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CHAPTER 1 : INTRODUCTION
Disaster debris is defined as the materials that are broken, destroyed, or displaced by a natural or
man-made disaster (FEMA, 2007). Most of the debris generated needs to be disposed of while
some amount of debris can be recycled for further use in different industries. Debris removal is an
essential operation conducted which will directly benefit in recovering from the disaster. Debris
removal takes place in two phases, i.e., response phase and recovery phase. The response phase
refers to the debris removal performed immediately after the disaster event to facilitate emergency
activities such as clearing the roads for an ambulance, fire engine to help people trapped under
huge piles of debris. The recovery phase refers to the debris removal that takes place to restore the
community or society to a healthy condition. According to the Oregon Resilience Plan (2013),
almost 10 million tons of debris will be generated in Oregon after the Cascadia Subduction Zone
earthquake of magnitude 9.0. From past experience, the debris removal operation accounts for
nearly 27% of the disaster recovery costs (FEMA, 2007). These statements emphasize the
importance and need to plan for disaster debris
Debris management is important for Oregon as the coast is vulnerable to a Cascadia subduction
earthquake. The Cascadia Subduction Zone (CSZ) is a fault that runs from northern California in
the United States up to British Columbia in Canada. The length of the fault is 600 miles i.e.,
approximately 1000 km. The Juan de Fuca Plate is pushed under the North American Plate creating
the subduction zone. The stress is continuously building in this interlocked area and one day it is
likely to cause an earthquake of magnitude 9.0 or greater. Figure 1.1 shows the Cascadia
Subduction zone. Few places are also represented in the states of California, Oregon, and
Washington in the figure.
According to a study conducted at Oregon State University, major earthquakes occur every 240
years or so (OSU, 2012). The last major earthquake occurred on January 26, 1700, along the
Cascadia subduction zone with a magnitude of 8.7-9.2. If such a catastrophic event occurs, the
losses in Oregon will be huge in terms of society, economy, and infrastructure, among many other
sectors. The resilience of Oregon is something that will be tested in the event of such a disaster.
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Figure 1.1: Map of the Cascadia Subduction Zone (FEMA, 2020)
Resilience is defined as the ability of a society exposed to a disaster to resist, absorb, adapt, and
recover from the effects of the disaster in an efficient and timely manner (Heylin, 1986). In other
words, it is the capacity of a society or community to back to its normal operational state after
being affected by the disaster.
Recovery time is defined as the time taken by the community to go back to its normal working
condition. Generally, for a resilient community, the recovery time is less.
According to the Oregon Resilience Plan, the effect of a Cascadia subduction earthquake in Oregon
would result in loss of lives corresponding to thousands, and the economic losses are reported to
be at least $32 billion. Oregon’s population and infrastructure are not prepared for such an event
(OSSPAC, 2013). Figure 1.2 shows the resilience triangle. The basic principle is that the smaller
the triangle, the higher the resilience. The triangle indicates that planning for debris removal
operations will reduce the recovery time.
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Figure 1.2: Resilience Triangle (Adapted from the OSSPAC, 2013)
The resilience of a society can be improved in numerous ways, such as awareness programs about
the mega earthquake, training programs on how to respond to the earthquake, updating building
codes, retrofitting existing structures, and updating policies. By following these methods, it is
possible to make the resilience triangle smaller, which thereby improves resilience. One area which
is often given less importance is the disaster debris removal. Disaster debris, when managed
efficiently, leads to a reduction in recovery time and helps in improving the resilience of a
community or society.
Generally, the two phases involved in debris removal operations are the short-term relief phase
which includes debris clearance for emergency operations; and the recovery phase which requires
debris removal for long-term recovery of the community from the disaster. In this research, the
focus will be on disaster debris removal during the recovery phase. After disaster, the existing
landfill capacity will take a toll as landfills are designed to handle day to day waste/debris of a
community and not the vast amounts of debris that are generated. An intermediate site is required
to process the debris before final disposal. Such a site is called a Temporary Debris Management
Site (TDMS). TDMS is a location which is preferably identified before a disaster where debris is
temporarily stored, segregated or reduced, and processed before it is taken to a landfill for final
disposal. These sites have specific criteria with respect to size, location, and environmental
conditions that need to be met in order for them to qualify as a temporary debris management site

3

(FEMA, 2007). Empty parking lots, school grounds, sports field are a few examples of potential
temporary debris management sites.
The current state of the art in debris management plans contain information regarding TDMS’s
but there are a few factors that are missing here. The equipment configuration required for clearing
and processing the debris at a particular TDMS site is not available. Equipment configuration
refers to the number of trucks, excavators, and other equipment needed for debris removal. Also,
the time required for storing, segregating, and reducing different types of debris at a TDMS is not
present in the existing literature and current practices. These logistical aspects which are important
for the productivity and efficiency of debris removal operation are explored through this research.
1.1 Research Goals and Objectives
The goal of this research is to develop a framework that will enable the analysis and optimization
of the debris removal operation. The specific objectives to achieve the goal of this research are:
•

Objective 1: Determine the quantity of debris generated over an area in the event of a
Cascadia Subduction Zone Earthquake.

•

Objective 2: Identify feasible areas where potential temporary debris management sites
(TDMS) can be located.

•

Objective 3: Develop a discrete event simulation (DES) model of the debris removal
operation to identify bottlenecks in the process along for quantifying the operation times.

These objectives are met through the implementation of a framework developed in this study that
will be discussed in a later chapter. This framework will be demonstrated in cities that will be
affected by the Cascadia Subduction Zone event. The next section of this chapter describes the
organization of the thesis.
1.2 Thesis Organization
This thesis is organized into five chapters. The second chapter provides an in-depth analysis of the
current state of the art in the field of debris management to provide the context for this research.
The third chapter describes the framework used in this study. The fourth chapter demonstrates the
implementation of the framework by its application for case studies of two coastal cities in Oregon.
The fifth chapter provides a conclusion of the research performed along with the limitations present
and suggestions for possible future work.
4

CHAPTER 2 : LITERATURE REVIEW
This chapter details the literature review performed to gather knowledge regarding the domain
area of debris management. The current state of the start in debris management was established by
reviewing research articles and guidelines on debris removal from Federal Emergency
Management Agency (FEMA), Environmental Protection Agency (EPA), and the Oregon
Resilience Plan (ORP). Various other online sources are also used in the literature review
performed. The literature review is divided into three main categories: disaster debris and the
Cascadia subduction zone, resilience in Oregon with a focus on debris, and debris management.
Towards the end of the review, a description of the previous work and the gaps in the current
practices are presented. A section summarizing the entire chapter is also presented at the end.
2.1 Disaster Debris and the Cascadia Subduction Zone
This section provides an overview of the different types of disasters and the debris these disasters
generate. Along with these details, the section further expands on each type of debris that is
produced in the event of a disaster. Lastly, details about the Cascadia subduction zone is presented.
2.1.1 Debris Generated after Disasters
This section provides an overview of the different types of disasters that generate debris. A disaster
is an abrupt, adverse event that affects the functioning of a community or society and causes
significant loss to the community or society it affects (IFRC, 2014). Disasters are capable of
generating vast quantities of debris, which severely impacts response and recovery efforts. Disaster
debris also burdens the local waste management facilities and can be potentially harmful to the
environment and the general public (Brown, 2002). According to the United States Environmental
Protection Agency, frequent natural disasters that affect the communities in the U.S., which cause
injury and loss of life in addition to the generation of debris are the listed below.
1. Earthquake: An earthquake is caused due to the sudden movement of the earth's crust. Most
destruction caused by an earthquake is usually close to the epicenter. From the epicenter, the
damage is radiated outward (USEPA, 2008). Debris from an earthquake generally consists of
damaged personal property, concrete, asphalt, and building materials (FEMA, 2007).
2. Floods: They occurs due to heavy rainfall or due to changes in conditions around rivers, and
coastal areas. Floods can affect coastal and inland areas, making them a more common natural
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disaster in the United States (USEPA, 2008). Debris from a flood event consists of hazardous
material, sediments, soil, rock, and construction materials (FEMA, 2007).
3. Hurricane: A hurricane is a storm that originates in the ocean and affects the coastal
communities in the United States. Hurricanes bring with them rapid winds, torrential rains, and
huge waves that cause damage (USEPA, 2008). Generally, debris from hurricanes includes
vegetative material, construction debris, property, and sediments (FEMA, 2007).
4. Tornadoes: These are funnel-shaped clouds that draw from a thunderstorm to the land with
circulating winds. Tornadoes occur in every state of the United States, but the State of Florida
experiences a high frequency of tornadoes (USEPA, 2008). The debris from a tornado
generally consists of construction and demolition debris along with vegetative debris (FEMA,
2007)
5. Tsunami: They are a sequence of large waves from a water body, typically from an ocean or a
large lake. Tsunamis are caused by earthquakes, volcanoes, landslides, or other disturbances
above or below the surface of the water (USEPA, 2008). Construction and demolition debris,
vegetative debris, and dead animals are some of the common streams of debris that are
generated from a tsunami (FEMA, 2007).
6. Wildfires: These are large and sudden fires that occur in forests as well as in urbanized areas.
Droughts and hot seasons can cause wildfires. They occur in regions typically which
experience no rainfall for an extended period (USEPA, 2008). Debris from a wildfire consists
of burnt materials and hazardous waste (FEMA, 2007).
7. Winter Storms: These storms include vast quantities of freezing rain or snow. Geographic
locations below freezing conditions are more at risk of winter storms. Since the 1950s, winter
storms have become more frequent with an increase in its intensity (USEPA, 2008). Significant
amounts of vegetative debris and overhead utility service components are the streams of debris
that a winter storm produces (FEMA, 2007).
8. Volcanoes: They are mountains that erupt with molten rock and certain gases. Active
volcanoes are located in the United States, primarily in Alaska, Hawaii, and the Pacific
Northwest (USEPA, 2008).
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2.1.2 Types of Debris
An essential but often overlooked element after a disaster event is managing the various kinds of
waste that are generated. Types of debris include concrete, bricks, wood, fallen trees, toxic waste,
chemical and so on (Lorca et al., 2015). The different types of debris generated are dependent on
the type of disaster and the built environment that it affects (Brown et al., 2011). The common
types of debris that are generated from a disaster event are discussed below:
1. Vegetative Debris: This type of debris consists of trees, branches, and leafy material. Some
equipment that is required for vegetative debris removal is grapple loaders, dump trucks, and
flatbed trucks. This type of debris is usually processed through incineration or grinding
activities (FEMA, 2007).
2. Construction and demolition debris: They are defined as the damaged components of a
structure that are generated after a disaster event. Some examples of this type of debris are
steel, wood, brick, concrete, and furnishings. Some kinds of C&D debris are reused or recycled
(FEMA, 2007).
3. Hazardous Waste: This type of waste contains specific properties that make them harmful to
human beings and the environment. According to the Resource Conservation and Recovery
Act (RCRA), a hazardous waste exhibits ignitability, or corrosivity, or reactivity, or toxicity
(FEMA, 2007).
4. Household Hazardous Waste: This refers to the toxic materials that are disposed of by residents
of a community or a society. HHW does not include poisonous products that are disposed of
by commercial or industrial entities. Some examples of HHW include paints, pesticides, and
chemicals (FEMA, 2007).
5. Electronic Waste: Commonly referred to as e-waste generally include electronic equipment,
televisions, and monitors which contains particular hazardous material like cathode-ray tubes
(FEMA, 2007). Cathode ray tubes contain lead, which is harmful and requires special handling
during disposal. Electronic waste or generally accepted by many organization for recycling or
reuse (USEPA, 2008).
6. White Goods: This includes damaged household appliances such as ovens, washing machines,
freezers, refrigerators, and other devices. White goods typically contain mercury and
refrigerants. These compounds must be extracted from the white goods prior to their disposal
(FEMA, 2007). White goods can also be recycled (USEPA, 2008).
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7. Soil, Mud, and Sand: These are often deposited on public property and public right of way
after disasters such as tsunami, landslides, and floods (FEMA, 2007).
8. Vehicles and Vessels: For removal of vehicles and vessels to receive FEMA funding
assistance, the vehicle or vessel must pose an immediate threat in a public area, or the vehicle
or vessel must be abandoned (FEMA, 2007). Vehicles and vessels can be recycled, but before
that, all fuels, fluids, batteries and other components of the vehicle must be removed and
processed appropriately (USEPA, 2008).
9. Putrescent Debris: This type of debris refers to any waste that has the tendency to decompose
or rot. Animal carcasses are an example of putrescent debris (FEMA, 2007). This category of
debris must be disposed of early as decaying will lead to difficulties in the disposal process.
Sources of this debris include animal farms, grocery stores, restaurants, and hospitals. Some
common ways of treating the debris are alkaline hydrolysis, digestion, rendering, or
composting (USEPA, 2008).
10. Garbage: This refers to the waste that is generated on a daily basis in a household. Garbage is
collected and disposed through regular municipal garbage collection method (FEMA, 2007).
Construction and demolition debris along with vegetative debris is focused on in this research.
2.1.3 Cascadia Subduction Zone
The surface of the earth is split into tectonic plates Tectonic plates are gigantic slabs of rock that
slide across mantle of the earth beneath. These tectonic plates move few inches every year. These
plates move away from each other, slide past each other, or may collide with each other. When
there is a collision between an oceanic plate and a continental plate, a subduction zone is formed
wherein one plate is pushed beneath the other (OSSPAC, 2013).
The Cascadia Subduction Zone is a fault that spans a length of 1000 kilometers (622 miles
approximately) and stretches from northern California in the USA to Northern Vancouver Island
in Canada. The subduction zone separates the tectonic plates, Juan de Fuca and North American
plate. The Juan de Fuca plate is shoved under the North American plate where the interlocking
friction is created, and strain is built up between the plates. Great subduction zones are the only
source zones that can initiate earthquakes more significant than a magnitude of 8.5 on the Richter
scale. The Cascadia Subduction Zone has produced mega earthquakes in the past, and it can also
create a mega-earthquake in the future as well (Pacific Northwest Seismic Network, 2020).
8

An example of a subduction zone producing a mega earthquake is the 2011 Tohoku earthquake
that affected Japan. Cascadia is seismically very quiet in contrast to other subduction zones, but
research indicates that the fault ruptured in 1700, producing a 9.0 magnitude earthquake.
Researchers also suggest that presently we are within the 300 – 500-year window where another
mega-earthquake may take place. From GPS monitors deployed across the Cascadia, it is seen that
tremors are more in the northern and southern parts of the fault (Bodmer and Toomey, 2018).
2.2 Resilience in Oregon
Oregon will face its greatest challenge when the Cascadia subduction zone earthquake hits the
region. Oregon’s infrastructure is currently not prepared to face such a drastic situation, which will
be caused after the onset of the quake. Though the event cannot be avoided, its impact can be
reduced by making the necessary changes now. Oregon is capable of engineering the roads,
buildings, and other facilities to withstand the effects of the earthquake, but the real hurdle lies in
finding the will, persistence, and commitment required to make these changes (Oregon Resiliency
Report, 2020).
According to the Oregon Resilience Plan, the state is divided into four regions, tsunami, coastal,
valley, and eastern to study the impacts of a magnitude 9.0 Cascadia Subduction earthquake.
Figure 2.1 shows these regions along with subduction zone.

Figure 2.1: Impact Zones for the Cascadia subduction earthquake (OSSPAC, 2013)
The tsunami zone will be the worst affected in the event of an earthquake. It will cause severe
damage, and thousands of lives will be at risk. In the coastal zone, the transportation system would
be severely disrupted as a result of the shaking, which will be generated. The valley zone will be
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moderately damaged in comparison to the tsunami and coastal region. Finally, the eastern area will
suffer light damage and would be a place where equipment’s and materials may be stored while
recovering from the disaster event (OSSPAC, 2013).
Following are some of the key findings from the ORP (OSSPAC, 2013):
•

Mega earthquakes will occur in the future in Oregon. The state’s infrastructure is in bad
shape to respond to these disasters unless action is taken to become resilient now.

•

Fatalities will range from 1,250 to more than 10,000 due to the combined effects of a
tsunami and an earthquake.

•

One million or more dump truck loads of debris will be generated from the disaster.

•

Table 2.1 represents the timeframe for recovery under current conditions in the valley zone.
Table 2.1: Timeframe for Recovery
Critical Infrastructure
Electricity
Drinking water and sewer
Police and fire stations
Healthcare facilities
Prioritized highways (restored partially)

•

Restoration Time (months)
1 to 3
1 to 12
2 to 4
18
6 to 12

Oregon receives liquid fuel from the state of Washington. The liquid fuel is stored in
Oregon’s critical energy infrastructure hub. Disruption in transportation and storage will
disrupt most sectors of the economy essential to economic recovery.

One of the key findings reports that more than one million dump truck loads of debris will be
generated from the disaster. Therefore, it is important to analyze the process of debris removal for
the community to recover after the disaster event.
2.3 Debris Management
Debris management is necessary to ensure the disposal of disaster debris efficiently. Major
disasters can result in generating debris that is five to ten times more than the waste generated in
a community over a year (Kim et al., 2014). The following sections describes the various aspects
of debris management.
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2.3.1 Estimation of debris
There are several methods, such as ground measurements, aerial and satellite photographs, and
computer models used in the estimation of debris generated. Each of these methods can be used
separately, or a combination of these methods can be used to estimate the debris when there is a
need to do so (FEMA, 2010).
2.3.1.1 Ground Measurements
In this type of estimation, visual observation and detailed data collection methods are used with
the help of GPS units and measuring tapes. The first step in ground measurement includes defining
the area and dividing the area covered by the debris estimate. The second step is the determination
of whether the comprehensive analysis should be used or the measurement of a representative
sample is adequate. The third step is to analyze and procure the labor and equipment required to
undertake the estimation. The fourth and final step is to involve the applicant and state in the
measurement process (FEMA, 2010).
In order to estimate the quantity of debris produced from a general building, the general building
formula is used which is represented in Equation 2.1.
𝐷𝑒𝑏𝑟𝑖𝑠 (𝐶𝑌) = (𝐿𝑒𝑛𝑔𝑡ℎ × 𝑊𝑖𝑑𝑡ℎ × 𝐻𝑒𝑖𝑔ℎ𝑡 × 0.33) ÷ 27
CY- Debris in cubic yards
Length, Width and Height of the building
0.33 – Constant to account for airspace
27 – Converts from cubic feet to cubic yard
Equation 2.1: General Building Formula (FEMA, 2010)
FEMA conducted a study following the hurricane Floyd in 1999 and developed a formula for
estimating debris from a single-family residence, which is represented in equation 2.2.
𝐷𝑒𝑏𝑟𝑖𝑠 (𝐶𝑌) = 𝐿𝑒𝑛𝑔𝑡ℎ × 𝑊𝑖𝑑𝑡ℎ × 𝑆 × 0.20 × 𝑉𝐶𝑀
CY – Debris in cubic yards
Length and Width of the building
11

S – Number of stories in the building
0.20 – A constant based on the data
VCM – Vegetative cover multiplier
Equation 2.2: Single Family Residence Formula (FEMA, 2010)
FEMA developed the vegetative cover multiplier to estimate the amount of vegetative debris
generated that must be added to the quantity of debris generated for demolished homes. A
multiplier of 1.1 is used in areas with a new home where more ground is visible than trees. The
multiplier of 1.3 is used where open space and tree cover are the same, and finally, a multiplier of
1.5 is used wherein the tree cover is more and houses cannot be seen. These multipliers are
represented in Table 2.4.
Table 2.2: Vegetative Cover Multiplier (FEMA, 2010)
Vegetative Cover
Light
Medium
Heavy

Multiplier
1.1
1.3
1.5

2.3.1.2 Aerial Estimates
This type of debris estimation includes the use of aerial or satellite photography. Aerial evaluation
is helpful in situations where a rough estimate must be developed quickly or where validation of
other estimation methods is required or to estimate in areas that are difficult to access. The
necessary steps involved in this method of estimation is to obtain a photo of all or a representative
sample of an area and then to analyze each photo (FEMA, 2010). Figure 2.4 shows the aerial
photography of an area with disaster debris.
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Figure 2.2: Aerial photography of debris (BBC, 2020)
2.3.1.3 Debris Estimation with Computer Models
A lot of different computer models are present for estimating debris. HAZUS-MH is one such
software developed by FEMA. HAZUS-MH estimates the possible damage and loss from different
types of disasters, such as earthquakes, tsunami, and hurricanes. Debris estimates from computer
models are based on historical information, geospatial data, information regarding the disaster, and
mathematical formulas (FEMA, 2010). The development of HAZUS has been a successful
collaboration between FEMA, the National Institute of Building Sciences, users, and other
organizations. The software contains a vast database of nationwide inventory of buildings,
transportation systems, and other facilities (Schneider and Schauer, 2006). This method of debris
estimation is used in this research and is discussed more in the methodology chapter of the thesis.
2.3.2 Conversion factors
United States Army Corps of Engineers (USACE) has developed numerous conversion factors for
converting from tons to cubic yards (CY) of debris, and they have been accepted as usable by
FEMA (FEMA, 2010). Table 2.5 indicates the debris conversion factors.
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Table 2.3: Debris Conversion Factors (FEMA, 2010)
Material
Construction & Demolition
debris
Mixed debris
Hardwoods
Softwoods

Value in ton
1

Value in cubic yards
2

1
1
1

4
4
6

2.3.3 Debris Collection Methods
An integral part of a disaster debris management system is the method employed in collecting the
debris. The two primary methods used for debris collection are curbside collection and collection
centers. Depending on the situation, each of these methods may be used separately, or a
combination of these two methods can be employed (FEMA, 2007).
2.3.3.1 Curbside Collection
In this method, debris is placed on the public rights-of-way or the curb. There are two subcategories
in this method of collection, i.e., mixed debris collection and source-segregated debris collection.
In the mixed debris collection method, the residents place a jumbled pile of debris on the curb
without separating them into different types. This method, while most convenient to the public, is
a burden for reducing and recycling efforts because debris needs to be handled multiple times. In
the source-segregated debris collection method, the residents segregate the debris into separate
piles and place them on their curb. Trucks designated for a particular type of debris collects the
debris and then transports it to temporary debris management sites, recycling facility, or landfills
for final disposal. The downside to this method is that a higher number of trucks are required for
processing the debris. Source-segregated debris provides the best potential for reducing and
recycling the debris (FEMA, 2007).
2.3.3.2 Collection Centers
In this method of debris collection, the residents transport their debris to a common place. This
method of collection is apt in rural areas and sparsely populated regions. Large bins are placed on
the public rights-of-way for residents to dump the debris. Planning staff must ensure a smooth flow
of debris in and out of the area. Employees will be required to be stationed at collection centers so
that when existing bins are full, they can be replaced with empty bins (FEMA, 2007).
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2.3.4 Temporary Debris Management Site (TDMS)
The massive quantities of debris that a disaster generates maybe more than the quantity which
communities are used to handle in a year or so. Hurricanes may generate vast amounts of
vegetative debris and blizzards may lead to huge amounts of animal carcasses. The community
will not be able to handle such a situation. The local waste management system will be
overwhelmed or damaged when a disaster strikes. Temporary debris management sites (TDMS)
must be pre-selected before the disaster. TDMS are locations where debris is stored, sorted, and
processed during the recovery stage of a disaster (USEPA, 2008).
Following are some advantages and disadvantages of TDMS according to FEMA (FEMA, 2007):
Advantages:
•

A temporary debris management site provides flexibility in the debris management
operation.

•

Reduction, recycling, or segregation can be done the TDMS.

•

TDMS expedites the debris collection process.

•

TDMS provide more time for landfill to prepare for final disposal of debris.

•

It reduces the distance between the debris pickup point and drop off location.

Disadvantages:
•

Debris is processed twice, one on the TDMS and then again on the landfill. This adds to
the operation cost.

•

Leasing land for TDMS is expensive.

•

TDMS requires adequate planning, permitting, safety, and considerations.

2.3.5 Criteria for TDMS Selection
According to FEMA, the criteria for selection of a TDMS should be based on the ownership, size,
location, and environmental and historic concerns of the particular site.
2.3.5.1 Ownership
Public lands must be considered in contrast to private lands for avoiding the cost incurred in leasing
a private land. Parks, empty lots, and sports fields must be considered as a potential TDMS
location. Agreements between counties of a state may be used for procuring a public land. If a
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public land is not available for use, only then private lands must be considered for use (FEMA,
2007).
2.3.5.2 Size
Historic disasters have shown that 100 acres of land is required to process one million cubic yards
of debris. According to USACE, 60 percent of this area is used for roads, burn pits, buffers, and
other elements. The site selected must be large enough to accommodate the heavy equipment that
is used in the debris removal process. Ultimately, the size of a TDMS is dependent upon the
amount of debris that is planned to be stored and processed (FEMA, 2007).
2.3.5.3 Location
TDMS should be located close to major routes to accommodate the transportation of debris for
final disposal. The site should not be situated near residential areas, schools, churches, hospitals,
and other sensitive areas. The proximity of a TMDS to these locations will cause disruption in
their activities, leading to a possibly dangerous or inconvenient situation (FEMA, 2007). The
location of a TDMS must be close to the disaster-affected area, and it must be at an appropriate
distance from rivers and lakes (USEPA, 2008).
2.3.5.4 Environmental and Historic Concerns
Pre-existing conditions of a site must be considered when selecting the site as a TDMS. The site
must be restored and closed out after the operations are completed. Thus, a place with unfavorable
pre-existing conditions will cause a problem for the staff after completion of the process. Also, a
TDMS must not be located in environmentally and historically sensitive areas such as wetlands,
and archeological sites (FEMA, 2007). USEPA (2008) also specifies that a TDMS must not be
located near a floodplain or wetland as well as the site should not cause harm to environmentally
sensitive areas.
2.3.6 TDMS Layout
Site design plays a crucial role in the success of a debris management operation on a TDMS. The
debris must be continuously flowing to grinders, incinerators, or be segregated and recycled.
Accumulation of debris on a TDMS can cause safety or environmental concerns. Usually, permits
for TDMS contains the maximum capacity that can be processed on the site. Multiple sites are
required for processing the debris if such capacities are exceeded (FEMA, 2007). Figure 2.5 shows
the sample TDMS layout.
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The TDMS layout shows a stop sign with a flagman. Above that, the offices are located. Arrows
from the flagman point toward an ingress tower, where a person inside the tower verifies the
incoming truck. From the tower, the arrows point towards a turnaround and dumping area for C&D
debris. The arrows next indicate towards the egress tower and finally to the stop sign from where
the site can be exited. Below the roadway, a hazardous waste storage area is located for toxic
particles that entered the site by mistake. Across from this storage space is the area for vegetative
debris processing along with air curtain incinerators and tub grinders. An ash pit is located below
the hazardous waste storage area (FEMA).

Figure 2.3: TDMS Layout (FEMA, 2007)
2.3.7 Debris Reduction
The reduction of the debris generated from a disaster leads to an overall decrease in the cost of
debris removal as well as provide environmental advantages. The three main types of reduction
methods employed on a TDMS site are incineration, chipping/grinding, and recycling of debris.
These methods may be used separately or in combination with each other depending on the
amounts of debris generated as well as depending upon the needs of the community or society
affected by the disaster (FEMA, 2007).
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2.3.7.1 Incineration
For vegetative debris, burning reduces the volume by up to 95 percent. Incineration or burning the
debris involves three steps. The first step is unloading the debris; the next step consists of moving
the debris into an incinerator, and finally, the last step is to remove the resultant ash from the
incinerator and store it at the TDMS for final disposal later on at the landfill. Portable air curtain
incinerators are used commonly as they are the most efficient incineration system available
(FEMA, 2007).
2.3.7.2 Chipping or Grinding
Chipping or grinding is the second most common method used for vegetative debris reduction.
This method may be performed on some metal and rubber types of materials too. Chipping or
grinding reduces the volume of debris by 75 percent. The mulch produced as a result of this method
of reduction may be reused or disposed of. While using chippers and grinders, the vegetative debris
should be made sure not to contain other materials in them that will cause damage to the equipment.
Tub grinders are commonly used for the grinding operation (FEMA, 2007).
2.3.7.3 Recycling
Recycling of disaster debris must be planned for accordingly. Reducing the debris without
understanding the end-user market will lead to further problems, which will ultimately lead to
disposing of the debris in landfills. Earthquakes present opportunities to recycle debris on a large
scale, which is, in turn, beneficial for the economy and environment. Common recyclable materials
are metals, soil, concrete, asphalt, and masonry debris (FEMA, 2007).
2.4 Previous Work on Debris Management
The process of disaster debris management can be expensive and time-consuming (Crowley &
Flachsbart, 2018). Disaster debris impacts every aspect of emergency response and recovery
strategy. The debris can create issues by blocking access for the rescue workers to reach people in
need of help. Disaster debris also affects the environment and causes a delay in the social and
economic recovery of the area affected by the disaster. Poor debris management can worsen these
problems and also result in slow recovery. There is an actual value in planning for disaster debris
management in terms of social, economic, and environmental factors. Debris management is an
integral part of the disaster recovery process (Brown, 2002). The essence of waste/debris
management after a disaster is often neglected or undermined. Problems can be avoided if both
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pre- and post-disaster planning and management are done with an understanding of opportunities
and barriers to recycling waste (Lauritzen, 1998).
Crowley and Flachsbart (2018), in their study of comparing debris management plans with FEMA
guidelines, found that debris management plans were definite in aspects of the overview, events
and assumptions, debris collection strategies, roles and responsibilities, debris management sites,
and contracted debris operations. Plans were found to be most lacking in elements related to
compliance with environmental and historic preservation regulations and force account labor.
From the Lincoln County Debris Management Plan (2015), the four phases found in debris
operations are the readiness phase, response phase, removal phase, and the recovery phase. The
readiness phase includes planning, training, and other activities to ensure the community is ready
for a debris-generating event. The response phase refers to the immediate removal of debris that
blocks routes and poses a threat to public health and safety. The removal phase involves moving
debris to TDMS sites and landfills. Finally, the recovery phase deals with closing of the TDMS
sites along with disposal of automobiles and condemned structures.
An integral aspect of the debris management plan is the identification and selection of temporary
debris management sites. TDMS sites will expedite the debris removal process (Swan, 2000).
Various authors have emphasized that TDMS is an essential element in debris removal as time and
space to sort, reduce, and process the debris is gained by using them.
Various studies have used HAZUS-MH for debris estimation. The software developed by FEMA
estimates the different types of losses caused by a given disaster over an area. Debris is one of the
damages that is calculated by this software. Debris is estimated from the general building stock
data of the chosen study region. Concrete/steel and brick/wood/others are the types of debris that
is estimated by the software. The software is used in conjunction with ArcGIS.
ArcGIS is used in combination with boolean logic method for identifying temporary disaster waste
management site over an area (Cheng and Thompson, 2016). Kim et al., (2018) also utilized
ArcGIS for identification of temporary debris management site. Model builder within ArcGIS is
used for finding a site which can potentially be used as a TDMS. Overall, this research built a
framework for assessing the resilience of a disaster debris management system (Kim et al., 2018).
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Kim et al. (2018) used system dynamics to assess debris removal performance. System dynamics
models the overall debris management process, which includes TDMS, transportation, electrical
facility, recycling, and final disposal. System dynamics is a high-level approach of simulation
modeling and does not include specific details about the system. Therefore, in this research,
discrete event simulation modeling of a TDMS is performed to analyze the debris removal
performance.
2.5 Gaps in the Current Practices and Thesis Point of Departure
From the previous work and guidelines reviewed it seen that the equipment required for debris
removal for a TDMS site, the recovery time, and bottlenecks are not considered adequately. These
logistical variables have an impact on the debris removal process and needs to be addressed.
The bottlenecks, and time required to process the vast quantity of disaster debris on a TDMS site
will be evaluated with discrete event simulation. Along with this, equipment configuration of
excavators, trucks, and other processing elements required for the debris removal operation will
be determined.
Discrete event simulation (DES) modeling is typically performed to find the optimum number of
resources required for a specific process. Using DES, blockage to a path can be figured out, which
leads to efficient overall process development.
This research uses a framework that includes HAZUS-MH to estimate the debris generated over
an area by a particular disaster. Next, ArcGIS is used for finding the feasible areas for temporary
debris management sites through geospatial analysis, and finally, jStrobe, a DES software, is used
to simulate the debris removal operations to calculate the equipment fleet configuration along with
various other useful data. The framework will enable the analysis and optimization of the debris
removal process, which is the research goal.
The objectives of this research that will help in achieving this goal are:
Objective 1: Determine the quantity of debris generated over an area in the event of a Cascadia
Subduction Zone Earthquake.
Objective 2: Identify feasible areas where potential temporary debris management sites (TDMS)
can be located.

20

Objective 3: Develop a discrete event simulation (DES) model of the debris removal operation to
identify bottlenecks in the process along with quantifying the debris removal time
2.6 Summary
The literature review explained disaster debris, resilience in Oregon, and debris management.
Previous work on debris management is also discussed and the gaps in the existing literature are
identified, followed by the research goal and objectives of the thesis. The next chapter will discuss
the framework developed in this research.
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CHAPTER 3 : METHODOLOGY
The methodology used in this research involves the development of a framework that enables the
analysis and optimization of the debris removal operation. This is done by fulfilling the objectives
that are described in the previous Section 2.5. The framework utilizes HAZUS-MH for debris
estimation, ArcGIS for identifying feasible area, and jStrobe for discrete event simulation. Figure
3.1 represents an overview of the research framework.

Figure 3.1: Research Framework
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The study area, disaster type, and hazard characteristics are given as inputs to the software
HAZUS-MH. The amount of debris (in tons) generated over the study area due to the disaster is
obtained. ArcGIS is used to conduct a geospatial analysis of the area. The study area, critical
facilities, 100-year flood zone, and restricted areas are used to obtain the feasible areas where
potential TDMS can be located. The quantity of debris obtained from HAZUS-MH and the TDMS
details from ArcGIS is input into the discrete event simulation model developed to get recovery
times and heavy equipment configuration required for the debris removal operation. The following
sections expands on the framework utilized.
3.1 HAZUS-MH for Debris Estimation
HAZUS was developed in the early 1990s as a free general-purpose software used for loss
estimation from a natural hazard. The software is used to build hazard mitigation plans and also to
be used in the decision-making process concerning natural hazards. HAZUS-MH (HAZards U.S.
MultiHazard) was released in 2004 by FEMA (Schneider and Schauer, 2006). Using HAZUS-MH,
the potential loss can be estimated from various natural disasters such as earthquakes, tsunami,
floods, and hurricanes. Potential loss includes physical damage, economic loss, and social impacts.
Physical damage includes damages caused to the buildings, essential facilities, and infrastructure.
Economic loss consists of lost employment, business interruptions, repair, and the cost of
rebuilding. Social impacts include the estimation of displaced household and shelter requirements
(FEMA, 2018). A critical estimate that is used in this research is the debris generated, which is
included in the physical damage. The software provides the resultant debris value in tons.
The debris quantity obtained from HAZUS-MH shows only the construction and demolition debris
generated. For calculating the amount of vegetative debris that is generated, a vegetative cover
multiplier developed by the USACE and FEMA is utilized. The resultant construction and
demolition debris and vegetative debris are in tons. To convert them into cubic yards conversion
factors from FEMA 329 which is the debris estimating field guide is used. This debris amount in
cubic yards obtained is given as an input in the discrete event simulation model.
The following steps are used in the debris estimation process:
1. Creating a study region: This is the first step where a study region of choice is created. The
study region can include a state, county, or census tract. A disaster type that will affect the
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study region is also selected in this stage. Disaster type includes earthquake, tsunami, flood,
and hurricane.
2. Defining the hazard scenario: Hazard specific characteristics are defined in this step. An
arbitrary Cascadia Subduction earthquake event is used in this research. Inputs concerning
magnitude, epicenter, and fault depth are specified.
3. Analysis: The software runs the analysis with census data. Census data regarding buildings,
facilities, transportation, and utilities are considered in the analysis.
4. Results: The software provides loss estimates in terms of social, economic, and physical
aspects. Debris generated is a result that is included in the induced physical damage.
Figure 3.2 shows the debris generated over the area by an earthquake. The study area used in this
example is the city of Astoria, located in Oregon.

Figure 3.2: An Example of Debris Generated by an Earthquake
Visual representation of the debris spread can be seen from the figure. Along with this, the quantity
of debris generated over the area due to the disaster is also provided by HAZUS-MH. The amount
of debris obtained from here is used as an input parameter for the discrete event simulation model
developed.
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3.2 Identification of Feasible TDMS Areas Using GIS
According to (USEPA, 2008) and (FEMA, 2007) selecting the location of a temporary debris
management site should be based on the following guidelines.
1. Public lands are preferred over private land to avoid expensive leases.
2. Parks, sports fields, and vacant lots should also be considered as potential temporary debris
management sites.
3. The site should have sufficient capacity to handle the debris and also be accessible to heavy
equipment.
4. The site should not be located near schools, hospitals, and other sensitive areas.
5. The site should not be located in a floodplain or wetland.
Within ArcGIS, model builder is used to automate the process of finding the feasible areas. Critical
facilities such as schools, hospitals, and police stations are combined together along with 100-year
flood zone data to determine the feasible areas. A buffer of a certain distance is kept around the
critical facilities before the flood zone data is combined. Figure 3.3 shows the process involved in
the model builder.

INPUT DATA

GEOPROCESSING
TOOLS

OUTPUT

Figure 3.3: Model Builder Process
Input data includes critical facilities and flood data. Geoprocessing tools buffer, merge, and erase
are used to get the output data of the feasible area. Google maps are used to identify the potential
sites that fall under the feasible area such as parks, sports fields, and parking lots. It is also used to
determine the distance between the temporary debris management site and the final disposal
location.
3.3 jStrobe for Discrete Event Simulation Modeling
Simulation is the process of modeling a real-world operation to obtain information from the model
regarding the time, cost, and logistics of the process. Discrete Event Simulation (DES) is the
method of simulation modeling where a real-world process is modeled and processed at discrete
points in time. It has been determined to be particularly suitable for operations that have significant
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uncertainty in their activity durations and materials involved, complex activity startup conditions,
resource interdependencies (Martinez, 2010).
DES has been previously used to analyze heavy equipment operations such as asphalt paving
(Mostafavi et al., 2012; Louis, 2010), earthmoving (Shitole et al., 2019l Louis and Dunston, 2018),
and offsite building construction (Abiri et al., 2019). DES models can also enable threedimensional visualizations of the operation for verification and validation purposes (Louis et al.,
2014a). Additionally, recent developments have been made to translate equipment motions into
DES input using sensors and machine learning to enable faster and automated methods for
developing and analysis of operations (Rashid and Louis, 2020; Rashid and Louis, 2019a; Rashid
and Louis, 2019b; Rashid and Louis, 2019c). Such activity classification efforts can update
previously built DES models in real-time to enable remote monitoring (Louis and Dunston, 2017)
and control (Louis et al., 2014b) of operations. This research will analyze debris removal
operations using the jStrobe simulation software (Louis and Dunston, 2016, Louis and Dunston,
2014) that is based on the STROBOSCOPE simulation language (Martinez, 1996).
DES models are developed for the activities that occur on a temporary debris management site,
which is provided in the layout by FEMA. From the model, insights regarding the logistics, time,
cost, and resources of the process can be determined, which can be used to optimize the debris
removal operation. Figure 3.4 represents the example model developed in jStrobe for a temporary
debris management site (TDMS).
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Figure 3.4: General DES model for a Temporary Debris Management Site
The debris quantity obtained from HAZUS-MH is entered into the DES model. The details
regarding temporary debris management sites from the geospatial analysis are also entered into the
simulation model.
The following elements of jStrobe are used to model the process:
1. Queues: These are the elements that hold resources within them. A particular queue can
hold resource of one type only. User can specify the amount and type of resource held in
a particular queue.

2. Combi: This element represents an activity which only starts when certain preceding
conditions are met. Queues usually precede combis.
3. Normal: This element represents an activity that starts as soon as the preceding activity is
completed and does not require specific conditions to be met. A normal element can be
only preceded by another activity.
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4. Links: These are elements that are used to connect between all the other elements.
Resources from one element is transferred to the other with the help of a link element.
DES models are developed for construction and demolition debris, and vegetative debris.
Information regarding these models is provided in the next chapter.
3.4 Summary
In this chapter, the research framework was discussed which includes debris estimation, geospatial
analysis, and discrete event simulation. The tools used for these processes are explained in detail.
The next chapter details the application of this framework on two coastal cities in Oregon.
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CHAPTER 4 : CASE STUDY
The developed framework is implemented for two coastal cities in Oregon. Coastal cities are
selected for the case study demonstration due to their vulnerability to the Cascadia subduction
earthquake. Generally, the debris generated is more in coastal cities when compared to cities inland
as they are closer to the subduction zone. The two cities are Astoria and Newport in Oregon and
the application of the methodology to each is described in the next two section respectively. In
each case study, the data used, assumptions made, and the results obtained are further discussed in
detail.
4.1 Case Study 1: Astoria, OR
Astoria is a coastal city located in Clatsop county, Oregon. Clatsop county is located in the
northwest corner of Oregon, and Astoria is situated on the southern shore of the Columbia River.
The population of the city is 9477 (Census 2010). The total land area in Astoria is 6.14 square
miles.
The following sections will describe the three major components of the methodology as applied to
Astoria: (1) debris estimation; (2) temporary debris management site identification from feasible
areas; and (3) simulation of debris removal operations.
4.1.1 Debris Estimation from HAZUS-MH
As mentioned in the Section 3.1 the research framework utilizes HAZUS-MH for estimating the
debris generated in the city by a Cascadia subduction earthquake. Multiple hazard scenarios were
simulated with HAZUS by varying the magnitude of the earthquake in equal increments from 5 to
9 magnitude along the epicenter. Furthermore, the location of the epicenter was changed by
simulating between offshore and onshore earthquake. Figure 4.1 represents the results from the
multiple scenarios. The blue bars represent an offshore earthquake and orange bars represents an
onshore earthquake. As can be expected, the quantity of debris generated increases with an increase
in the magnitude of the earthquake. An M9 event with its epicenter off the coast will be further
considered in the study as it is a more representative scenario that may occur in the real world.
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Figure 4.1: Multiple Hazard Scenarios
Using HAZUS for debris estimation involves the following steps:
1. Creating a Study Region: For creating a study region of Astoria, census tracts are selected that
represent the city. Figure 4.2 represents the study region that was created in HAZUS-MH for
the city of Astoria, OR.

Figure 4.2: City of Astoria in Oregon
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The city of Astoria is divided into three census tracts. The debris estimates will be provided at
the level of detail of these tracts.
2. Defining the Hazard Scenario: An arbitrary event scenario is created in HAZUS by specifying
the characteristics of the hazard, as summarized in Table 4.1.
Table 4.1: Hazard Characteristics
Characteristic
Event type
Attenuation Function
Magnitude
Latitude
Longitude

Value
Earthquake
Cascadia Subduction
9.0
46.1814
-124.35

3. Analyzing input for estimating debris: The third step in the estimation process is running the
analysis in HAZUS-MH. This is done by selecting the debris option in HAZUS which
estimates debris based on the characteristics of buildings in the specified study area. These
characteristics include type of building, building material used, and other aspects if the
building. It must be noted that only buildings are considered by the software for debris
estimation in this step. Bridges, highways, and other infrastructure are not considered.
4. Obtaining and interpreting results: The final step in the process of estimation is observing the
debris generated in the study area based on the analysis. Concrete/Steel and Brick/Wood are
the debris types estimated by the software. It is seen that 172,000 tons of debris is generated.
Of the total amount Brick/Wood comprises of 27 percent of the total, and Concrete/Steel
accounts for the remaining 73 percent of the total. Figure 4.3 shows the debris spread over
Astoria. From the figure, it is seen that the most amount of debris is contained in the center
tract of the study area. This is due to the presence of a greater number of buildings in this
particular census tract when compared to the other two tracts.
4.1.1.1 Vegetative Debris Estimation
Since HAZUS only provides C&D debris, other types of debris streams need to be quantified using
alternate means. This research considers vegetative debris in addition to C&D. A multiplier of 0.3
is assumed for Astoria which represents a medium amount of building and vegetation.
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Figure 4.3: Debris Spread in Astoria
Therefore, it is estimated that 51,600 tons of vegetative debris is generated in Astoria from a
Cascadia subduction earthquake.
4.1.1.2 Conversion of Debris
The obtained quantities of debris are in tons. Cubic yards are the units most commonly used to
represent the debris quantities. Thus, conversion factors from FEMA 329 are used to convert the
debris from tons to cubic yards. From FEMA 329, 1 ton of construction and demolition debris is
equal to 2 cubic yards and 1 ton of vegetative debris is equal to 5 cubic yards. Therefore, the
resultant construction and demolition debris is 344000 cubic yards and the vegetative debris is
258000 cubic yards. These values are used in the discrete event simulation models to obtain the
removal time.
4.1.2 Identification of Feasible TDMS Areas Using GIS
The software HAZUS-MH works in conjunction with ArcGIS. Therefore, more analysis on the
data provided by HAZUS-MH is enabled in ArcGIS. Model builder is used within ArcGIS to
automate the process of finding feasible areas for locating potential TDMS sites. Figure 4.4 shows
the model builder used for the city of Astoria. Here, the data regarding location of the police
stations, fire stations, communication facility, waste water facility, schools, hospitals, and potable
water facilities are provided by HAZUS-MH which utilizes the Census 2010 data. These critical
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facilities are merged together to form a new layer with the help of a merge geoprocessing tool.
Around this new layer of critical facilities, a buffer of 0.15 mile is created using the buffer tool.

Figure 4.4: Model Builder for Astoria
The distance of 0.15 mile is assumed to be a reasonable distance from these facilities to ensure that
the presence of a temporary debris management site does not affect the operation of these facilities.
A new layer of buffered critical facilities is now obtained. This layer is merged with a 100-yearflood data of Oregon obtained from ArcGIS online to get the restricted areas where a temporary
debris management site must not be situated. The restricted area is erased from the study area to
with the help of an erase tool which leads to the formation of a new layer of feasible areas. These
feasible areas represent the area where a TDMS site can be ideally located. Figure 4.5 represents
the feasible and restricted areas for a TDMS in Astoria. The red area represents the restricted areas
and the blue area represents the feasible area. The green dots represent the temporary debris
management site selected in Astoria. The black dot represents the location from where debris is
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picked up and the red dot represents the final disposal location of a transfer station in the city of
Astoria. More information on these sites, pickup point, and final disposal are provided below.

Figure 4.5: Feasible and Restricted Areas for a TDMS in Astoria
4.1.2.1 Locating TDMS Sites
Potential TDMS sites are now selected with the help of Google Maps and Clatsop County GIS
application. Four sites are identified and selected as TDMS sites and are further explored in this
study. These sites are made sure to be located in the feasible areas while avoiding the restricted
areas. Recology Western Oregon, a transfer station in Astoria is considered to be the final disposal
site of the processed debris. This assumption is made on the basis of major roads going out of the
city being inaccessible in the event of a disaster. Also, the landfill locations used by the city to
dispose of general waste is located far from the city. The pickup point for all the debris is assumed
at a centralized location of the census tract that contains the most amount of debris. This
assumption is made for simplification during the discrete event modeling process which is
explained in the next section. Table 4.2 gives the information on the TDMS sites identified along
with their distances and the site capacity. Distances are calculated between the TDMS and pickup
point and also between TDMS and the final disposal site using Google Maps.
According to USEPA, 100 acres of land are required to process 1 million cubic yards of debris.
By finding the acreage of the TDMS sites, the capacity is calculated. The total capacity of all the
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TDMS site are obtained by combining their individual capacities. This value is utilized in the
discrete event simulation model developed as the site capacity beyond which dumping onto the
site is not allowed.
Table 4.2: TDMS Attributes in Astoria
Name of the TDMS

Size Capacity Distance from the
(acres)
(cubic
Pickup Point
yards)
(miles)

CMH Field – Astoria Sports
Complex

3.62

36200

1.3

Distance from
the Final
Disposal Site
(miles)
0.2

Fred Lindstrom Memorial Park
Shively Park
McClure Playground

1.74
9
1

17400
90000
10000

0.2
0.8
0.6

1.56
0.8
2

The total capacity of all the sites combined is 153600 cubic yards. The weighted average distance
from the pickup point to the TDMS is 0.84 miles and the weighted average distance from the
TDMS to final disposal site is 0.82 miles. Weights are given based on the site capacity. Trucks are
considered to travel in between TDMS and pickup point and also between TDMS and final
disposal site at reduced speeds due to the assumed damaged road conditions. The travel speed of
a truck is taken as 10 mph when loaded with debris and 15 mph when hauling empty. Therefore,
a truck takes around 5 minutes to haul from the pickup point to the TDMS site and around 3.4
minutes to return from the TDMS to the pickup point. The truck also takes around 4.9 minutes to
haul from the TDMS site to the final disposal site and around 3.3 minutes to return from the final
disposal site to the TDMS. The values of the combined site capacity and durations are entered into
the discrete event simulation model developed.
4.1.3 jStrobe for Discrete Event Simulation
Discrete event simulation models are developed based on the layout of a temporary debris
management site provided by FEMA. Models are developed for vegetative debris and construction
and demolition debris. Trucks are used for hauling the debris and excavators are used for loading
the trucks with debris. These two are the main equipment’s considered in the modeling process.
Debris specific equipment are considered on the TDMS which includes incinerators, grinders, and
crushers. Equipment data regarding capacity for trucks and excavator is provided by Ceres, NZ.
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The data includes truck and excavator size, weight limit of the truck, load time, and dump time of
the truck. A volume or weight check is performed to see if the truck can carry the volume of the
specified debris. Further, the number of trucks required per excavator is calculated. Productivity
of equipment used on a TDMS is assumed based on the numbers present in FEMA 325. Durations
are obtained from this for the process of incineration and grinding. The models are run to obtain
the recovery time and equipment configuration along with identifying bottlenecks in the process.
Figure 4.6 represents the entire vegetative debris model. The model is further divided into portions
and explained below.

Figure 4.6: Vegetative Debris Model
Figure 4.7, 4.8, and 4.9 represents the different portions of the model for vegetative debris in
Astoria. The jStrobe elements used in creating this model are queue, combi, normal, link, and fork.
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Figure 4.7: Vegetative Debris Model for Astoria (a)
The way the debris removal process is modeled is as follows. Debris is picked up by the excavator
and loaded into a truck. The truck with the debris hauls to the TDMS sites and dumps the debris
there if there is space available to dump in the TDMS site. The truck returns to the pickup location
to get more debris. On the TDMS site dozer and loader helps in debris segregation. From here, 70
percent of the vegetative debris flows to grinders, 25 percent to incinerators, and 5 percent is other
material. This assumption is based on the environmental consideration of using less incinerators
as they create air pollution. Incineration reduces the volume of the debris by 95 percent and
grinding reduces the volume of the debris by 75 percent. From here, the processed debris loaded
on to trucks with the help of an excavator and hauled to the final disposal site.
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Figure 4.8: Vegetative Debris Model for Astoria (b)

Figure 4.9: Vegetative Debris Model for Astoria (c)
Figure 4.10 represents the construction and demolition debris model for Astoria. Similar elements
of jStrobe are used as used in creation of the vegetative debris model. The modeling remains the
same for construction and demolition debris with respect to hauling and return in between the
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pickup point and TDMS. It also stays the same for haul and return between TDMS and final
disposal site. The difference lies in how the debris is managed on the TDMS.

Figure 4.10: Construction and Demolition Debris Model for Astoria
Generally, a TDMS is used to store C&D debris and transfer it to a final disposal site without
volume reduction. In this study, crushers are used to reduce its volume on a TDMS site before
transferring to final disposal site. Dozer and loaders are used in segregating the debris. For
modeling purposes, only concrete and brick are considered to part of the C&D debris. Based on
the percentages of C&D debris obtained from HAZUS-MH, 70 percent of the debris is concrete
and flows to a crusher. 25 percent of the debris is brick and flows to another crusher. The remaining
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5 percent is considered as other material. 50 percent volume reduction is considered for concrete
and 75 percent volume reduction is considered for brick.
4.1.3.1 Assumptions and Data for Modeling
Table 4.3 gives information about the data used from Ceres, NZ. A volume or weight check is
performed to see if the truck can carry 30 cubic yards of the given debris without exceeding its
weight limit of 20 tons.
Table 4.3: Ceres Equipment Data
List
Truck
Excavator
Load time per truck
Dump time per truck
Weight limit of truck

Attribute
30 cubic yards capacity
5 cubic yards capacity
10 minutes
5 minutes
20 tons

The densities of C&D and vegetative debris are obtained from FEMA 329. From, here it is
calculated that 30 cubic yards of C&D debris will weigh 15 tons and 30 cubic yards of vegetative
debris will weigh 6 tons. Both these values are less than the weight limit of 20 tons and thus each
truck can carry 30 cubic yards of the respective debris specified.
The number of trucks per excavator is determined which utilizes the load, haul, dump, and return
time of a truck. In between the pickup point and the TDMS, a truck cycle time of 23.4 minutes is
obtained. In between the TDMS and final disposal site, a truck cycle time of 23.2 minutes is
obtained. The loader cycle time is 10 minutes per truck. From this, it is found that for both the
situations, 3 trucks are required per excavator.
For vegetative debris model, the times are required for segregation, incineration, and grinding of
30 cubic yards of debris. FEMA 325, gives the productivity of grinders and incinerators to be 175
cubic yards per hour and 200 cubic yards per hour respectively. From this, 10 minutes is required
for grinding 30 cubic yards of debris and 9 minutes is required for incinerating 30 cubic yards of
debris. A time between incineration and grinding is assumed for the segregation operation.
For C&D debris model, the times for crushing are based on Rubble Master Crusher Equipment
with a productivity of 240 cubic yards per hour. Therefore, 7.5 minutes is required to process 30
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cubic yards of construction and demolition debris. A segregation time close to this value is
assumed for the modeling purpose.
4.1.3.2 Simulation Results
The vegetative model is run by changing the configuration of excavators and trucks used between
the pickup point and the TDMS. The configuration of excavators and trucks between the TDMS
and final disposal is kept constant as it does not have a significant impact on the recovery time.
Four equipment fleet configurations are tested between the pickup point and the TDMS which are
mentioned in Table 4.4.
Table 4.4: Equipment Configurations
Equipment
Fleet
Configuration

Number of Excavators

Number of
Trucks

Number of
Recycling
Equipment

1
2
3
4
5
6
7
8

5
10
15
20
5
10
15
20

15
30
45
60
15
30
45
60

1
1
1
1
1
2
3
4

Debris
Removal
Time in
Days
170.46
170.26
169.96
170.11
170
85
57
43

One excavator and three trucks are kept for transporting the debris between the TDMS and final
disposal site. Number of incinerators, dozer-loader for segregation, and dumping allowed is also
set to one. Figure 4.11 shows the results from the simulation using different fleet configurations.
It is seen that the days for debris removal remains around 170 days (8 working hours/day) for all
the equipment fleet configurations used. Therefore, increasing the number of excavators and trucks
does not have an effect on reducing the debris removal time. This bottleneck is identified here and
therefore it is essential to increase the number of incinerators, dozer-loader, and dumping allowed
along with increasing the number of excavators and trucks. Thus, in the next run of simulation, for
5 excavators and 15 trucks, 1 incinerator, 1 grinder, and 1 dumping allowed is used. For the next
few equipment fleet configurations, the TDMS equipment is increased by 2,3, and 4. Three
simulations are performed per equipment fleet configuration and an average of three simulations
are considered.
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Debris Removal Time in Days

170.50
170.40
170.30
170.20
170.10
170.00
169.90
169.80
169.70
5E 15T 1R

10E 30T 1R

15E 45T 1R

20E 60T 1R

Equipment Configuration
Figure 4.11: Vegetative Debris Simulation Results with Bottleneck
Figure 4.12 shows the results of the simulation without the bottleneck. It is seen that 5 trucks and
15 excavators take 170 days for debris removal. 10 excavators and 30 trucks take 85 days for debris
removal. 15 excavators and 45 trucks take 57 days for debris removal and finally 20 excavators
and 60 trucks take 43 days for debris removal. Thus 20 excavators and 60 trucks are the ideal
equipment configuration to be used for the debris removal. In the figure, ‘E’ represents excavators,
‘T’ represents trucks and ‘R’ represents recycling equipment.
As the equipment fleet configuration is continuously increased, along with an increase in the
TDMS equipment the debris removal time decreases up to a point and after that additional
equipment has no effect on the debris removal time. Figure 4.13 shows the simulation results with
various equipment combinations.
It is observed from the figure that using 45 excavators and 135 trucks results in a debris removal
time of 20 days. Beyond this point increasing the equipment will still result in a debris removal
time of 20 days.
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Figure 4.12: Vegetative Debris Simulation Results without Bottleneck
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Figure 4.13: Vegetative Debris Simulation Results for Multiple Combinations

43

For practical consideration, exceeding 20 excavators and 60 trucks will result in more queuing of
trucks and also as these combinations are increased, the TDMS equipment combination must also
be increased. Providing more than four TDMS equipment each and allowing more than four trucks
to dump at a time for the TDMS which is based on four individual TDMS is not feasible.
Figure 4.14 provides the simulation results for the C&D debris model. The C&D debris is removed
in 170 days by using 5 excavators and 15 trucks. It takes 90 days with 10 excavators and 30 trucks.
60 days for debris removal with 15 excavators and 45 trucks, and finally 50 days for debris removal
utilizing 20 excavators and 60 trucks. Thus using 20 excavators and 60 trucks is ideal for debris
removal.
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Equipment Configuration
Figure 4.14: C&D Debris Simulation Results without Bottleneck
From Figure 4.15, it is seen that adding equipment beyond 20 excavators and 60 trucks still results
in a debris removal time of 50 days.
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Figure 4.15: C&D Debris Simulation Results for Multiple Combinations
Therefore, to remove the C&D debris of 344000 cubic yards in Astoria with the four TDMS sites,
it will take 50 days with the operation requiring 20 excavators and 60 trucks. To remove the
vegetative debris of 258000 cubic yards in Astoria with the same four TDMS sites, it will take 43
days with 20 excavators and 60 trucks.
4.2 Case Study 2: Newport, OR
The second case study is on Newport, the county seat of Lincoln County in Oregon. Newport is a
coastal city similar to Astoria but with a larger land area when compared to Astoria. The research
framework is demonstrated on Newport in a similar way to that of Astoria. Therefore, in this
section, only the difference in application of the framework for Newport along with the results for
Newport are presented.
4.2.1 Debris Estimation from HAZUS-MH
Similar to the previous case study, multiple magnitudes of Cascadia earthquakes are simulated
using HAZUS-MH and their epicenter is also varied between on and off the coastal city of
Newport. Figure 4.16 shows the varying quantities of C&D debris generated in Newport as a result
of the Cascadia subduction earthquake. Blue bars represent the onshore and orange bars represent
the offshore earthquake.
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Figure 4.16: Multiple Hazard Scenarios for Newport
For an M9 Cascadia earthquake with its epicenter off the coast, 276000 tons of construction and
demolition debris is generated. Figure 4.17 shows the debris spread in Newport. Out of the 276000
tons of debris generated, 70 percent of the debris is concrete/steel and the remaining 30 percent is
brick/wood.

Figure 4.17: Debris Spread in Newport
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A vegetative multiplier of 0.3 is used for Newport to get the amount of vegetative debris which is
equal to 82800 tons. By applying the conversion factors, it is found that 552000 cubic yards of
C&D debris and 414000 cubic yards of vegetative debris are present in the study area.
4.2.2 Identification of Feasible TDMS Areas Using ArcGIS
Model builder is used to automate the process of finding feasible areas for a TDMS. Similar to the
previous case study, critical facilities are buffered with a 0.15-mile radius and then combined with
100-year-flood data to obtain the feasible areas. Figure 4.18 shows the model builder used for
Newport. Hospitals, police stations, schools, waste water facility, communication facility are
merged and buffered and then again merged to obtain the restricted areas. From the study area, the
restricted area is erased to obtain the feasible areas in Newport.
Figure 4.19 displays the feasible area in blue and the restricted area in red. Google maps and the
debris management plan of the Lincoln county are used to locate potential temporary debris
management sites.

Figure 4.18: Model Builder for Newport
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The debris management plan of the Lincoln County contains a list of potential TDMS sites in
Newport. Four sites are selected to explore in the case study. These selected sites lie in the feasible
area where a TDMS can be located. The final disposal site is considered as Thompsons transfer
and disposal, a transfer station in Newport. Pickup point of the debris is assumed to be located
centrally in the census tract which contains the most amount of debris. Table 4.5 gives information
on the TDMS sites identified along with other details
Table 4.5: TDMS Attributes in Newport
Name of the TDMS

Safeway Parking Lot
Iron Mountain
Betty Wheeler Memorial Field
Agate Beach Golf – Driving
Range

Size Capacity Distance from the
(acres)
(cubic
Pickup Point
yards)
(miles)
4.98
7.61
2.67
4.3

49800
76100
26700
43000

3.1
6.1
2.4
4.1

Distance from
the Final
Disposal Site
(miles)
3.2
0.9
4
2.1

Figure 4.19: Feasible and Restricted Areas for a TDMS in Astoria
The total capacity of all the sites combined is 195600 cubic yards. The weighted average distance
from the pickup point to the TDMS is 4.4 miles and the weighted average distance from the TDMS
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to final disposal site is 2.17 miles. Weights are given based on the site capacity. Trucks are
considered to travel in between TDMS and pickup point and also between TDMS and final
disposal site at reduced speeds due to the assumed damaged road conditions. The travel speed of
a truck is taken as 20 mph when loaded with debris and 25 mph when hauling empty. Therefore,
a truck takes around 13.2 minutes to haul from the pickup point to the TDMS site and around 10.56
minutes to return from the TDMS to the pickup point. The truck also takes around 6.5 minutes to
haul from the TDMS site to the final disposal site and around 5.2 minutes to return from the final
disposal site to the TDMS.
4.2.3 jStrobe for Discrete Event Simulation
The models for C&D debris and vegetative debris are the same as used in previous case study.
Table 4.6 provides the equipment combinations that are used in this study.
Table 4.6: Equipment Configurations
Equipment Fleet
Configuration

Number of
Excavators

Number of Trucks

1
2
3
4

5
10
15
20

20
40
60
80

Number of
Recycling
Equipment
1
2
3
4

Figure 4.20 shows the results of the vegetative debris model. It is seen that 5 trucks and 20
excavators take 273 days for debris removal. 10 excavators and 40 trucks take 137 days for debris
removal. 15 excavators and 60 trucks take 91 days for debris removal and finally 20 excavators
and 80 trucks take 68 days for debris removal. Thus 20 excavators and 80 trucks are the ideal
equipment configuration to be used for the debris removal.
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Figure 4.20: Vegetative Debris Simulation Results
From Figure 4.21, it is observed that adding equipment of 40 excavators and 160 trucks results in

Debris Removal Time in Days

debris removal time of 36 days. Adding equipment beyond this still results in the same time.
300
250
200
150
100
50
0

Equipment Configuration
Figure 4.21: Vegetative Debris Simulation Results for Multiple Combinations
Figure 4.22 shows the results of the C&D debris model. It is seen that 5 trucks and 20 excavators
take 288 days for debris removal. 10 excavators and 40 trucks take 144 days for debris removal.
15 excavators and 60 trucks take 96 days for debris removal and finally 20 excavators and 80
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trucks take 95 days for debris removal. Thus 15 excavators and 60 trucks are the ideal equipment
configuration to be used for the debris removal.

Debris Removal Time in Days

350
300
250
200
150
100
50
0
5E 20T 1R

10E 40T 2R

15E 60T 3R

20E 80T 4R

Equipment Configuration
Figure 4.22: C&D Debris Simulation Results
From Figure 4.23, it is observed that adding equipment of 20 excavators and 80 trucks results in
debris removal time of 95 days. Adding equipment beyond this still results in the same time.
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Figure 4.23: C&D Debris Simulation Results for Multiple Combinations

51

Therefore, to remove the C&D debris of 552000cubic yards in Newport with the four TDMS sites,
it will take 95 days with the operation requiring 15 excavators and 60 trucks. To remove the
vegetative debris of 414000 cubic yards in Newport with the same four TDMS sites, it will take
68 days with 20 excavators and 80 trucks.
4.3 Summary of Case Study Analysis
This chapter demonstrated how the research framework was applied to the two case studies in
Astoria and Newport. The data used, assumptions and the process were described along with the
results obtained. Conclusions of the research are presented in the next chapter.
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CHAPTER 5 : CONCLUSIONS
The goal of this research was to develop a framework that will enable the analysis and optimization
of the debris removal operation. In order to accomplish this goal, three objectives were defined
and the following process was followed in this research. First, a literature review was performed
to set the context for this research by studying the topics of debris management utilizing journal
articles, debris management plans, and federal guidelines. The gaps present in the current system
of knowledge were determined. To fill in the gaps in knowledge, this research developed a
framework to analyze the impact of logistical decision variables on the debris removal operation.
The framework utilizes HAZUS-MH for debris estimation, ArcGIS for finding the feasible areas
for locating a temporary debris management site, and jStrobe for developing discrete event
simulation models of the debris removal process.
In revisiting the goal of this research, three objectives were specified. Information on how each of
these objectives are achieved are discussed below.
1. Objective 1: Determine the quantity of debris generated over an area in the event of a
Cascadia subduction zone earthquake. This objective is achieved by estimating the
quantities of debris generated over Astoria and Newport in the event of a Cascadia
Subduction earthquake. Further, vegetative debris is also estimated and conversion factors
are also utilized to covert the resultant debris into cubic yards.
2. Objective 2: Identify feasible areas where potential temporary debris management sites can
be located. This objective is achieved through geospatial analysis performed using ArcGIS.
Within ArcGIS, model builder is utilized to automate the process of finding feasible areas
in Astoria and Newport. Potential sites are identified using Google Maps, Clatsop County
GIS, and Lincoln County Debris Management Plan. Further, the duration required to travel
between a TDMS and the debris pickup point and also the duration required to travel
between a TDMS and final disposal site is calculated. The debris capacity of the TDMS
are also determined.
3. Objective 3: Develop a discrete event simulation model of the debris removal operation to
identify bottlenecks in the process along with quantifying the debris removal time. This
objective is achieved by developing models for construction and demolition debris and
vegetative debris using jStrobe. The bottlenecks in the process of debris removal are
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identified. Along with this, the equipment fleet configuration required and the time
required for debris removal in Astoria and Newport are determined for construction and
demolition debris and vegetative debris.
Thus, by accomplishing all the research objectives, the research goal is considered to have been
achieved. The next section describes the contribution of the research to the existing body of
practice and knowledge.
5.1 Contributions of the Research
The research has contributed to the existing body of practice and knowledge by developing a
framework that utilizes discrete event simulation to analyze the debris removal operation. Different
types of debris are also considered for the analysis. The discrete event simulation helps to
determine the bottlenecks in the process of debris removal and also the time required for the debris
removal is obtained. Equipment configuration of trucks and excavators required for the debris
removal process is additionally obtained.
These models in combination with the data from government entities can help plan for the disaster
debris before disaster. The effect of logistical decision variables on the debris removal identified
here can be used by emergency managers to help in deciding the equipment required for the debris
removal process. Different equipment configurations can be tested with the help of modeling to
determine the optimum amount of resources required for the operation.
The research provides a framework on how HAZUS-MH and ArcGIS can be used in the analysis
process and how data obtained from these software’s can be used in the discrete event simulation
models developed.
5.2 Limitations of Research and Suggestions for Future Work
The quantity of debris generated after the Cascadia subduction earthquake includes the debris
generated due to the earthquake only. Combined effects of tsunami and earthquake are not
explored in this research. The combined effects can be studied in future and also other types of
debris can also be considered in the analysis.
Using ArcGIS feasible areas were found based on a few constraints. Additional constraints with
respect to accessibility, environmental quality check, etc. were not used in the geospatial analysis
process. Further, the temporary debris management sites identified must be verified with the
respective site owner and required permissions from government agencies must be obtained before
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considering them to be used as temporary debris management sites. Automation of the TDMS
search process may be an area of future work, wherein, the geospatial analysis directly points at a
potential site instead of a feasible area.
Even though the DES models developed accounts for uncertainty, assumptions are made to model
the process. These assumptions may be reasonable for modeling purposes but is not sufficient for
practical situations. Actual data from government agencies will help in refining the assumptions.
The models developed for the specific debris must be validated by government agencies before
using them in the real world. Data and input from government agencies will make the model more
realistic and thus the numbers from the model can be used by emergency managers to plan for
debris in their respective counties.
Interdependencies between the temporary debris management site and the infrastructure, contracts
required for debris removal operation, and recycling needs are areas where work can be done in
the future.
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