013.

3-  An EFS5 tornado with mean width based on historical data and start and end points
(Fig. 16c).

4- 1000 EF5 tornadoes with width modeled as a random variable based on the historical
data of (2) and start and end points (Fig. 16d).

In IN-CORE, the user can select the location of the idealized tornado. In this study, the
criteria for selecting the locations of the tornadoes for scenarios 2—4 are based on matching
the location of the center point of the EF5 region of the tornado, with a similar point for
scenario 1. For scenarios 3 and 4, the start and end points were chosen in a way that the
EF2 regions were approximately the same length as the EF2 region of the actual tornado
path. The EF regions were automatically generated by IN-CORE based on the aspect ratios
explained earlier. The damage assessment resulting for the four tornado scenarios is shown
in Fig. 16, in which the buildings are shown with dots (associated with the centroids of
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their footprints), and the darker the dots, the higher the probability of reaching damage
state complete (DS4) a building. Table 3 shows the percentage of buildings from each
archetype (see Table 1) in the city of Joplin with more than a 50% probability of reaching
damage state complete (DS4) for the four assumed tornado scenarios. As can be seen from
Table 4, these percentages for scenario 1 and 4 are relatively close. This implies that by
using a large number of tornado scenarios, it is possible to estimate the damage to the
buildings within a community and replicate the damage caused by real tornadoes that
might hit the community. Although there is clearly some biased introduced by knowing the
path, one could argue that decision makers would have a better understanding of the needs
and possible damages to the community with such as randomization allowing for better
risk and resilience planning.

4 Summary and conclusion

Communities around the world are subjected to different hazards such as earthquakes,
hurricanes and tornadoes. The use of risk-informed decision-making tools, capable of
performing community damage assessments for different scenarios, by community leaders
and decision makers, can enhance resiliency of communities. The Center for Risk-Based
Community Resilience Planning, headquartered at Colorado State University in Fort
Collins, Colorado, developed an Interdependent Networked Community Resilience (IN-
CORE) computational environment. IN-CORE is capable of performing risk assessment of
communities subjected to different hazards such as tornadoes, earthquakes, tsunamis,
including damage, loss and some functionality and recovery assessments. Different
physical infrastructures such as buildings, bridges, electric power and water networks as
well as socioeconomic infrastructures and their interdependencies may be modeled in this
computational environment. To verify such a computational tool, communities subjected to
actual hazards should be simulated, comparing the results with real event post-disaster
data. For this purpose, the city of Joplin Missouri and particularly the 2011 tornado that
passed through the city was simulated in IN-CORE to assess the tornado building damage
capabilities of the model. For this study, geocoded details of the buildings of the com-
munity before the event were used to categorize each of the more than 40,000 buildings in
the city. Using existing fragilities from the literature for the suite of 19 archetype buildings,
combined with estimated wind speeds, the probability of reaching four damage states,
namely slight, moderate, extensive and complete, was calculated for each building.
Comparing the results with post-disaster data of the actual event showed that although
there were many uncertainties involved in this assessment, the results are quite promising,
underscoring that this tool can be used to assess damage to communities subjected to
tornadoes. The resolution selected for community-level analysis plays an important role in
the obtained results of this type of analysis. Choosing five different resolutions for per-
forming the community building damage analysis with grid sizes ranging from 15.2 (50) to
304.8 m (1000 ft) showed that by choosing the grid size greater than 200 ft the results
would substantially deviate from reality and therefore it is not recommended for detailed
community-level analysis. In addition, three idealized tornado scenarios were utilized in
this study and the results of the damage by building archetype for one of the idealized
scenarios (with 1000 random tornadoes) was shown to be closest to the results of the actual
tornado scenario, suggesting that such an analysis is able to capture the damage caused by
real events and has the potential to be used for city/community and disaster planning
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purposes. Forthcoming papers by the authors will provide the results for other sectors of
the city of Joplin such as the electric power network and socioeconomic sectors, as well as
recovery modeling, and continue to validate the IN-CORE platform.
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