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Abstract 
 
Engineering managers and transportations planners need robust tools to communicate evacuation 
routing plans following disruptions from earthquake events. The project will use the New Madrid 
Seismic Zone in South-East Missouri as a testbed for modeling the response to an earthquake and 
aftershocks at Magnitude 8+. This area was chosen as it allows solutions to specific regions with 
inadequate road networks, limited communications protocols, and high likelihood of structural 
damage for the proposed scenario. Research tasks include identifying road structure damage based 
on the Mercalli Intensity Scale, running traffic simulations for post-earthquake evacuation to 
determine the desired routes out of the area. This research will then be able to display the warning 
of the earthquake event along with the desired route for the end user. Effectively providing the 
safest navigation routes are a vital part of these planning efforts. 
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Executive Summary 

This research project used historic data collection, a first responders survey instrument, and 
determined road structure damage from the Modified Mercalli Intensity scale as the inputs into the 
traffic simulation models that encompassed the safest route for end users to take after an 
earthquake event. The route was then passed into the mobile application via a CSV file that could 
display the route to the user. This study integrates visualization, prioritization, and simulation 
tools. Visualization tools harness the data from heterogeneous multi-mode sources and apply big 
data analytics and data management tools to provide geospatial and physical context for disaster 
response mapping. Prioritization tools integrate graph theory, impact models, and capacity models 
to design routing and resource allocation tools. Simulation tools were used to generate operational 
performance measures such as delays and clearance times for different traffic control situations 
during an evacuation. In particular, a traffic simulation model was developed to evaluate the 
performance of road networks under different evacuation traffic control measures. Performance 
measures such as delays, clearance times, and travel times were extracted from the model for 
various demand and traffic control events. The effect of different traffic control scenarios and 
network configurations were assessed using mesoscopic traffic simulation tools. From there, the 
simulation model provided the route(s) of choice following an earthquake for end users to use 
during evacuation in the New Madrid Seismic region (MO).  

Region Selection     Post-Disaster Road Impact Analysis       Traffic Simulations       Mobile App  

Figure 1. Project Task Overview 

This project began with determining the location of interest that encompassed tasks one and two. 
Which included gathering data from public data sources and completing a survey sent to first 
responders identifying roads of impairment post-earthquake. From there, the Modified Mercalli 
Intensity scale provided further in-depth readings of structural damage from the area of interest, 
the New Madrid Seismic Region. The traffic simulations determined the safest route for evacuation 
which was then fed into a mobile application for the end user to safely evacuate out of the region. 
With this application, emergency personnel and civilians can use this app for effective emergency 
evacuation planning. 
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1. Literature Review 

Earthquake events cause economic and personal damages to people living in the earthquake-prone 
areas of Missouri. While there have been multiple studies done to analyze the impact level of an 
earthquake in various regions throughout the state, there is a lack between the connection of 
earthquake damage and providing accurate warnings to individuals of an earthquake event with 
suggested routes to evacuate safely. In order to create the connection, this project focuses on 
determining the level of impact from an earthquake in a selected region within Missouri. As well 
as providing the safest routes for individuals to evacuate the affected area or for emergency 
personnel to plan accordingly.  

 
Research Methodology 
This research extends previous research in disaster restoration and flood prediction 
(Ramachandran, et al, 2015a; Ramachandran, et al, 2015b; Ramachandran, et al, 2016; Corns, et 
al, 2016; Ojha et al, 2018; Gude, et al, 2020) to address a gap in communications tools and 
protocols. Originally, this proposed research was to incorporate deep learning and other 
computational intelligence techniques to predict road conditions at identified locations. 
Machine/deep learning and data mining algorithms provide an opportunity to significantly improve 
the performance of automated tasks in seismology because they allow for more complex inference 
approaches that mimic the behavior of the human mind (Ross et al., 2018). Where the results of 
these algorithms are used as inputs to determine safe and effective routing schemas and 
communications processes surrounding natural hazard events It can be noted that by using deep 
learning, the elimination of being biased to events that were previously quiet regions or for very 
large-magnitude events, without sacrificing detection sensitivity can be achieved (Ross et al., 
2018). A deep learning neural network was to be coupled with state- driven algorithms on selected 
test sites to predict potential earthquake damage using geospatial features along with roadway 
capacity and general demographic data.  

 
 
Research Implementation 
In earthquake disasters, the leading causes of death are directly related both to building collapses 
and fatalities during the evacuation phase (Bernardini et all., 2017). With this in mind, it is 
important and necessary to have effective warning and evacuation mechanisms for civilians and 
emergency personnel to decrease the number of fatalities. This research proposed an alternative 
method for determining the routes for evacuation by analyzing and extracting the data from the 
Modified Mercalli Intensity scale that indicates the level of structural damage due to an earthquake. 
That was then infused with traffic simulations to determine the roads that were able to handle high 
evacuation volumes while still being intact post-earthquake. Lastly, a phone application displayed 
the warning message to the end user and allowed the user to view the selected routes for evacuation 
and being the navigation process. Overall, this research is a proposed method to provide the next 
level of safety to civilians and emergency personnel.  
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2. Methodology 

 

TASK 1: Historic Data Analysis 
 
1.1 Background 
The research team used historic seismic data from MoDOT, USGS, and other public data sources 
to identify areas of concern in the New Madrid Seismic Region. This information will be utilized 
in the preparation of the survey instrument (task 2) for first responders and to isolate data sources 
that would be linked to these areas. The data sources will be used as inputs for the First Responder 
Application. 
 
1.2 United States Geological Survey (USGS) 
The U.S. Geological Survey provides programs for monitoring, reporting, and researching 
earthquake and earthquake hazards. These tools provide documentation regarding earthquakes that 
are accessible for data analysis. 
 
1.3 Missouri Department of Transportation (MoDOT) 
The Missouri Department of Transportation provides tools to gather public roadway information 
that can be utilized in the survey instrumentation. 
 
1.4 Missouri State Emergency Management Agency (SEMA) 
The Missouri State Emergency Management Agency promotes disaster mitigation with a first 
responder group that will identify the test locations. 
 
Summary of Task 1 
This task focused on data collection from various sources regarding earthquake events. With the 
data from MoDOT, USGS, and SEMA, the team was able to prepare the survey instrument for 
first responders and isolate the data sources linked to this area. 
 
TASK 2: First Responders Survey Instrument 
 
2.1 Background 
A survey instrument will be created and sent to a sample of multiple first responder groups 
including the Missouri State Highway Patrol. Those selected will be in groups that must travel in 
Missouri as part of their job duties and be part of first responder efforts following a large-scale 
seismic event. The survey instrument solicits information on areas that are susceptible to high 
levels of damage due to a large-scale seismic event. 
 
2.2 Survey Instrument Questions 
The questions below were a part of the survey to determine which areas in Missouri would be 
susceptible to structural road damage following an earthquake.   
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Figure 2. Survey Questions 1-3 

 

Figure 3. Survey Questions 4-7 
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Figure 4. Survey Questions 8-11 

 

Figure 5. Survey Question 12 and Instructions 
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Figure 6. Survey Question 13 

 

Figure 7. Survey Question 14 
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Figure 8. Survey Question 15 

 

Figure 9. Survey Question 16 
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Figure 10. Survey Question 17 and Submission 

 
2.3 Survey Instrument Results 
This section discusses the survey responses in regard to the mapping questions. Figure 11 provides 
a state-level view of map-based survey results across Missouri. Notable areas of responses include 
Zone 1 counties and areas near STL. Additionally, Kansas City, NE Missouri, and Lake of the 
Ozarks are also present in the figure. The following figures zoom into each of these areas to provide 
greater context of the infrastructure elements and areas identified. 
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Figure 11. State-level View for Map=based Survey Questions 
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Figure 12. Map-based Survey Results for Zone 1 

The area around Poplar Bluff currently has the largest number of specific data points provided. 
Some critical bridges and interstates are also identified. 

 

Figure 13. Map-based Survey Results for STL, MO Area 
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Figures 13-16 provide similar information for different parts of the state. Surprisingly, areas far 
from the NMSZ are present in the form of NE Missouri, Lake of the Ozarks, and Kansas City. 
 

 

 

Figure 14. Map-based Survey Results for NE Missouri 

 

Figure 15. Map-based Survey Results for Osage Beach at the Lake of the Ozarks, MO 
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Figure 16. Map-based Survey Results for Kansas City, MO 

Summary of Task 2 
The results from task 2 indicate that from the information provided about areas that are suspectable 
to high levels of damage due to a large-scale seismic event, the New Madrid Seismic Zone would 
be the area for the study. This was because the zone has inadequate road networks, limited 
communication patrols, and a high likelihood of destruction for the simulated scenario of an 
earthquake at magnitude 8+.  
 
TASK 3: Analyzing the Modified Mercalli Intensity Scale for Structural 
Damage 
 
3.1 Background 
The Modified Mercalli Intensity scale is a seismic intensity scale used for measuring the intensity 
of shaking produced by an earthquake. The measurements include intensity, shaking and damage. 
The MMI scale was used in the New Madrid Seismic Zone to evaluate the probability of an 
earthquake (as a percent) from appearing. This information could be accessed as a CSV file to 
determine the structure damage inside the region. 
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3.2 The Modified Mercalli Intensity (MMI) Scale 
The Modified Mercalli Intensity (MMI) maps provided the following three scenarios: 50% 
probability of exceedance (PE) in 50 years (likely), 10% PE in 50 years (infrequent), and 2% PE 
in 50 years (rare). Figure 17 provides a roman numeral rating system, shaking description, and 
description/damage for the MMI scale. 
 

 
Figure 17. Modified Mercalli Intensity (MMI) Scale Explanation 

  
Figure 18. MMI 50% PE in the next 50 years 
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Figure 19. MMI 10% PE in the next 50 years 

 

 
Figure 20. MMI 2% PE in the next 50 years 
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Summary of Task 3 
This task focused on utilizing the Modified Mercalli Intensity scale to measure the shaking 
produced by an 8+ earthquake in the New Madrid Seismic Region. From this, the team was able 
to extract the CSV file that contained the structural damage report for the region. The amount of 
damage that impacted road infrastructure was accounted for and evaluated during the traffic 
simulations (task 4) to provide the safest route for evacuation outside of the region. 

 
TASK 4: Assessing Evacuation Performance Using Simulation Models 
 
4.1 Background 
The research team applied a three-step process to assess the performance of earthquake evacuation 
in the New Madrid region. The process shown in Figure 21 starts with the development of a traffic 
simulation model of the study region. The second step involves the generation of evacuation 
demand for use in the traffic simulation model. The final step consists of utilizing the simulation 
model to compare several earthquake evacuation scenarios. Each of these steps will be discussed 
in detail in this chapter.  

 

 

 
Figure 21. Three-step process for the evacuation assessment 

 
 
 
4.2 Development of Evacuation Traffic Simulation Model 
 
4.2.1 Study Region and Network Creation  
The development of simulation model starts with the creation of the road network. Open-source 
mapping data from Open Street Maps was obtained and manipulated using GIS software. The 
study region consists of the following eight counties in the New Madrid region: Cape Girardeau, 
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Scott, Butler, Stoddard, Mississippi, New Madrid, Dunklin, and Pemiscot. A map of the study 
region is shown in Figure 22. 
 

 
Figure 22. Study region consisting of eight counties in the New Madrid region 

The prepared GIS mapping data was imported into VISSIM simulation software as the base road 
network. Figure 23 shows a screenshot of the road network in VISSIM. Several characteristics, 
such as the number of lanes, speed limit, capacity, and traffic control on major routes were checked 
manually to ensure the imported data was accurate. Additional network validation was performed 
using travel times. Figure 24 represents the validation segments that were used to compare the 
simulated and free-flow travel times. As shown in the third and fourth columns of Table 1, the 
simulated travel times were close to the free-flow travel times computed using posted speed limits.  
 
 



16 

 
Figure 23. Road network in VISSIM software 
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Figure 24. Road segments used for validation 

 
Table 1. Travel time validation results 

Number Route Travel time in VISSIM (min) Travel time in Google maps (min) 
1 US 61 N 2.17 2.00 
2 US 60 E 2.06 2.00 
3 MO 164 E 1.94 2.00 
4 I 55 S 7.46 7.00 
5 MO 25 S 2.15 2.00 
6 MO 25 N 2.88 3.00 
7 US 60 W 2.66 2.00 
8 I 55 N 6.91 7.00 
9 US 67 S 2.45 2.00 
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4.3 Evacuation Demand Generation 
The simulation model uses demand as an input to simulate traffic flow on the road network. Two 
types of travel demand are relevant for this project, evacuation demand and background trip 
demand. Census data and a household evacuation survey were used to estimate the demand. This 
section first describes the household survey and then explains how the survey responses were used 
in conjunction with Census data to develop the evacuation and background demand.  
 
4.3.1 Household Survey of the New Madrid Region  
An online survey was conducted to obtain information on evacuee behavior. The survey sought 
responses from individuals living in any of the eight counties in the New Madrid region. The 
survey was approved by MU’s Institutional Review Board (IRB) and deployed via Qualtrics 
software. The survey consisted of 41 questions including the following questions about evacuation 
decision making by households: 

1) How likely is that you and your family will be impacted by an earthquake in the next five 
years? 

2) Have you ever experienced an earthquake? 
3) If an earthquake was going to impact your neighborhood, what would you be most likely 

to do? Evacuate, shelter in home, etc.  
4) If you evacuate, where would you go, what road would you take?  
5) How many personal vehicles does your household have available for use in an evacuation? 

The survey was advertised primarily using MoDOT and FEMA social media and local news media. 
Figure 25 shows a screenshot of the social media post by the MoDOT Southeast District. 
 
 

 
Figure 25. Survey distribution via social media 
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The survey was available for a two-week period during which 891 responses were received. Table 
2 shows the Census 2010 population for each county, the percentage of county population in the 
region and the number (and percentage) of survey responses received from each county. The 
responses received were proportional to the population living in each county. 
 

Table 2. Survey Responses by County 

County Name 
Population 

(Census 
2010) 

Percentage of 
Total 

Population 

Sample 
Size in 
Survey 

Percentage of 
Total 

Responses 
Butler 42,794 16% 166 19% 
Cape 

Girardeau 75,674 28% 187 21% 

Dunklin 31,953 12% 98 11% 
Mississippi 14,358 5% 54 6% 

New Madrid 18,956 7% 53 6% 
Pemiscot 18,296 7% 56 6% 

Scott 39,191 14% 100 11% 
Stoddard 29,968 11% 98 11% 

Other   79 9% 
Total 271,190 100.0% 891 100% 

 
A summary of responses to the survey questions are presented next. When asked about the 
likelihood of being impacted by an earthquake in the next five years, 34% of respondents said 
likely or very likely, 55% were unsure, and 11% said unlikely or very unlikely (Figure 26). 
 

3%

8%

55%

23%

11%

Very unlikely

Unlikely

Not sure

Likely

Very likely

 
Figure 26. Likelihood of being impacted by an earthquake in the next five years (N=880) 
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Seventy nine percent of the respondents said that they had previously experienced an earthquake. 
Figure 27 shows the earthquake impacts on these respondents with eight percent indicating 
experiencing disruption to daily life, six percent experiencing property damage, and two percent 
experiencing injury. 

 

6%

8%

2%

94%

92%

98%

Property damage

Disruption to daily life

Injury

No Yes

Figure 27. Impacted during any prior earthquake experience (N=790) 

When asked about their most likely action when impacted by an earthquake (see Figure 28), the 
vast majority (45%) said they would shelter in place, 24% said they would evacuate, and the 31% 
were unsure or took other actions.  
 

10%

21%

24%

45%

Other

I don't know

Evacuate

Shelter in my home

 
Figure 28. Most likely action when impacted by an earthquake in your neighborhood 

(N=880) 

Of those choosing to evacuate (see Figure 29), 52% said they would go to a relative’s home, 11% 
to a hotel/motel, 6% to a second home, 5% to a friend’s home, and 2% to a public shelter.  
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Thirteen percent of the respondents said they were unsure where they would go while 7% stated 
that they had no place to go. 

 

 

2%

4%

5%

6%

7%

11%

13%

52%

Shelter

Other

Friend's home

Second home/property

No place to go

Hotel/motel/inn

I don't know

Relative's home

Figure 29. Preferred destination type for evacuation (N=655) 

 
Figure 30 shows the percentage responses for when evacuees said they would depart to their 
preferred destinations. Thirty five percent said they would evacuate within one day, 32% said they 
would evacuate within one to three days, 15% stated evacuating between three days to a week, and 
18% said they would evacuate after a week. 
 

18%

15%

32%

35%

More than 1 Week

3 Days to 1 Week

1 to 3 Days

Within 1 Day

Figure 30. Preferred departure time of evacuation (N=636) 

When asked what type of roadway they preferred to travel on, 33% preferred freeway, 27% 
selected major roads with traffic signals, 25% said local roads, and 15% were unsure (see Figure 
31).  



22 

 

 

 

15%

25%

27%

33%

I don't know

Local roads

Major roads (may have stop lights and stop
signs)

Freeway (on/off ramp and no stop
lights/signs)

Figure 31. Preferred roadway type for evacuation (N=647) 

Figure 32 shows the response to compliance with official evacuation routes recommended by 
government agencies. Eighty-four percent of the respondents said they would definitely or 
probably use the recommended route while 10% said they would probably not or definitely not 
use the recommended route. 
 

6%

3%

7%

50%

34%

Choose not to answer

I definitely would not use the recommended
route

I probably would not use the recommended
route

I probably would use the recommended route

I definitely would use the recommended route

Figure 32. Compliance with official recommended routes for evacuation (N=649) 

Vehicle ownership and availability play an important variable in determining the number of 
evacuation trips taken by a household. Figure 33 shows that majority of the respondents (42%) 
have two vehicles available for evacuation. Twenty five percent said they had one vehicle while 
31% said they had three or more vehicles available for evacuation. 
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10%

21%

42%

25%

2%

More than three

Three

Two

One

None

Figure 33. Personal vehicle availability for evacuation (N=640) 

The survey asked the respondents to provide the preferred destinations in a mandatory evacuation. 
A word cloud of the responses is shown in Figure 34 and a map of the destinations is shown in 
Figure 35. 
 

Figure 34. Word Cloud of destination choices for evacuation trips in a mandatory 
evacuation (N=603) 
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Figure 35. Map showing destination choices for evacuation trips in a mandatory evacuation 

(N=603) 

 
In addition to the preferred destination, respondents were also asked to provide their preferred 
route they would take to reach their destination. A word cloud of the routes is shown in Figure 36. 
The size of the word indicates the relative number of responses with larger font size words 
indicating higher number of responses. For example, I-55 and US 60 were selected by more 
individuals than MO 25.  
 

 
Figure 36. Word Cloud of route choices for evacuation trips in a mandatory evacuation 

(N=539) 
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4.3.2 Estimating Travel Demand  
The evacuation travel demand, i.e., number of trips, was estimated using survey responses 
pertaining to four specific household decisions – 1) whether to evacuate or not, 2) if evacuating, 
what destination to evacuate to and 3) when to evacuate, and 4) how many vehicles to use in the 
evacuation. The travel demand to different destinations were scaled up using US Census and 
Bureau of Transportation Statistics data. The travel demand in this study consists of evacuation 
trips and background trips. Background trips are trips made by individuals that choose to not 
evacuate and are making trips to collect supplies to shelter in place. Table 3 shows the travel 
demand estimated for the region. This demand was further processed using the destination 
information obtained from the survey to create a 254 x 254 origin-destination (OD) matrix for use 
in the simulation model.  

 
Table 3. Travel demand for evacuation and background trips 

Demand Type Number of Trips 
Evacuation demand 47,100 
Background demand 185,016 

Total trips 232,116 

 

4.4 Performance Evaluation of Evacuation Scenarios 
The impact of a magnitude 7.8 earthquake occurring in the New Madrid Seismic Zone were studied 
using six evacuation scenarios. A baseline scenario assumes that the road network is intact, and no 
roadways are damaged. The survey results showed that the evacuation demand will be spread over 
a week. However, the low numbers of trips shown in Table 3 spread over a week will not result in 
any congestion issues in the road network. In order to assist MoDOT with scenarios that will 
generate congestion, this study modeled worst-case scenarios by simulating two levels of demand 
for each scenario – evacuation demand departing over a 12-hour period and a 6-hour period.  
 
While the baseline scenario serves as a reference, it is not realistic to expect the road network to 
not sustain any damage due to a magnitude 7.8 earthquake. The USGS developed a ShakeCast tool 
that estimates severity and extent of earthquake shaking. The research team, through assistance 
from MoDOT, requested ShakeCast data from USGS for the magnitude 7.8 earthquake. Figure 37 
shows the location of damaged links on MO 162, MO 153, and some of US 62 that are reported to 
be vulnerable. The roadway links with the highest possible damage expected (i.e., ‘red’ damage 
level) were removed from the simulation model for the next four scenarios. Scenarios 3 and 4 
simulate demand over 12 hours and 6 hours, respectively. Scenarios 5 and 6 impose further 
constraint on the road network by closing a bridge on MO 25 at the MO 25/US 60 interchange that 
is heavily used by evacuees. All six scenarios are summarized in Table 4.  
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Figure 37. "Red" level bridge locations in ShakeCast data 

 
Table 4. Evacuation scenarios studied in this project 

Scenario Scenario 
type 

Demand 
duration Description 

1 Baseline 12 hours Road network is intact 
2 Baseline 6 hours Road network is intact 

3 Network 
Damage 12 hours 

Removed roadway links damaged due to earthquake 
(based on USGS ShakeCast data for magnitude 7.8 

earthquake) 

4 Network 
Damage 6 hours 

Removed roadway links damaged due to earthquake 
(based on USGS ShakeCast data for magnitude 7.8 

earthquake) 

5 Network 
Damage 12 hours 

Removed roadway links damaged due to earthquake 
(based on USGS ShakeCast data for magnitude 7.8 

earthquake) plus additional bridge damage 

6 Network 
Damage 6 hours 

Removed roadway links damaged due to earthquake 
(based on USGS ShakeCast data for magnitude 7.8 

earthquake) plus additional bridge damage 
 
As previously mentioned, the evacuation demand was loaded onto the road network either over 12 
hours (scenarios 1, 3, and 5) or over 6 hours (scenarios 2, 4, and 6). The evacuation was assumed 
to start at 7:00 am for all scenarios. Average vehicle delay and speed plots are shown in Figures 
18 and 19 for all six scenarios. While the demand was loaded over 12-hour or 6-hour periods 
starting from 7:00 am, the simulations were active until the last evacuating vehicle reached its 
destination. This resulted in simulation time horizon of 14 hours (for 12-hour demand) and 9 hours 
(for 6-hour demand). 

The results shown in Figures 37 and 38 are explained next. For scenario 1, delay remained steady 
over the entire evacuation period and stayed under 60 seconds.  
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The average speeds are inversely related to delay as can be seen in Figure 39. The average speeds 
did not go below 60 mph for the entire evacuation period. For scenario 2, delay increased for the 
first two hours and peaked at 130  

seconds at 9:00 am (average speed of 57 mph), then dropped under 100 seconds around 10:30 am, 
stayed at the same level until 12:30 pm, after which a second spike in delay occurred with the 
delay peaking at 138 seconds at 13:30 pm. The delay values started decreasing after that time 
reaching 60 second by 14:30 pm. 

Impact of road closures was studied in scenarios 3 to 6. For scenario 3, the average delay and speed 
plots do not show any major impact. Delay remained under 60 seconds for the most part except 
around 19:00 pm where it reaches 65 seconds before dropping again. Average speeds were greater 
than 60 mph for the entire evacuation duration. The compressed demand in scenario 4, compared 
to scenario 3, increased the peak delay at 9:00 am to 140 seconds and at 13:30 pm to 150 seconds 
and dropped average speeds to 53 mph and 55 mph, respectively. For scenario 5, the additional 
road closure of the MO 25 bridge increased the average delay by 15 seconds compared to scenario 
3 and by 19 seconds compared to scenario 1 (see Table 5). The peak delay stayed under 80 seconds 
for the entire evacuation period. The average speeds dropped to 55 mph around 14:30 pm but 
remained above 53 mph for the entire evacuation. 
 
Scenario 6 is the most extreme of all scenarios as it combines the most extensive road closures 
with a short demand loading window. The overall delay was 118 seconds with peak reaching 180 
seconds at 9:00 am. The second peak of 170 seconds occurred at 13:30 pm. Sustained speed drops 
can be observed in Figure 39 from 9:30 am to 13:30 pm with speeds in the mid to low 40s 
indicating congested conditions in the road network. Average speed for the evacuation period 
dropped to 50 mph with lowest observed speed of 43 mph.  
 
 

 
Figure 38. Average delay plot for the evacuation scenarios 
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Figure 39. Average speed plot for the evacuation scenarios 

 
 

Table 5. Average delay and speeds over the entire evacuation period 

Scenario Average Delay 
(seconds/vehicle) Average Speed (mph) 

1 49 62 
2 90 59 
3 53 61 
4 97 56 
5 68 56 
6 118 50 

 
 
The average vehicle density expressed as number of vehicles per mile per lane is a good indicator 
of the level of service (LOS) in the road network. For simplicity, the Highway Capacity Manual’s 
LOS criteria for basic freeway segments shown in Table 6 was used for all segments in the road 
network. Using the cutoff values shown in the second column of Table 6, the average LOS on 
various roadways in the road network was computed. A visualization of the average LOS for the 
six scenarios is shown in Figure 40.   
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Table 6. Level of service criteria for basic freeway segment (Source: Highway Capacity 
Manual, 2022) 

Level of Service Density (passenger cars/mile/lane) 
A density <=11 
B 11 < density <= 18 
C 18 < density <= 26 
D 26 < density <= 46 
E 46 < density <= 58 
F 58 < density  

 
The roadway links are color coded based on the average density values observed during the 
evacuation period. Figure 40 shows that the roadway segments in scenario 1 are mostly operating 
in LOS A and B with a few segments operating in LOS C and D. The conditions start to worsen 
in scenario 2 as more segments are operating in LOS B, C, and D. Scenario 3 simulates the impact 
of road closures and as a result the LOS values worsened on some segments. Segments that 
operated in LOS A in scenario 1 deteriorated to LOS B and those in LOS B operated at LOS C in 
scenario 3. A few segments experienced LOS E and F in scenario 3. Road densities continued to 
increase, and LOS values worsened in scenarios 4, 5, and 6.  

 

Figure 40. Visualization of roadway level of service for evacuation scenarios 
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While Figure 40 provides a network-level visualization of the traffic conditions, a closer look at 
the roadway segments operating at LOS E and F would help MoDOT design plans to alleviate 
congestion on these segments. A list of the bottlenecks operating in LOS E and F were compiled 
for each scenario and are shown in Table 7. For each bottleneck, the length of the roadway segment 
as measured from the upstream cross street to the downstream cross street is shown. As can be 
expected due to the network constraints, the number of bottlenecks and their severity increased 
from scenario 1 through 6. Bottlenecks were observed on MO 34, US 60, MO 25, Highway C, and 
Business US 60. 
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Table 7. Location of bottlenecks for evacuation scenarios 

Scenario Bottleneck Locations 
LOS E LOS F 

1 

MO 34 WB (0.6 miles, from S Spring St to South West End 
Blvd) N/A MO 34 WB (0.8 miles, from Minnesota Rd to S 

Kingshighway) 

2 

MO 34 WB (0.6 miles, from S Spring St to South West End 
Blvd) 

N/A 
MO 34 WB (0.8 miles, from Minnesota Rd to S 

Kingshighway) 
Highway C (1.9 miles, from Country Rd 209 to MO 91) 

MO 25 SB (0.4 miles, from Gasconade St to N Douglass St) 

x3 

MO 34 WB (0.6 miles, from S Spring St to South West End 
Blvd) 

MO 25 SB (0.4 miles, from Gasconade St to N 
Douglass St) 

MO 34 WB (0.8 miles, from Minnesota Rd to S 
Kingshighway) 

MO 25 NB (1.2 miles, from Country Rd 245 to MO 77) 
US 60 EB (0.4 miles, from Country Rd 593 to MO 114) 

4 

MO 34 WB (0.6 miles, from S Spring St to South West End 
Blvd) MO 25 NB (1.2 miles, from Country Rd 245 to MO 

77) MO 34 WB (0.8 miles, from Minnesota Rd to S 
Kingshighway) 

MO 25 NB (1.5 miles, from Country Rd 249 to Country Rd 
245) MO 25 SB (0.4 miles, from Gasconade St to N 

Douglass St) US 60 EB (0.4 miles, from Country Rd 593 to MO 114) 

5 MO 25 NB (0.9 miles, Moore Ln to S Ruth St) 

MO 34 WB (0.6 miles, from S Spring St to South West 
End Blvd) 

MO 34 WB (0.8 miles, from Minnesota Rd to S 
Kingshighway) 
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US 60 EB (0.4 miles, from Country Rd 593 to MO 
114) 

MO 25 SB (0.4 miles, from Gasconade St to N 
Douglass St)  

MO 25 SB (1.5 miles, from Country Rd 230 to 
Country Rd 216) 

 

MO 25 NB (2.4 miles, from Country Rd 316 to MO 
72) 

 

 
 

Table 7 continued. Location of bottlenecks for evacuation scenarios 

Scenario Bottleneck Locations 
LOS E LOS F 

6 

US 60 EB (7 miles, MO 25 to State Hwy N) 

MO 34 WB (0.6 miles, from S Spring St to South West 
End Blvd) 

 

MO 34 WB (0.8 miles, from Minnesota Rd to S 
Kingshighway) 

 

MO 25 NB (1.2 miles, from Country Rd 245 to MO 77)  

MO 25 NB (1.5 miles, Country Rd 249 to Country Rd 245) 

MO 25 SB (1.5 miles, from Country Rd 230 to Country 
Rd 216) 

 

MO NB (2.4 miles, from Country Rd 316 to MO 72)  

US 60 EB (0.4 miles, from Country Rd 593 to MO 114)  

MO 25 NB (0.9 miles, Moore Ln to S Ruth St) 

MO 25 SB (0.4 miles, from Gasconade St to N Douglass 
St) 

 
 

E Business US 60 (0.2 miles, from N Poplar St to MO 25)  

Highway C (1.9 miles, from Country Rd 209 to MO 91)  
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Summary of Task 4 
This task focused on the assessment of evacuation of performance under a 7.8 magnitude 
earthquake. Six scenarios consisting of various combinations of evacuation demand and road 
network constraints were analyzed. The road network conditions measured using delay, speed, and 
vehicle density showed that the conditions deteriorated due to the roadway damage inflicted by 
the earthquake. A list of potential bottlenecks in the road network where congested conditions are 
likely to sustain for the entire evacuation period was prepared. Despite the deterioration of 
conditions, the vehicle speeds averaged over the entire evacuation period were found to be over 
50 mph for all scenarios and the average delay was under two minutes per vehicle. The clearance 
times i.e., the time at which the last evacuating vehicle safely reaches its destination were found 
to be 14 hours for the 12-hour demand and 9 hours for the 6-hour demand scenarios.  

 

TASK 5: Mobile Application for Earthquake Warning and Preparation 
 
5.1 Background 
The phone application interfaces with state department of transportation travel maps to notify the 
user of an earthquake in progress or aftershocks. After the initial notification, the application will 
display a detailed warning message and indicate the safest route options to nearby shelters. Having 
selected a route, the user will be presented with guided directions. The route selection will be 
determined from incorporating the results from the traffic simulation (task 4) and taking into the 
account the structural damage determined from the Modified Mercalli Intensity scale (task 3). 
The notifications will be customizable based on MODOT’s input which could include messages 
about unusable roadways, nearest shelter, and highlighting routes for evacuation from the seismic 
zone. The application was developed in three stages including the user-interface & flow, reading 
a CSV file, and incorporating application programming interfaces of Google Map and Mapbox 
into the application.  
 
5.2 User Interface & Flow 
This application was developed in both iOS and Android native languages for Missouri 
Department of Transportation (MoDOT) to have full customization capabilities and functions. The 
user experience was heavily considered throughout the design of the app to ensure a simple design 
that presents all necessary information with easy flow between screens was achieved. It was 
important that the app was not complex but could get the desired information across to the end 
user. The application flow works as follows (also shown in figure 41): 
 

1. The user opening the app for the first time will grant MoDOT access to the phone 
GPS coordinates and push notification handling.  

2. The application will read in the CSV file containing the evacuation route data. 
3. The application will sync to the Google Database to determine if there is an 

earthquake event. 
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4. Once steps 2 & 3 are completed, the app will display a warning message to the user if 
the user is in a warning zone. 

5. The user will then see a screen displaying a message preview of the event and will 
have the option to view two routes for earthquake shelters  

6. Upon viewing the routes and becoming familiar with them, the user can then initiate 
the turn-by-turn directions. 

 
 

 
Figure 41. Application Flow Diagram 

 
MoDOT’s current color scheme was coded into the application with easily accessible buttons and 
having text being clearly visible. When the user opens the application on an Android or iOS device, 
the loading screen displays the MoDOT logo with a prompt to allow location access to the device 
as shown in Figure 42. If location access is not granted, the user is prompted to go into settings to 
allow location access for the application. The application will also ask for push notifications being 
enabled to send time sensitive alerts to the end user. Upon allowing device location access, the 
user can view upcoming possible warnings for their area, the recommended safest route for the 
user to take during evacuation, and the step-by-step navigation. As show in Figure 43 (for iOS) 
and Figure 44 (for Android). When the user does have possible earthquake aftershocks in their 
area in the near future, they are shown a screen that displays a warning overview, details about the 
warning, and the preferred route selection by MoDOT. Two locations were chosen as shelter 
locations for the end user to safely navigate to post-earthquake occurrence.  
 
The simulation data that was read into the program will only enable the non-affected roads to be 
determined in the route formulation process. This will ensure that the end user does not run into 
any issues while navigating to these shelters amid the potential aftershocks. Once the user taps the 
“View Route” button in the application, they are brought to the next screen that displays the route 
that MoDOT recommends via Google Maps. The app will have the current user GPS coordinate 
be the starting point of the route with the shelter being the destination point. When tapped, the 
“Start Navigation” button will bring the user to a screen that displays step-by-step route 
instructions. The navigation feature has voice turn-by-turn instructions with projected arrival time 
and 3D route progress. 
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All of these features were incorporated into the app via Mapbox Navigation API. The flow of the 
app has a back button on the map screen and a cancel button during navigation to allow a seamless 
flow. When a warning is not present for a user, the phone will display “There are no earthquake 
warnings in your area at this time”. The target operating system for Apple is iOS 15.4 and the 
minimum API level for Android is API 27 for the application to run successfully. 
 

 
Figure 42. iOS View of MoDOT Evacuation Application Onboarding Process 

 
Dynamic notifications are enabled within the application where MoDOT can send customized 
notifications to end users. These notifications could encompass messages regarding last-minute 
warnings about an earthquake event, the current development of an earthquake in the area, and the 
potential for earthquake aftershocks in the near future. An example message setup is shown in 
Figure 47. An apple certificate was generated through an Apple Developer account to allow push 
notifications on Apple devices. 
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Figure 43. Apple View of MoDOT Evacuation Application Flow 

 
 

 

 

Figure 44. Android View of MoDOT Evacuation Application Flow 
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Extending further into the application, Figure 43 and 44 displays three phone screens to showcase 
the functionality of the app.  

 
 

The left screen depicts the main warning screen followed by the Google Map, map preview screen 
and navigation. With the “Start Navigation” button pressed, the user is able to initiate step-by-step 
navigation. The “View Route” button allows the user to reach the second screen to view the 
suggested route on the map. Additional functionality of this application could extend into allowing 
the user to type in a specific address and adding an outlet for the user to report road damage to 
MoDOT with a message and a picture. Google Firebase Authentication procedures and Firestore 
Database would need to be implemented into the code to allow the incorporation of these features. 
Both applications hold parallel functionality to the end user with both having the same potential 
for future add-on features. An iPhone 11 and Android Nexus 5X were the devices chosen for 
simulation. 
 
5.3 Reading in a CSV File for Waypoint Information 
The data housing the end destination points and path waypoints were exported as an Excel file and 
converted to a CSV file. The CSV file was then read into the native app programs. The provided 
data encompassed the end points in the test region and the recommended route for the end user 
during evacuation was generated. Shown below in Figures 45 and 46 depict the code needed in 
order to read in the CSV file and store the values inside the file as variables inside the program. 
 
 

 
Figure 45. Apple Code for CSV File Read and Assigning Variables 
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Figure 46. Android Code for CSV File Read and Assigning Variables 

5.4 Application Programming Interface (API) Integration 
For the end user’s safety, the following APIs were introduced into this application to aid in the 
evacuation process.  
 
Google Firebase, Google Database, Google Cloud Messaging, Google Maps, and Mapbox were 
the APIs utilized within the application. Mapbox handled the step-by-step navigation for the end 
user with their user-interface plugin. Google Maps were utilized to display the desired & safest 
route to the end user. Google Firebase/Database/Cloud Messaging services provided all the 
backend (behind the scenes) development environment to allow customized push notifications, 
potential user authentication and account creation, as well as allowing MoDOT to quickly provide 
updates to end users. All the incorporated APIs allow a seamless flow throughout the app without 
the user having to have an external app installed to view the suggested route or for navigation. 
 
Having Google Maps and Mapbox integrated into the application allows MoDOT to have further 
customization of how the maps are presented and navigation. Both APIs have their internal 
functions for generating the routes and displaying the navigation to the end user that can be 
retrieved with a few function calls inside the code. The California Integrated Seismic Network 
(CISN) provides continuous alerts for earthquake activity within the area for people through texts 
and/or emails.  
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The system aims to provide warnings in a number of seconds prior to the occurrence of ground 
shaking at a site; since the system broadcasts the location and time of the earthquake, the software 
can estimate the arrival time and intensity of the expected S-wave (Cheng et all., 2014). This app 
would provide further functionality by providing mapping capabilities for the user to plan their 
evacuation ahead of time. 
 
 
 
5.4.1 Google Cloud Messaging 
 

 
 

 

Figure 47. Google Notification Message Preview 

 

The application currently is implemented with Google messaging services (Figure 47) for the 
dynamic notifications that is a part of a four-step process: setting up the notification message, 
target, scheduling, and conversion events. The first step entails the actual message and message 
preview to be sent to the user. Secondly, the target is set for if the notification will be sent to Apple 
and/or Android devices. Next, the scheduling of when the notification will be pushed is set and 
finally, the conversation events are determined. Which entails whether there is a ping on the phone 
per notification or if the MoDOT app icon will have a numerical badge that increases for each 
notification sent that the user still needs to open. The expiration of the notification can also be set 
in the conversion events. As of now, notifications can be sent to a device with a warning message 
customized by MoDOT. As mentioned in this paper, this application could incorporate the 
notification system similar to CISN but with additional mapping capabilities for safely evacuating 
individuals within a specific region potentially affected by earthquake aftershocks.  
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Summary of Task 5 
This task focused on using the output from Task 3 and Task 4 to provide directions to residents 
and responders in the affected region. This was completed by creating a stimulating user-interface, 
providing code to read-in a CSV file and assign the values to destination and waypoint variables. 
Cloud messaging for push notifications was incorporated to allow MoDOT to send custom 
messages to users regarding warnings of potential earthquake aftershocks and to notify users of 
evacuation routes. Lastly, Google Maps and Mapbox APIs were infused into the application to 
allow the user to view the safest route determined by MoDOT for evacuation and turn-by-turn 
navigation capabilities. This application is geared towards individuals living in the affected region 
for evacuation purposes and for emergency personal to plan facility restoration accordingly.   
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3. Results and Future Work 

The results of this study can be used to improve safety following a major earthquake through the 
creation and use of a real-time communications application. This project encompassed five tasks 
that contributed to the project objective of delivering seamless communications tools as part of 
emergency response and preparedness. With the data from MoDOT, USGS, and SEMA, the team 
was able to prepare the survey instrument for first responders and isolate the data sources linked 
to this area (task 1). The results from task 2 indicate that from the information provided about areas 
that are suspectable to high levels of damage due to a large-scale seismic event, the New Madrid 
Seismic Zone would be the area for the study. By utilizing the Modified Mercalli Intensity scale 
to measure the shaking produced by an 8+ magnitude earthquake in the New Madrid Seismic 
Region, the team was able to extract the CSV file that contained the structural damage report for 
the region (task 3). The road network conditions measured using delay, speed, and vehicle density 
showed that the conditions deteriorated due to the roadway damage inflicted by the earthquake 
(task 4). The application (task 5) achieved the following:  

1. Able to display a warning message, desired route for evacuation, and provide turn-by-turn 
navigation from source coordinates to selected destinations (shelters) and notification 
handling. 

2. Able to read in file with waypoint data to assist in determining end destination and desired 
route formulation. 

3. Utilized Google and Mapbox APIs to handle navigation and routing within application.  
 

For extended use of the application, the iOS version was equipped with database handling to read 
from a real-time Firebase Database as shown in figure 48.  
 

 

Figure 48. iOS Database Handling for Multiple Event Types 
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In figure 48, there are three iPhone screens depicting three scenarios with screenshots of the real-
time database below the phones. For event one, if yesEarth = 1 and yesFlood = 0, it accounts for 
an earthquake warning that will be shown to the user. If yesFlood = 1 and yesEarth = 0, it accounts 
for a flood warning that will also be shown to the user. In the event where there are no current 
warnings for the user (yesFlood = 0 and yesEarth = 0) then a no warning message will appear. This 
further database extension allows the app to be customized for various events (earthquake, flood, 
tornado, etc.). 
 
For future work there will need to be additional points of interest to go through for the application 
to evolve. First, the phone location was set to a specific point for both tests. While the app can read 
the data coming into the program, it cannot draw the actual route. Currently, the program creates 
an array of all the elements from the csv file that can be individually assigned a value. That value 
determines the end location and/or help with determining which route to display to the user in the 
app (e.g., waypoints along the route). The app is currently programmed only for the New Madrid 
Seismic Zone where additional classes of waypoints will be needed for all regions of Missouri. 
This will allow MoDOT to “override” the current Google Map and Mapbox direction and 
navigation algorithms. One cannot explicitly tell Google Maps or Mapbox to only display a certain 
route. Depending on where the user’s current location is, additional functionality will be needed 
to determine which waypoints need to be called into the directions and navigation function. 
Notifications are enabled through Google Cloud Messaging services for the app and can simulate 
various warning messages. However, to provide location specific notifications, further code that 
encompasses recording and storing the user’s current location ID and checking if that location 
point is within the region of a warning zone will need to be implemented. 

Potentially, the React Native framework could also be implemented within this application to 
combine the Android and iOS code into one code platform (for the user-interface specific code). 
Another point of interest to consider is whether cellular towers will still be functioning amongst 
earthquake shocks. This will have a dramatic effect on the usability of the phone/device for the 
application requires GPS location and internet. Further code implementation of the APIs for their 
off-line map capabilities for the user to download the route ahead of time will need to be 
considered. On a final note, it’s worth noting if the app will offer more than one route suggestion 
for a location to the user. Having users take the same road may lead to congestion for the route 
does not sync with real time traffic data. The prospect of being able to notify a user ahead of time 
about potential earthquake aftershocks and provide a route suggestion for the user to evacuate 
safely for a New Madrid Seismic Region was accomplished. With this application, engineering 
managers, transportation planners, and civilians can use this app for effective emergency 
evacuation planning. Future work will include more robust usability studies, along with greater 
mechanisms for integration into Missouri state emergency preparedness networks.  
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